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Résumé

Les champignons phytopathogènes représentent une menace croissante pour la sécurité alimentaire mondiale qui est amplifiée par le dérèglement climatique. La compréhension des mécanismes de pathogénie est donc essentielle à la limitation du développement de maladies fongiques des plantes. La virulence de ces champignons repose en grande partie sur la sécrétion de diverses protéines capables de dégrader les constituants de la plante-hôte. Avant d'être libérées dans le milieu extracellulaire, ces protéines transitent par le réticulum endoplasmique, l'appareil de Golgi et parfois l'endosome, et sont transportées d'un compartiment cellulaire à l'autre à l'intérieur de vésicules intracellulaires. Aujourd'hui, les mécanismes de sécrétion, et plus particulièrement de la biogénèse de ces vésicules sont très peu connus chez les champignons, alors qu'ils sont essentiels à la compréhension du processus de pathogénie. Pour mieux comprendre ces mécanismes, nous avons créé un mutant de sousexpression d'un gène codant pour une sous-unité de l'adaptateur de clathrine AP-1 chez le champignon nécrotrophe Botrytis cinerea. Cet adaptateur est connu pour être impliqué dans la biogénèse des granules de sécrétion chez la drosophile et l'humain. La caractérisation du mutant AP-1 a révélé que le complexe était impliqué dans la croissance polarisée, la synthèse de la paroi fongique, et la sécrétion d'enzymes hydrolytiques essentielles à la nutrition et à la virulence du champignon. Afin de mieux comprendre le rôle supposé de cet adaptateur dans la biogénèse de vésicules, nous avons aussi entrepris l'enrichissement de vésicules intracellulaires et proposons une stratégie pour isoler les vésicules de sécrétion. Notre étude montre pour la première fois l'importance de l'adaptateur de clathrine AP-1 dans les mécanismes de sécrétion chez un champignon phytopathogène.

Abstract

Plant pathogenic fungi represent an increasing threat to global food security which is increased by climate change. Understanding the mechanisms of pathogenesis is therefore essential to limit the development of fungal diseases in plants. The virulence of these fungi is largely based on the secretion of various proteins capable of degrading the host plant's constituents. Before being released into the extracellular environment, these proteins pass through the endoplasmic reticulum, the Golgi apparatus and sometimes the endosome, and are transported from one cellular compartment to another in intracellular vesicles. Today, the mechanisms of secretion, and more particularly of the biogenesis of these vesicles, are very little studied in fungi, despite being essential for the comprehension of pathogenesis. To better understand these mechanisms, we have created an under-expression mutant of a gene encoding for a subunit of the clathrin adaptor AP-1 in the necrotrophic fungus Botrytis cinerea. This adapter is involved in the biogenesis of secretory granules in Drosophila and humans. Characterization of the AP-1 mutant revealed that the complex was involved in polarized growth, fungal cellwall synthesis, and the secretion of hydrolytic enzymes essential for fungal nutrition and virulence. To better understand the putative role of this adaptor in vesicle biogenesis, we also undertook the enrichment of intracellular vesicles, and we propose a strategy to isolate secretory vesicles. Our study shows for the first time the importance of the clathrin adaptor AP-1 in secretion mechanisms in a plant pathogenic fungus.

Les champignons phytopathogènes représentent une menace croissante pour la sécurité alimentaire mondiale qui est amplifiée par le dérèglement climatique 1,2 . La compréhension des mécanismes de pathogénie est donc essentielle à la limitation du développement de maladies fongiques des plantes. La virulence de ces champignons repose en grande partie sur la sécrétion de diverses protéines capables de dégrader les constituants de la plante-hôte 3 . Avant d'être libérées dans le milieu extracellulaire, ces protéines transitent par le réticulum endoplasmique, l'appareil de Golgi et parfois l'endosome, et sont transportées d'un compartiment cellulaire à l'autre à l'intérieur de vésicules intracellulaires. Chez de nombreux champignons filamenteux, les vésicules de sécrétion s'accumulent à l'apex de l'hyphe fongique et forment le Spitzenkörper avant de libérer leur contenu par exocytose 4 . Le Spitzenkörper est une structure organisée qui regroupe des vésicules de différentes tailles ; les micro-vésicules (30-50 nm) et les macrovésicules (100-150 nm). Aujourd'hui, les mécanismes de sécrétion et les mécanismes de biogénèse de ces vésicules sont très peu connus chez les champignons, alors qu'ils sont essentiels à la compréhension du processus de pathogénie.

Au laboratoire, de précédents travaux ont été portés sur rôle la clathrine dans la biologie du champignon phytopathogène nécrotrophe Botrytis cinerea. Chez de nombreux organismes eucaryotes, la clathrine est connue pour être impliquée dans la biogénèse de vésicules de l'endocytose et de l'exocytose 5 . Or, l'étude de cette protéine chez B. cinerea a révélé que la clathrine était peu impliquée dans le processus d'endocytose 6 . Au contraire, chez ce champignon, la clathrine est importante à la délivrance de facteurs de virulence sécrétés dans le milieu extracellulaire 6 , ce qui nous a conduit à supposer que la clathrine serait impliquée dans la biogénèse de vésicules de sécrétion chez B. cinerea. Cette hypothèse est consolidée par des découvertes faites chez d'autres organismes. En effet, la clathrine est impliquée dans la biogénèse de vésicules de sécrétion chez la levure Saccharomyces cerevisiae 7 . Chez la drosophile Drosophilae melanogaster et les cellules cancéreuses de souris AtT20, la clathrine participe à la formation de granules de sécrétion 8,9 . Un autre complexe protéique, en interaction avec la clathrine, est impliquée dans la biogénèse de vésicules. Il s'agit de l'adapteur de clathrine AP-1, localisé à l'appareil de Golgi et à l'endosome, qui est formé de quatre sous-unités : , ,  et . Les sous-unités ,  sélectionnent des protéines transmembranaires de manière spécifique via la reconnaissance de motifs présents dans les régions cytosoliques de protéines transmembranaires. La sous-unité , elle, est impliquée dans le recrutement de la clathrine 10 . Pour mieux comprendre le rôle de la machinerie AP-1/Clathrine dans la biogénèse des vésicules intracellulaires chez B. cinerea, nous avons créé un mutant de sous-expression d'un gène (bcap1b) codant pour la sous-unité  de l'adaptateur de clathrine AP-1. Nous avions envisagé de produire un mutant de délétion du gène bcap1b, mais aucune souche homocaryotique n'a pu être obtenue. Ceci est probablement dû au caractère essentiel du gène, comme constaté chez le champignon filamenteux Aspergillus nidulans 11 . La caractérisation du mutant de sous-expression de AP-1 a révélé que le complexe était impliqué dans la croissance polarisée et la synthèse de la paroi fongique.

Le défaut de paroi, et plus particulièrement, la diminution du contenu en chitine pourrait s'expliquer par une perturbation du trafic des chitines synthases chez le mutant AP-1. En effet, la chitine synthase de classe III BcCHSIIIa est mal-localisée chez le mutant AP-1 où elle se retrouve accumulée dans des puncta dans les régions sub-apicales, alors qu'elle est normalement localisée à l'apex de l'hyphe fongique, au niveau du Spitzenkörper. En plus du défaut de croissance et de paroi, le mutant AP-1 semble être impliqué dans les mécanismes de stratégies d'infection nécrotrophe employée par B. cinerea. En effet, le mutant AP-1 ne peut pas produire de structures de pénétration comme le coussin d'infection, est entravé dans le processus d'acidification du milieu extracellulaire, et est sévèrement impacté dans la capacité à sécréter des enzymes hydrolytiques essentielles à la nutrition et à la virulence du champignon. L'ensemble de ces phénotypes pourrait expliquer le défaut de virulence observé chez ce mutant. Au cours de cette thèse, nous avons démontré que AP-1 était un élément clé de la virulence chez le champignon nécrotrophe B. cinerea. Cette étude est donc la première à démontrer que AP-1 est important pour la virulence de champignons phytopathogènes. De plus, le fait que AP-1 est impliqué dans le processus de pathogénie des parasites eucaryotes humains comme Toxoplasma gondii 12 , Trypanosoma cruzi 13 et Leishamnia maculans 14 , pourrait suggérer que AP-1 est un élément de virulence important pour un grand nombre d'organismes eucaryotes pathogènes.

Puisque AP-1 est connu pour être impliqué dans la sélection de cargos transmembranaires, nous avons voulu identifier quelles étaient les protéines cargos sélectionnées par AP-1 chez B. cinerea. Pour réaliser cette étude préliminaire globale, nous avons utilisé une approche interactomique. Le but était de capturer les protéines interagissant avec la sous-unité  du complexe AP-1, qui est impliquée dans la sélection des cargos transmembranaires possédant un motif tyrosine Yxx[FILMV] dans leur régions cytosoliques. Pour cela, nous avons ajouté une étiquette 3xHA à cette sous-unité (BcAPM1) et récupéré les interactants par immunoprécipitation. Ces interactants ont ensuite été identifiés par spéctrométrie de masse. L'analyse protéomique a permis de retrouver les éléments du complexe AP-1 et quelques protéines impliquées dans la biogénèse des vésicules de clathrine, cependant la clathrine n'a pas été significativement enrichie dans notre jeu de données. De plus, aucune protéine transmembranaire connue pour interagir avec AP-1 chez d'autres organismes n'a pu être retrouvée. Ceci s'explique probablement par les conditions d'extraction des protéines ou les conditions de lavages qui auraient pu être trop stringentes pour pouvoir récupérer l'intégralité du complexe AP-1 interagissant avec d'autres protéines. Cependant, nous avons, au cours de cette étude préliminaire, identifiés trois protéines sécrétées qui pourraient interagir indirectement avec AP-1 via des récepteurs de cargos solubles. En effet, ces trois protéines sécrétées étaient très sousaccumulées dans le sécrétome du mutant AP-1, ce qui suggère que leur trafic pourrait être AP-1 dépendant. D'autres approches comme le double-hybride, la co-localisation ou encore l'immuno-précipitation par affinité en tandem sont à mettre au point pour approfondir cette première étude préliminaire et identifier les cargos sélectionnés AP-1 chez B. cinerea. Afin de mieux comprendre le rôle supposé de cet adaptateur dans la biogénèse de vésicules, nous avons aussi entrepris l'enrichissement de vésicules intracellulaires par différentes techniques. La première approche visait à enrichir les vésicules intracellulaires par chromatographie taille exclusion. Cependant, des observations en microscopie électronique des échantillons obtenues après passage sur colonne de chromatographie ont révélé qu'aucune vésicule ne pouvait être enrichie dans les conditions utilisées. Nous avons alors exploré une autre approche, basée sur des centrifugations différentielles et gradient de densité pour enrichir les vésicules intracellulaires. Les premiers échantillons obtenus avec cette approche montrent que nous parvenons à enrichir des vésicules intracellulaires de tailles différentes. La caractérisation de la taille, du contenu protéique et du contenu lipidique de ces vésicules sera poursuivie au laboratoire par Adrien Hamandjian. L'objectif sera d'isoler les vésicules chez la souche parentale, le mutant AP-1 et le mutant clathrine afin de comparer les éventuelles différences de contenu et de taille retrouvées dans les vésicules intracellulaires. Associé à un sécrétome comparatif entre ces trois souches, le protéome comparatif des vésicules intracellulaires permettra peut-être d'identifier quelles sont les protéines transportées par des vésicules AP-1/Clathrine. En plus de cela, nous proposons une approche pour l'isolement de vésicules de sécrétion localisées au Spitzenkörper, qui est basée sur l'enrichissement de vésicules intracellulaires par gradient de densité, couplée à une approche d'immunocapture. Cette approche permettra d'isoler des populations de vésicules de sécrétion spécifiques, avec peu de vésicules intracellulaires contaminantes. Cette méthode pourra aussi être appliquée à la souche parentale, au mutant AP-1 et au mutant clathrine pour mieux comprendre le rôle de la machinerie AP-1/Clathrine dans la biogénèse de vésicules de sécrétion chez B. 

Fungi: some characteristics

The fungal kingdom includes a very high diversity of organisms with various ecologies and lifestyles. Some species have developed evolved relationships with plants and animals, ranging from symbiotic relationships to parasitism, including opportunistic behaviors 1,2 .

The number of fungal species is estimated to range between 2.2 and 3.8 million, with 120 000 described species in 2017 3 .

Fungal cells are characterized by the presence of a cell wall, which protects the organism from environmental stresses like changes in osmolarity or mechanical stresses. The fungal cell wall contains many polysaccharides like chitin, a rigid polymer, and glucans such as 1,3-β-glucan. Fungi are heterotrophic eukaryotes and feed on decaying organic matter.

They secrete hydrolytic enzymes to degrade external macromolecules into smaller molecules that can be taken up for nutrition. They can be divided in two groups:

unicellular fungi commonly called "yeasts" and multicellular fungi. Multicellular fungi, sometimes called "molds" or "filamentous fungi", produce hypha that have a tubular-like shape. Fungal hypha branches and constitutes a network of hypha called the mycelium.

Some yeasts are referred as dimorphic fungi since they can produce hyphae. Candida albicans is a good example of these microorganisms able to change their morphology.

Fungal pathogenicity, climate change and human activities

Some fungal species pose a global threat to human health, biodiversity, and food security.

These threats are becoming increasingly important because of climate change which causes in increase in fungal disease worldwide 4,5 . Indeed, global warming increases the spread of pathogens and their vectors to new geographical areas 6 .

Over 600 human pathogens have been identified so far, resulting in the death of 1.6 million people each year 7,8 . Aspergillus, Cryptococcus, Candida, Pneumocystis, Coccidioides and Histoplasma species are responsible for 90% of human deaths due to fungal infections 7,9,10 .

However, there is a growing concern on two relatively new human yeast-pathogens that have spread across continents in recent years: Candida auris and Cryptoccus deuterogatii.

Candida auris was first identified in Japan in 2009 and is now found on every continent 11 . The pathogen is currently under high surveillance beacause the number of human infections rises, and the yeast is resistant to many antifungals 10 . Cyptococcus deuterogatti is another example of a human-yeast pathogen which has spread to new areas in recent years 12 . Human activities such as construction, forestry activity, together with climate change are responsible for the spread of the pathogen 13,14 .

Fungal species threatening biodiversity have also recently emerged because of global warming. The chitridiomycete Batrachochytrium dendrobatidis is responsible for chytridiomycosis, a disease emerging worldwide, causing amphibian extinctions 15 . The Intergovernal Panel on Climate Change (IPCC) forecast that the pathogen will spread to northern regions of the globe 16 . Moreover, a recent study focusing on the impact of amphibian larvae exposition to microplastics revealed that the larvae were more susceptible to get infected by B. dendrobatridis 17 . Thus, in addition to global warming, the pollution generated by humans participates in the spread and emergence of fungal disease. Other reports of a fungal species threatening biodiversity because of climate change have been reported. The introduction of Pseudodymnoascus destructans to North-America, a mold causing the white-nose syndrome in hibernating bats, has resulted in the collapse of the bat population in this region 18 . Trees are not spared by the increase in fungal infection related to global warming. The myrtle rust Austropuccinia psidii is spreading around the world, and could infect other Myrtaceae species, like tea trees and eucalyptus 15,19,20 .

So far, more than 10 000 plant pathogenic species have been identified 21 . These organisms damage crops and causes severe losses in food production and agriculture 22 . The problem is of growing concern. Indeed, in recent years, the misuse of crop protection solutions led to the emergence of new crop-pathogens as explained by Fisher et al. 10 ,: "Modern agricultural intensification practices, in particular, have heightened the challenge, as the planting of vast swathes of genetically uniform crops, guarded by one or two inbred resistance genes, and use of single-target antifungals have accelerated the emergence of new virulent and fungicide-resistant strains." (Figure 1).

Wheat, is one of the five global calorie crops (maize, oil palm, rice, soybean and wheat) 10 .

So far, two wheat pathogens: Fusarium graminearum and the rust fungus Puccinia striiformis are suggested to have evolved in response to climate change 6 . Fusarium graminearum, responsible for the fusarium head blight disease, has overtaken the less aggressive Fusarium culmorum in temperate regions 23 , resulting in higher yield loss 6 .

Puccinia striiformis f. sp. tritici behaves similarly: the fungus, which normally prefers cool regions has started to invade warmer regions 24 . Another important wheat pathogen, Magnaporthe oryzae pathotype Triticum (MoT), responsible for the wheat blast disease, is another example of a fungal pathogen spreading across the globe. It was first discovered in Brazil in 1985, has spread in other south-american countries during the nineties and has now reached Bangladesh in Asia 10,25 . The pathogen was imported from Brazil to Bangladesh via rotten wheat 10 . 

Botrytis cinerea: a necrotrophic model

Necrotrophy versus biotrophy and hemibiotrophy

Among the five calorie crops (maize, oil palm, rice, soybean and wheat), rice and maize are the sources of over 18 % of human calorie intake 26 . Therefore, fungal plant pathogens can represent a major threat to food security 27 . Crop pathogens have developed three different infectious strategies: biotrophy, hemibiotrophy and necrotrophy. Each strategy is characterized by a different type of interaction between the fungus and its host.

Biotrophy is characterized by an exchange of nutrients between the fungus and the living plant hosts 28 . Hemibiotrophy, on the other hand, can be distinguished by two distinct phases: Hemibiotrophic fungi initiate a biotrophic-phase, and then, switch to a nectrophicphase and secrete toxins and enzymes to induce necrosis 29 . Contrary to hemibiotrophs, the current dogma for necrotrophs is that they do not start the infectious process with a biotrophic phase. Instead, they immediately induce plant-necrosis and feed only on dead plant-tissues 29 .

Botrytis cinerea, a broad host range plant pathogenic fungus

Botrytis cinerea, which refers to the haploidic anamorph (asexual stage) of the ascomycete Botryotinia fuckeliana (teleomorphic form) 30 was found to cause disease on more than 586 genera of vascular plants (tracheophytes) 31 . The majority of recorded Botrytis spp.

originate from economic hosts grown in cool-and warm-temperate zones, including extremely cold, desert, temperate, tropical, and sub-tropical regions on either the northern or the southern globe 32 . According to Elad et al, 31 no specific correlation between the occurrence of Botrytis spp. with the phylogeny of Plantae can be observed. They seem more related to the presence of soft and tender tissues rather than a specific clade of plants.

The fungus can infect many plant parts, from the leaf to petals, including fruits. Each year, the fungus is responsible for 10-100 billion US dollar losses worldwide 33 .

The infectious cycle

The Botrytis cinerea infectious cycle (Figure 2) starts with plant surface adhesion. Usually, a conidium originated from conidiophores attaches the plant and germinates. The germinated spore extends to form a germinative tube that later differentiates to produce an appressorium that can pierce the plant cell wall. Hyphae can also produce infection cushions (ICs -Figure 3), another penetration structure dedicated to the secretion of proteins required for virulence 34,35 . During the colonization of plant tissues, the fungus secretes metabolites and many proteins including hydrolytic enzymes like plant cell-wall degrading enzymes (PCWDEs) and metabolites to induce cell death and necrosis. Once plant tissues are necrotized, the fungus can uptake nutrients and colonize dead tissues.

When necrosis has affected the whole plant, Botrytis produces conidiophores, releases conidia that can be transported by either the wind or the rain [START_REF] Ma | Deletion mutants of AP-1 adaptin subunits display distinct phenotypes in fission yeast[END_REF] , and make the infection of another plant possible. 1.3.4 Secreted molecules required for host invasion Botrytis cinerea has a typical necrotrophic lifestyle by causing plant cells death apoptosis and necrosis. To do so, the fungus needs to secrete a broad set of molecules, including reactive oxygen species (ROS), organic acids, toxins, cell-death inducing proteins (CDIP) and hydrolytic enzymes.

ROS production

During the early stage of infection, the pathogen produces pathogen associated molecular patterns (PAMPs) that are recognized by the plant. The recognition of PAMPs by receptorlike kinases (RLKs) and receptor-like proteins (RLPs) triggers plant defenses: the plant produces an oxidative burst [START_REF] Yu | Sip1, a Conserved AP-1 Accessory Protein, Is Important for Golgi/Endosome Trafficking in Fission Yeast[END_REF] that can induce the plant hypersensitive response (HR). HR promotes the apoptosis of infected plant cells and prevents the spread of the pathogen [START_REF] Arcones | Maintaining protein homeostasis: early and late endosomal dual recycling for the maintenance of intracellular pools of the plasma membrane protein Chs3[END_REF] .

However, B. cinerea, like other necrotrophs, takes advantage of the oxidative burst and even produces its own ROS during the infection process [START_REF] Park | Arabidopsis -adaptin subunit AP1M of adaptor protein complex 1 mediates late secretory and vacuolar traffic and is required for growth[END_REF] . Govrin and Levine 2000 [START_REF] Garcia-Rubio | The Fungal Cell Wall: Candida, Cryptococcus, and Aspergillus Species[END_REF] have shown that the virulence of B. cinerea was reduced in HR-deficient Arabidopsis thaliana mutants. B. cinerea produces ROS not only during the early stages of the disease around the attachment site of the conidium [START_REF] Park | Arabidopsis -adaptin subunit AP1M of adaptor protein complex 1 mediates late secretory and vacuolar traffic and is required for growth[END_REF][START_REF] Cairns | A quantitative image analysis pipeline for the characterization of filamentous fungal morphologies as a tool to uncover targets for morphology engineering: a case study using aplD in Aspergillus niger[END_REF][START_REF] Zhang | Knocking out Bcsas1 in Botrytis cinerea impacts growth, development, and secretion of extracellular proteins, which decreases virulence[END_REF] , but also at later stages. Indeed, ROS accumulate inside infection tissues, leading to the death of plant-cells providing a source of nutrients for the pathogen [START_REF] Zhang | Knocking out Bcsas1 in Botrytis cinerea impacts growth, development, and secretion of extracellular proteins, which decreases virulence[END_REF] .

B. cinerea has developed an Oxidative Stress Response (OSR) to circumvent the molecular damages produced by ROS. The fungus secretes several enzymes such as super oxidase dismutase, catalase, peroxiredoxins, and peroxidase to scavenge ROS [START_REF] Jin | AP-2 complex contributes to hyphal-tiplocalization of a chitin synthase in the filamentous fungus Aspergillus nidulans[END_REF] . B. cinerea also uses the thioredoxin system made of the enzymes thioreoxin and thioredoxin reductase to maintain a balanced redox status [START_REF] Sánchez-León | Traffic of Chitin Synthase 1 (CHS-1) to the Spitzenkörper and Developing Septa in Hyphae of Neurospora crassa: Actin Dependence and Evidence of Distinct Microvesicle Populations[END_REF] .

Organic acids production

Besides ROS production, pH modulation of plant tissues by B. cinerea is critical for virulence. B. cinerea modifies the ambient pH during plant-infection and can infect plant tissues with various pH [START_REF] Takeshita | Transportation of Aspergillus nidulans Class III and V Chitin Synthases to the Hyphal Tips Depends on Conventional Kinesin[END_REF] . It can produce organic acids such as oxalic acid, citric acid and succinic acid to acidify the environment, or alkalinize it with the production of ammonia [START_REF] Moreira | Knockout of the gamma subunit of the AP-1 adaptor complex in the human parasite Trypanosoma cruzi impairs infectivity and differentiation and prevents the maturation and targeting of the major protease cruzipain[END_REF] .

When acidifying a plant tissue, B. cinerea produces succinic and citric acids first, and then secretes oxalic acid [START_REF] Moreira | Knockout of the gamma subunit of the AP-1 adaptor complex in the human parasite Trypanosoma cruzi impairs infectivity and differentiation and prevents the maturation and targeting of the major protease cruzipain[END_REF] .

Phytotoxins production

In addition to ROS and organic acids, the phytotoxins produced by B. cinerea also play a significant role in pathogenesis (reviewed by Collado and Viaud 2016 [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] ). B. cinerea produces at least two class of secondary metabolites: terpenes and polyketides.

Two secondary metabolites belonging to the terpenes may play a role in the virulence of B. cinerea: botrydial and acid abscisic (ABA) [START_REF] Kim | Oxalic Acid Is an Elicitor of Plant Programmed Cell Death during Sclerotinia sclerotiorum Disease Development[END_REF][49][50] . Botrydial has a phytotoxic acivity 51 and was found in many of B. cinerea hosts, two days post-inoculation. It may promote plant cell death [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] . Indeed, botrydial induces the hypersentive response (HR) in Arabidopsis thaliana 52 . However, the cellular target of botrydial remains unknown [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] . As proposed by Collado and Viaud [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] , "botrydial could act as a weapon to kill the cells of a large range of hosts to allow the pathogen to feed on dead tissues.". ABA, another interesting terpene produced by B. cinerea, is also produced in plants, and known as a plant hormone. In plants, ABA down-regulates plant defense-genes 53 . Therefore, ABA could be produced by B. cinerea to shape host-defense mechanism [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] .

The most characterized phytotoxin belonging to the polyketides class produced by B. cinerea is botcinic acid. In the 1990s, Cutler et al., 54,55 demonstrated that botcinic acid induced necrosis in plants. In 2011, Dalmais et al. 56 , proved that botrydial and botcinic acid have a redundant role in the virulence of B. cinerea.

Secretion of hydrolytic enzymes

The first barrier that B. cinerea needs to remove for plant infection is the cuticula. This layer is usually made of cutin and hydroxylated polyesters. The digestion of the cuticula is usually processed by the release of extracellular enzymes such as cutinases and lipases.

Once the cuticula has been degraded, B. cinerea needs to digest the plant cell wall to pursue infection. This defensive barrier contains cellulose, hemicellulose (xylan), and pectin.

Fourteen enzymes potentially involved in the degradation of cellulose have been identified in the secretome of B. cinerea, while only eight hemicellulases such as xylanase were found 57 . The last activity required for cell wall degradation is pectinase. Pectin is mainly composed of two polymers: homogalacturonans and rhamnogalacturonans. Three different activities are required to degrade pectin. First, pectin methylesterases demethylate pectin, facilitating pectin degradation by the two depolymerizing enzymes: endopolygalacturonases and rhamnogalacturonases 57 . These enzymes are usually encoded by multigenic families, and their expression is somehow related to both the environment and the host [START_REF] Wubben | Cloning and Partial Characterization of Endopolygalacturonase Genes from Botrytis cinerea[END_REF] .

Proteases are another family of hydrolytic enzymes secreted by B. cinerea. They are the most abundant hydrolytic enzymes family found in secretomes: 34 proteases have been found in extracellular media 57 . However, their role in B. cinerea virulence is unclear.

Proteases are supposed to be important for fungal nutrition, the digestion plant cell-wall proteins, and the degradation of plant defenses proteins 57 .

Secretion of effectors

Effectors are molecules secreted by plant-pathogens that manipulate the plant to facilitate disease establishment and progression [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF] . The understanding of role of effectors produced by necrotrophs during plant-infection remains limited [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF] . Until recently, the dogma excluded that necrotrophs could produce effectors. Necrotrophs were thought to kill plants only by secreting PCWDEs, ROS, organic acids, and toxins [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF] .

However, studies from the 2010s demonstrated that B. cinerea secretes two-types of protein effectors: cell-death-inducing proteins (CDIPs), previously called necrosisinducing proteins (NIPs) [START_REF] Bi | Killing softly: a roadmap of Botrytis cinerea pathogenicity[END_REF] ; and cerato-platanin proteins (CPPs). So far, most of the 15 CDIPs described in B. cinerea are PCWDEs [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF][START_REF] Bi | Killing softly: a roadmap of Botrytis cinerea pathogenicity[END_REF] , however the effector capacity of these proteins is not related to their enzymatic activity 61 . These CDIPs include the xylanases BcXyn11A [START_REF] Noda | The Botrytis cinerea xylanase Xyn11A contributes to virulence with its necrotizing activity, not with its catalytic activity[END_REF][START_REF] Frías | A 25-Residue Peptide From Botrytis cinerea Xylanase BcXyn11A Elicits Plant Defenses[END_REF] , BcXyl1 [START_REF] Yang | The Botrytis cinerea Xylanase BcXyl1 Modulates Plant Immunity[END_REF] , the xyloglucanase BcXYG1 65 , and the glucan 1,4-α-glucosidase BcGS1 [START_REF] Zhang | BcGs1, a glycoprotein from Botrytis cinerea , elicits defence response and improves disease resistance in host plants[END_REF] . All these CDIPs induce plant cell death and most of them are recognized by plant receptors and elicit plant defenses [START_REF] Bi | Killing softly: a roadmap of Botrytis cinerea pathogenicity[END_REF] . BcGS1, BcXYN11A and BcXyl1 also induce ROS production [START_REF] Frías | A 25-Residue Peptide From Botrytis cinerea Xylanase BcXyn11A Elicits Plant Defenses[END_REF][START_REF] Yang | The Botrytis cinerea Xylanase BcXyl1 Modulates Plant Immunity[END_REF][START_REF] Zhang | BcGs1, a glycoprotein from Botrytis cinerea , elicits defence response and improves disease resistance in host plants[END_REF] . Furthermore, three CDIPs that are not classified as PCWDEs have been described in B. cinerea: BcIEB1 (IgE binding domain protein) [START_REF] Frías | BcIEB1, a Botrytis cinerea secreted protein, elicits a defense response in plants[END_REF] , BcCrh1 (congo-red hypersensitivity transglycososylase) [START_REF] Bi | The Botrytis cinerea Crh1 transglycosylase is a cytoplasmic effector triggering plant cell death and defense response[END_REF] and BcSSP2 (unknown domain) [START_REF] Zhu | Botrytis cinerea BcSSP2 protein is a late infection phase, cytotoxic effector[END_REF] . The deletion of 10 CDIPs in a single B. cinerea mutant revealed that their role in virulence is hostdependent. Indeed, this mutant displayed a 40% loss of virulence on apple fruits, but no virulence defect on tomatoes.

To date, only one CPP effector has been described in B. cinerea: BcSpl1. This protein induces plant cell death and an oxidative burst [START_REF] Frías | BcSpl1, a cerato-platanin family protein, contributes to Botrytis cinerea virulence and elicits the hypersensitive response in the host[END_REF] .

A few years ago, other non-protein associated secreted molecules were reported to be involved in pathogenesis and to act like effectors in B. cinerea. Exported RNAs able to suppress host defense mechanisms have been identified in this organism [START_REF] Weiberg | Fungal small RNAs suppress plant immunity by hijacking host RNA interference pathways[END_REF] . They target key component of the plant responses: signal transduction pathways and immune responses [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF] . Recently, small RNAs produced during the early stages of B. cinerea and tomato interaction were sequenced and 7042 sRNA were predicted to target 3185 mRNAs in tomato. However, even if the deletion of genes involved in sRNAs production (dicer-like genes Bcdcl1 and Bcdlc2) strongly reduced (> 99%) the production of transposon-derived sRNAs, no virulence defect could be observed in these mutants. Thus, this study suggests that sRNA might not play a role in the virulence of B. cinerea when infecting tomato [START_REF] Qin | Molecular characterization reveals no functional evidence for naturally occurring cross-kingdom RNA interference in the early stages of Botrytis cinerea -tomato interaction[END_REF] .

Fungal secretory vesicles: putative origins and traffic

Secretory pathways deliver proteins and lipids to the plasma membrane, supporting growth, virulence, or symbiosis. Two secretory pathways have been described so far: the conventional and the unconventional secretory pathways.

Two secretory pathways

Conventional secretory pathway

The conventional secretory pathway, also named conventional protein secretion (CPS) refers to endoplasmic reticulum (ER) to Golgi-dependent protein secretion. In the 1980s, Randy Scheckman generated secretory "sec" mutants in the yeast Saccharomcyes cerevisiae. These mutants were unable to secrete invertase [START_REF] Novick | Identification of 23 complementation groups required for post-translational events in the yeast secretory pathway[END_REF] and were used to unravel the molecular mechanisms underlying fungal secretion. In 2013, Randy Schekman together with James Rothman and Thomas Südhof, won the Nobel Prize in Physiology and Medecine, "for their discoveries of machinery regulating vesicle traffic, a major transport system in cells." [START_REF]The Nobel Prize in Physiology or Medicine[END_REF] . Thus, they uncovered the molecular mechanisms governing vesicular transport [START_REF] Mellman | A Nobel Prize for membrane traffic: Vesicles find their journey's end[END_REF] in the conventional secretory pathway.

Polypeptide translocation in the endoplasmic reticulum

After, and sometimes during translation, proteins containing an N-terminal signal peptide (SP) and/or transmembrane domain are translocated to protein transporter complexes on the ER membrane. Two translocation process called cotranslational and posttranslational processes exist. In the cotranslational process, the signal recognition particle (SRP) recognizes the SP, stops translation and directs the translational complex (ribosome, mRNA, peptide ternary complex) on the ER membrane, to the translocon which is made of several proteins (Figure 4). Once attached, translation starts again, and the forming polypeptide is further translocated into the ER lumen. During posttranslational translocation, synthesized polypeptides precursors interact with chaperones, such as HSP70, and a heterotetrameric membrane proteins-constituted complex recognizes the SP, directing the polypeptide to the translocon. Polypeptide chain translocation is facilitated by the ER chaperone complex Bip/Kar2p and, later, a signal peptidase cleaves the signal sequence and release the polypeptide in the ER lumen [START_REF] Cross | Delivering proteins for export from the cytosol[END_REF] (Figure 4). Once in the ER lumen, these proteins undergo many modifications, such as glycosylation.

Carbohydrates are attached to many proteins via either aspargine N-glycosylation or threonine/serine O-glycosylation. In fungi, protein-O-mannosyltransferases (PMTs), catalyzes O-linked glycosylation [START_REF] Lommel | Protein O-mannosylation: conserved from bacteria to humans[END_REF] . Other post-translational modifications occur at the ER, such as disulfur bridge formation, phosphorylation, folding by chaperones, and subunit assembly.

Unfolded protein response

Environmental perturbations can lead to a secretory stress that disturbs protein folding.

When unfolded proteins accumulate in ER lumen, the unfolded protein response (UPR) is triggered [START_REF] Heimel | Unfolded protein response in filamentous fungi-implications in biotechnology[END_REF] . UPR induces transcription of chaperone encoding genes and ER expansion related genes. UPR also restructures cellular transport processes such as ER to Golgi transport. UPR is also related to the degradation of irreversibly misfolded proteins through the endoplasmic reticulum associated degradation (ERAD) [START_REF] Chen | Selective degradation of T cell antigen receptor chains retained in a pre-Golgi compartment[END_REF][START_REF] Amara | Intracellular degradation of unassembled asialoglycoprotein receptor subunits: a pre-Golgi, nonlysosomal endoproteolytic cleavage[END_REF][START_REF] Ng | The unfolded protein response regulates multiple aspects of secretory and membrane protein biogenesis and endoplasmic reticulum quality control[END_REF][START_REF] Travers | Functional and genomic analyses reveal an essential coordination between the unfolded protein response and ER-associated degradation[END_REF] . The misfolded proteins are delivered to vacuoles [START_REF] Hong | A pathway for targeting soluble misfolded proteins to the yeast vacuole[END_REF][START_REF] Coughlan | Degradation of mutated bovine pancreatic trypsin inhibitor in the yeast vacuole suggests postendoplasmic reticulum protein quality control[END_REF][START_REF] Kruse | Characterization of an ERAD gene as VPS30/ATG6 reveals two alternative and functionally distinct protein quality control pathways: one for soluble Z variant of human alpha-1 proteinase inhibitor (A1PiZ) and another for aggregates of A1PiZ[END_REF] or to the cytosol to be degraded by proteasomes [START_REF] Hampton | ER-associated degradation in protein quality control and cellular regulation[END_REF] .

Thus, the ER can be regarded as a protein quality control center.

Endoplasmic-reticulum exit

ER proteins are then transported to the Golgi apparatus through anterograde transport into Coat-protein complex II (COPII)-coated vesicles. COPII-vesicles bud off at ER-exit sites for further modifications such as glycosylation and peptide processing in Golgi 88 89 .

Retrograde transport from the Golgi to the ER, performed by Coat-protein complex I (COPI)-coated vesicles also happens when ER proteins such as cargo receptors need to be recycled. COPI and COPII vesicles fuse at targeted organelles through the interaction between vesicular Soluble-N-ethylmaleimide-sensitive-factor proteins (v-SNAREs) and target SNARE proteins (t-SNARE) (Figure 5). 

The Golgi apparatus in fungi

In fungi, the Golgi apparatus does not consist of several Golgi stacks, as observed in mammalian cells [START_REF] Steinberg | Cell biology of hyphal growth[END_REF] . Indeed, in Saccharomyces cerevisiae, and the filamentous fungi Aspergillus nidulans and Neurospora crassa, Golgi can be regarded as membrane-bound structures [START_REF] Klumperman | Architecture of the mammalian Golgi[END_REF][START_REF] Pantazopoulou | The Golgi apparatus: insights from filamentous fungi[END_REF] (Figure 6). Fluorescence microscopy revealed that Golgi apparatus was made of a dynamic network ring-shaped cisterna, sometimes bound to tubular structures [START_REF] Pantazopoulou | Characterization of Aspergillus nidulans RabC/Rab6[END_REF][START_REF] Breakspear | GFP localizes to putative Golgi equivalents in Aspergillus nidulans[END_REF][START_REF] Pantazopoulou | Organization and dynamics of the Aspergillus nidulans Golgi during apical extension and mitosis[END_REF] . Moreover, the apical accumulation of Golgi structures could suggest its central role in the dominant secretion at the apex [START_REF] Shoji | Dissecting cellular components of the secretory pathway in filamentous fungi: insights into their application for protein production[END_REF] . 

Anterograde Retrograde

Golgi maturation in fungi

In filamentous fungi, the Golgi apparatus likely matures via the cisternal maturation model. The early-cisternae, fed continuously by COPII vesicles, change its lipid and protein composition to produce the late Golgi. Even if the passage of ER-derived cargos across Golgi remains unknown, one explanation could be that cargos traffic through cisternal maturation, rather than vesicle-mediated connections between the earlycisternae and the late Golgi [START_REF] Steinberg | Cell biology of hyphal growth[END_REF] . Recent work has focused on the Golgi maturation process.

It is thought that the early cisternae are the result of COPII vesicle fusion (stage I of Golgi maturation, Figure 7) and that glycosylation occurs at the early stages of Golgi maturation (stage II, Figure 7). In maturing Golgi cisterna, glycosylation enzymes such as glycosidases and glycosyltransferases are recycled to the early cisterna by COPI anterograde transport. In the meantime, enriched cargos cisterna acquires late Golgi related markers such as the pleckstrin homology domain of the human oxysterol binding PH OSBP 96 . Later, cargo-enriched cisternae acquire a composition that enables them to generate anterograde cargos destined to either the plasma membrane or endosomes [START_REF] Steinberg | Cell biology of hyphal growth[END_REF] (stage III, Figure 7). However, this acquisition makes COPI retrograde traffic impossible.

According to Steinberg et al., 2017 91 , traffic from late Golgi to endosomes is mediated by clathrin-coated vesicles (CCVs). Appropriate cargos are sorted into CCVs by adaptor proteins such as AP-1, GGA (Golgi-localized gamma adaptin ear-containing, ARF-binding) and epsin.

Figure 7 -Golgi maturation model in Aspergillus nidulans

ER budded COPII vesicles (green) merge to produce the early cisternae (marked with SedV and GeaA), equipped with cargo glycosylation enzymes (t0). Cargo receptors that require recycling are directed to the ER by COPI transport (purple vesicles). Later, the enriched cargo cisternae resemble the late Golgi (PH OSBP ,TlgB and HypB markers accumulate). Golgi glycosylation enzymes are thought to be transported back to early cisterna by COPI mediated retrograde transport (t1 and t2). Cargo-enriched cisterna produces vesicles destined for the plasma membrane (PM) and endosomes (t3 -t4). Late Golgi cisterna also receives traffic from endosomes. The Rab GTPase RabE Rab11 is involved in the transition from Late to Post Golgi-identity. Specific stages proteins are indicated. Green refers to early Golgi, while red refers to Late Golgi. (Steinberg et al This model suggests the differentiation of late Golgi into post-Golgi vesicles, destined to the apical plasma membrane. Cisternal membranes loose late Golgi markers such as PH OSBP and become enriched in the Rab GTPase RabE RAB11 99 . RabE RAB11 fluorescently labeled post-Golgi vesicles were found to be directed to the hyphal tip, to the Spitzenkörper 99 (Figure 8). 

Example of proteins undergoing CPS

In Aspergillus nidulans, apical cargos such as the chitin synthase ChsB and the SNARE synaptobrevin SynA are located at the fungal apex (Figure 9). These apical cargos displayed a clear dependence on early and late-Golgi/TGN and post-Golgi secretory routes in Aspergillus nidulans. Indeed, the localization of ChsB and SynA at the hyphal tip was very disrupted when RabE Rab11 and AP-1 encoding genes, which encode for two proteins involved in post-Golgi vesicles biogenesis, were downregulated 101 . Previous studies have highlighted the importance of the conventional secretory pathway for fungal pathogenesis. CPS secretes many proteins involved not only in growth but also in pathogenicity 103 . In the human pathogen A. fumigatus, 6.1% of the proteome, which represents 90% of the secreted proteins is secreted by the conventional secretory pathway 104 .

In plant-pathogenic fungi, the current dogma is that most of the secreted proteins undergo the conventional secretory pathway 105,106 .

In B. cinerea, a lot of secreted hydrolytic enzymes are predicted to be secreted via the conventional secretory pathway. Indeed, more than 320 hydrolytic enzymes (proteases, PCWDE, lipases) found in the secretome are predicted to have a signal peptide 34 . The lysin domain effector (LysM) which mediates virulence by binding fungal chitin, thus preventing the triggering of plant defenses 107 , is also predicted to be secreted via the conventional secretory pathway in plant-pathogenic fungi.

So far, evidence of effectors undergoing CPS has only been described in Magnaporthe oryzae. The apoplastic effectors Slp1 and Bas113, which are virulence determinants required for tissue invasion, are secreted through the conventional secretory pathway 106 .

Indeed, secretion of Slp1:GFP and Bas113:GFP was blocked when the brefeldin A (BFA)

was added to the culture medium. BFA is drug that blocks conventional protein secretion.

The drug impairs the formation of coat protein complex I (COPI) and AP-1 derived vesicles by inhibiting guanine-nucleotide exchange factors for Arf GTPases 108 . If the secretion of a protein is not disrupted by BFA, then the protein undergoes the unconventional secretory pathway.

Only a few studies focused on the secretion mechanisms of effectors and hydrolytic enzymes in plant-pathogenic fungi. So far, most of the data available on proteins undergoing CPS is solely based on the prediction of a signal peptide. The study of the secretion mechanisms involved in the secretion of hydrolytic enzymes closely linked to virulence has been neglected 109 .

Unconventional secretory pathway

Contrary to the conventional secretory pathway, the unconventional secretory pathway, also named unconventional protein secretion (UPS) relates to the secretory mechanisms where secreted proteins enter the endoplasmic reticulum but bypass the Golgi apparatus 110 . UPS also refers to cargos without a signal peptide or a transmembrane domain that can translocate across the plasma membrane 110 .

Extracellular vesicles (EVs)

A few examples of UPS have been described in fungi. Fungal EVs secretion and biogenesis is poorly understood 131 , but depends on Golgi-and endosome-related proteins 134 . The endosomal sorting complex required for transport (ESCRT) machinery is critical for biogenesis of mammalian exosomes (an EVs subtype) 129,135 and has also been found to be involved in the production of EVs in Saccharomyces cerevisiae and Candida albicans 131,136 . In fungi, strong evidence suggests that EVs are produced in multivesicular bodies (MVBs) -late-endosome equivalentbefore MVBs fusion at the plasma membrane (Figure 11). 

Protein effectors and hydrolytic enzymes

There are a few examples of protein effectors undergoing UPS in fungi. In Magnaporthe oryzae, the secretion of the cytoplasmic effector PWL2 at subapical regions was not impaired by BFA 106 . In Ustilago maydis, Stock, Sarkari and Kreibich 143 found that the protein effector Cts1, an endochitinase, was secreted via a novel unconventional route. To demonstrate this, they used a Gus reporter assay developed in tobacco 144 . When Gus is conventionally secreted, it becomes inactive due to a N-glycosylation. If Gus undergoes UPS, it is not N-glycosylated and is therefore active. In Ustilago maydis, when Gus was fused to the signal peptide of a secreted invertase, no Gus activity could be found in culture supernatants. However, when Gus was fused to the amino terminus of Cts1, they observed active Gus in culture supernatants, proving that Cts1 undergoes UPS 143 .

To date, there is only one example of hydrolytic enzyme secretion through UPS in fungi.

In Termitomyces clypeatus, an agaric fungus, cellobiase was still secreted after BFA treatment 145 .

Transporters in Aspergillus nidulans

In Aspergillus nidulans, transporters are localized in a non-polar pattern. Indeed, transporters can be found homogeneously along the plasma membrane (Figure 12) 102 . revealed that nutrients transporter traffic bypassed the Golgi apparatus in Aspergillus nidulans. They demonstrated that de novo UapA Uap1 transport depends on post-ER COPIIvesicles and the clathrin heavy chain and actin polymerization 146 . However, UapA does not co-localize with Golgi markers (SedV Sed5 , GeaA Gea1 , HypB Sec7 and PH OSBP ), and the transport of UapA to the plasma membrane is not impaired in mutant underexpressing several genes encoding for proteins involved in conventional protein secretion such as RabE Rab11 (TGN/post-Golgi traffic), AP-1 (post-Golgi secretion) or ClaH (clathrin heavy chain/post-Golgi secretion). Similar results were also obtained for distinct transporter families: AzgA (purines) and FurA (allantoin) which suggest that the transport of transporters relies on unconventional protein secretion.

Vesicle biogenesis in the conventional secretory pathway

A very few laboratories have studied the components of the secretory machinery in filamentous fungi. As a consequence, there is few information on vesicle biogenesis and traffic 147 . However, the eukaryotic model Saccharomyces cerevisiae has been widely used to study the molecular mechanisms underlying fungal secretion. shown that the clathrin heavy chain CHC1, PEP12, a t-SNARE mediating all Golgi to prevacuolar compartment) and VPS1, a dynamin related protein are involved in the biogenesis of HDSVs, but not LDSVs (Figure 13). Moreover, they also proposed that HDSVs could transit through the endosome before reaching the plasma membrane, while LDSVs would bypass endosome and directly fuse to the plasma membrane. Recent findings in Botrytis cinerea proved that clathrin was involved in the secretion of virulence factors 150 . Souibgui et al. 150 , proposed that clathrin may be involved in the biogenesis process of vesicles transporting hydrolytic enzymes and cell death inducing proteins. In Cryptococcus neoformans, a human pathogenic yeast, production of virulence factors was also impaired in clathrin mutants 151 . To date, only two studies focused on the role of clathrin in fungal secretion.

Clathrin coated vesicles biogenesis

To date, there is no information on the biogenesis process of the LDSVs (clathrin independent) described by Harsay and Bretscher. On the contrary, the biogenesis process of clathrin-coated vesicles has been extensively studied, although most of the knowledge originates from the study of endocytic vesicles.

Clathrin structure

Clathrin was first observed and named in 1975 by Barbara Pearse when she purified coated vesicles from brain, adrenal medulla and non-secreting lymphoma cell. Coated vesicles of various size were found and coats were made of variable numbers of clathrin subunits, arranged in closed networks of hexagons and pentagons 152 . In 1981, Unanue et al 153 ., isolated clathrin-coated vesicles (CCVs) from bovine brain and depolymerized clathrin coats. They found that non-assembled clathrin resembled triskelion, and proposed that it was made of three copies of clathrin, with three other copies of a smaller protein 153 . Now, it is widely accepted that the clathrin triskelion is made of three clathrin heavy chains (180 kDa), and three clathrin light chains (35 kDa), that assembles to form clathrincoat (or clathrin-cages) structures (Figure 14). In human, the clathrin heavy chain (CHC) is divided in several domains: the terminal domain (N-terminal), the linker, the ankle, and distal proximal segments which contain a trimerization domain. The CHC C-terminal region interacts with regulatory proteins enabling clathrin recruitment, while the distal segment and the proximal segment are involved in clathrin cages assembly. Clathrin triskelion is stabilized by clathrin light chain (CLC), which interacts with the proximal segment of clathrin heavy chain, avoiding random CHC assembly 155 .

Size of clathrin-coated vesicles

Clathrin coats can adopt two different configurations, either pentagonal or hexagonal (Figure 14B) and various sizes. It has been shown that CCVs diameter can be dependent on cargos 156 and that it can vary between different cell types within the same species:

CCVs with a diameter of 70-90 nm have been found in mouse brain 157 , while larger CCVs (120-150 nm) were observed in mouse epithelial cells 158 . CCVs diameter also varies between species. CCVs can be as small as 36 nm in Saccharomyces cerevisiae 159 , while CCVs diameter can exceed 200 nm during virus uptake in mammalian cells 160 (Figure 15).

In the filamentous fungus Neurospora crassa, the size CCVs is also relatively small (42 nm) 161 . Yet, it is important to keep in mind that the diameter of the vesicles contained in 

Clathrin localization

In animals, clathrin has been localized at the Golgi apparatus, the plasma membrane and endosomes. A similar localization of clathrin has been observed in the filamentous fungus Aspergillus nidulans, where clathrin was associated to the late Golgi, the endocytic collar and small, rapidly moving puncta that were seen trafficking long distances in nearly all hyphal compartments 163 .

Clathrin-coated vesicles biogenesis

The formation of clathrin-coated vesicles can be divided in four steps. First, cargos are selected before clathrin assembly and membrane invagination. Then, the vesicle buds and, finally, the clathrin coat disassembles and is later recycled to induce the formation of new CCVs (Figure 16). The initiation of CCV formation starts with the recruitment of cargo adaptors such as adaptor proteins (APs) at the donor membrane. Adaptor proteins are also recruited by other proteins such as the GTPase Arf1. Once activated by the guanine exchange factor Big1/2, Arf1 associates with the donor membrane, and together with the cytoplasmic domain of the cargo, recruit APs 164 . Then, adaptor proteins directly interacts with clathrin 165 and the triskelion assembles, facilitating membrane invagination.

These cargo adaptors are also very important for the loading of cargos -the proteins carried by vesicles -into the nascent vesicle.

Cargo adaptors can be divided into distinct families: multimeric adaptor proteins including the adaptor protein family (APs), and monomeric adaptors, such as the Golgi localized γ ear-containing Arf binding proteins (GGAs) (Figure 17). Of the five APs found in animal cells, only three are localized at the Golgi apparatus: AP-1, AP-3, and AP-4, but only AP-1 can be associated with CCVs. Evidence shows that AP-1 is involved in bidirectional trafficking between the TGN and endosomes 170 . In mammals, two AP-1 µ-subunit isoforms exist in epithelial cells. AP-1A isoform µA is the isoform associated with the TGN, while AP-1B, is localized at recycling endosomes 171,172 . The former is involved in the polar sorting of cargos such as N-methyl-D-aspartate (NMDA)

Receptors, transferrin receptor (TfR), and also coxsackievirus and adenovirus receptor 173 .

In yeasts, AP-1 sorts the chitin synthase Chs3p 174 .

A lot of research has been carried out on multimeric adaptor proteins. However, the monomeric adaptors GGAs, are less studied 170 . Their biological functions remain elusive, and they probably have redundant functions 170 . Mammalian cells have three GGAs With Arf, the phospholipid phosphatidylinositol 4-phosphate (PI4P), which is specifically enriched in TGN membranes, also contributes to the recruitment of cargo adaptors 182,183 .

Once the adaptor proteins have recruited clathrin, other proteins proceed to the invagination of the membrane. Molecular actors have been described for vesicles deriving from clathrin-mediated endocytosis. Proteins wit BAR (Bin-Amphiphysin-Rvs) and F-BAR domain are a class of cytosolic proteins with membrane-deforming properties. F-BAR domain proteins such as FCHo proteins interact with the donor membrane phospholipids.

They form a curved structure by dimerizing themselves and sculpt the membrane 184 .

Amphiphysin, another F-BAR domain protein, interacts with clathrin and accentuate membrane curvature 185 . BAR and F-BAR proteins also induce tubular invaginations of the plasma membrane by disrupting the actin cytoskeleton 186 .

Clathrin-coated vesicle scission is mediated by the GTPase: Dynamin, which is recruited by amphiphysin. Dynamin induces the constriction of the donor membrane. Dynamin comprises a N-terminal G-domain which is connected to an α-helix which is involved in dynamin dimerization. Dynamin has also a pleckstrin homology (PH) domain that interacts with membranes phosphatidylinositol. G domains promotes the interaction between dynamin dimers and lead to their assembly into helical polymers at the neck of budding vesicles. Then GTP hydrolysis of dynamin results in membrane constriction (Figure 19). However, constriction of the vesicle neck by dynamin might not be sufficient for scission 187 , and the vesicle detachment mechanism remains unclear 188 . 

Secretory vesicles transport

Once secretory vesicles are formed, they are transported by the cytoskeleton to different exocytosis sites. In eukaryotic cells, the cytoskeleton is principally made of microtubules and actin.

2.3.1 Microtubules dependent transport Microtubules are long and rigid structures composed of tubulin, a heterodimer of α-and β-tubulin (~ 50 KDa). Tubulin dimers polymerize and arrange to form a 25 nm hollow core.

Microtubules have distinctive ends: a minus-end and a growing plus-end. These polarized ends determine the direction of travel of either proteins or organelles along microtubule tracks 194 .

Long-range transport of organelles and secretory vesicles along microtubules relies on kinesin molecular motors. Kinesins are involved in the movement towards the plus-end (anterograde transport). Kinesin proteins vary in shape. Kinesin-1, is made of two kinesin heavy chain (KHC) and two kinesin light chain (KLC). The component that will be transported attaches to and is recognized by the light chain. Thus, kinesins transport only specific vesicles. In filamentous fungi, genomes encode between 10 to 12 kinesins 195,196 .

Dyneins transport material towards the minus-end (retrograde transport, Figure 22). Dyneins structure is more complex. They made of two identical heavy chains, and intermediate light chains. Filamentous fungi encode only one dynein 195,196 . ATP hydrolysis drives the movement of kinesins and dyneins along microtubules. In filamentous fungi, only a few studies report that SVs can be transported toward the hyphal tip using microtubule-based transport [198][199][200] . In Neurospora crassa and Aspergillus nidulans, kinesin-1 mutants displayed a reduced delivery of extracellular enzymes and an impaired hyphal growth [200][201][202][203] , suggesting that some SVs are transported along microtubules in filamentous fungi. In 2017, Penalva et al., 199 identified a specific population of SVs that are transported along microtubules in Aspergillus nidulans. Indeed, they found that post-Golgi RAB11 secretory vesicles (sometimes refered as AP-1/RAB11 SVs) transport depends on kinesin-1.

Actin dependent transport

The actin cytoskeleton comprises G-actin proteins (43 kDa) which assemble to form two helicoidal filaments (F-actin) 204 . Like microtubules, actin filaments are polarized with a minus-and a plus-end. Actin filaments extend at the plus-end, while the minus end is less stable and prone to depolymerization.

Entities transported on F-actin are conveyed by myosin molecular motors. For example, myosin I and V are involved in the transport of vesicles toward the plus-end while myosin VI is implicated in retrograde transport towards the minus-end 205,206 .

In filamentous fungi, F-actin has different structures: patches, cables, and rings, each associated with a specific function 200,[207][208][209] . Patches of actin can be found at the subapicalcollar, approximately 5 µm behind the hyphal tip. Here, actin is associated with endocytosis 200,208,[210][211][212] where plasma membrane and polar cargos recycling takes place.

There are also some reports of actin rings involved in septum formation 200,213,214 . F-actin cables can also be found along hyphae and are involved in the transport of secretory vesicles, Golgi and/or endosomes across the cell 200 . In Aspergillus nidulans, when Rab11secretory vesicles reach the hyphal tip, they are transferred to myosin 5 MyoE, and form the HUM complex made of the "hooking myosin to SVs" HMSV protein, the Rab11 effector UDS1 and MyoE 100 (Figure 23).

Figure 23 -Actin transport of Rab11-vesicles

The molecular motor myosin V conveys Rab11-secretory vesicles toward the (+) end of actin filaments and forms the HUM complex (HMSV, the rab11 effector UTS1, and MyoE). (Modified from Pinar et al., 2022 -100 )

Exocytosis in fungal hyphae

Apex directed exocytosis 2.4.1.1 The Spitzenkörper: a conserved fungal structure made of micro-and macro-vesicles

In Ascomycota and Basidiomycota, prior to exocytosis, secretory vesicles aggregate to form the so-called Spitzenkörper (Spk). This apical structure can be observed in mature growing hyphal apex, but not at the germling apex 215 . The Spk was first identified in 1924 in

Coprinus spp. and later observed in other fungal species through phase-contrast microscopy [216][217][218] . In Zygomycete, no Spk can be observed. Instead, at the hyphal apex, vesicles accumulate just beneath the plasma membrane and form a crescent called the apical vesicular crescent (AVC). Both Spk and AVC are made of secretory vesicles that can vary in size (Figure 24). In 2000, Fischer-Patron managed to stain the Spk of different species, including Botrytis cinerea, using FM4-64 220 , a lipophilic dye endocytosed at the plasma membrane.

The Spitzenkörper is made of secretory vesicles, microtubules, ribosomes and unidentified amorphous material 217,221 . Despite its identification in several fungal species the Spk has only been well characterized in Neurospora crassa.

In N. crassa, the Spk is made of macrovesicles and microvesicles. This pattern has also been observed in Botrytis cinerea and Aspergillus nidulans where macro-and microvesicles, as well as other Spk components such as microfilaments were identified 222,223 (Figure 25). In Botrytis cinerea, macrovesicles have a diameter: of 100 to 150 nm , while microvesicles are twice smaller (30 to 50 nm) 224 . 

Stratification of the Spitzenkörper

In the 1960s and 1970s, Bartnicki-Garcia and Bracker started to regard the Spk as a structure potentially involved in cell wall assembly. Several arguments suggested this hypothesis. First, the fact that hyphal growth occurs at the hyphal tip in filamentous fungi had been demonstrated for a hundred years 225 . Secondly, the chitin monomer N-acetyl-D-glucosamine was found to be accumulated in Mucor indicus apex 226 . Finally, chitin was produced in small vesicles (chitosomes), in-vitro 227 . Indeed, Bracker, Ruiz-Herrera and Bartnicki-Garcia 227 observed the formation of a coiled microfibril of chitin inside chitosomes when the substrate (N-acetyl-D-glucosamine) and the acid protease rennilase were added to a purified fraction of chitosomes in Mucor rouxii.

When molecular tools and confocal microscopy emerged as powerful tools for the understanding of fungal biology, the team of Marixtell Riquelme decided to fluorescently tag a chitin synthase (CHS-1) and a glucan synthase associated protein (GS-1) to explore the hypothesis.

The localization of fluorescently tagged CHS-1 and GS-1 revealed a stratification of the Spk in N. crassa 160 (Figure 26). Indeed, CHS-1 was associated with the Spk core, which is made of microvesicles (30 to 50 nm diameter), while GS containing vesicles were associated to peripheral Spk macrovesicles 228 (Figure 26), with a diameter ranging from in the same microvesicle (35 nm) in Ustilago maydis 239 . Similar results were also obtained in the ascomycete Zymoseptoria tritici where the class V chitin synthase ZtChs5 and the glucan synthase ZtGsc1 were also found to be transported in the same microvesicles (32 nm) 237 .

Spitzenkörper and cytoskeleton organization

According to Bartnicki-Garcia (2002) 240 Thus, generally, both actin and microtubules seem to be involved in tipwards motility of secretory vesicles.

The vesicle supply center model

In 1989, Bartnicki Garcia, Hergert and Gierz proposed a mathematical model explaining how a tubular shoe can be generated by a tip growing cell, based on three assumptions: 1) the cell surface expands from materials discharged by wall-destined vesicles, 2) that vesicles were released at the apex from a vesicle supply center (VSC), and 3) vesicles move from the VSC to the surface in any random direction 256 . The typical fungal hyphae shape was obtained when the VSC was moving towards a linear direction. The VSC position in the model corresponded to the Spk location in living hyphae, and therefore supported the idea that the Spk was essential for hyphal morphogenesis (Figure 30) 256 . Thus, according to the VSC model, the Spk act as a vesicle supply center where vesicles containing cell wall synthesis material aggregate before releasing their content to the apical plasma membrane through exocytosis. In other words, the Spk likely act as an exocytic regulatory structure which is able to receive and to distribute secretory vesicles 256,257 . Surprisingly, in the plant-pathogenic fungus Zymoseptoria tritici, where chitin synthase ZtChs5 co-travels with glucan synthase ZtGsc1 in microvesicles, Schuster et al., (2020) have shown that, these microvesicles do not transit in the Spitzenkörper, but directly fuse at the plasma membrane. Therefore, in slow growing fungi such as Zymoseptoria tritici, hyphae may not require a « distribution depot » 238 .

𝑦𝑦 = 𝑥𝑥 cot � 𝑉𝑉𝑥𝑥 𝑁𝑁 � 2.4.1.
5 Exocytosis Cargos transported by secretory vesicles are delivered to the plasma membrane or the extracellular medium through regulated exocytosis. This final step of the secretory pathway, is characterized by the fusion of secretory vesicles at a specific location, also allows the maintenance of lipids and proteins at the plasma membrane. In fungi, exocytosis is essential for polar growth, morphogenesis but also host-pathogen relationships and virulence [1][2][3][4] . This process requires the exocyst which is a conserved multipotein complex, made of 8 proteins: Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p and Exo84p 261-263 . In the yeast Saccharomyces cerevisiae, the exocyst assembly is controlled by a number of RAB GTPases and directs the docking and the tethering of secretory vesicles to specific sites at the plasma membrane for the SNARE (soluble NSFattachment protein receptor)-mediated fusion event 261,264 . In yeast, the exocyst is divided in two subcomplexes; the Exo70 subcomplex, which is associated to secretory vesicles, and the Sec3 subcomplex, bound to the plasma membrane (Figure 31) 265 . In N. crassa, immunoaffinity purification of single exocyst proteins: SEC3, SEC5, SEC6, SEC8, EXO70 and EXO84 yielded the complete exocyst complex. The absence of RAB GTPases involved in the exocyst regulation might be due to either dynamic or weak interactions between the exocyst and its regulators 257 .

Studies on filamentous fungi show that most of exocyst components are essentials, and for those who are dispensable, mutations lead to important growth, morphology and virulence defects 257,266,267,269,270 . After regrouping at the vesicle supply center, secretory vesicles are assumed to be further docked by the exocyst complex to the apical plasma membrane along actin microfilaments before exocytosis 147 -(Figure 32). However, exocyst assembly, localization and action appear to vary among different fungal groups and might be dependent on growth rates in some fungal species 271 .

Figure 32 -The exocyst complex in Neurospora crassa

At the subapical region, secetrory vesicles associate with the Rab GTPase SEC4 and travel along actin filaments via Myosin V. At the Spitzenkörper, the exocyst complex mediates vesicles docking to the plasma membrane, where v-SNAREs and t-SNAREs interact to promote vesicle fusion. (from Riquelme, 2013 -147 )

In Ashiba gossypi, when the growth rate is slow, the exocyst components AgExo70, AgSec3, and AgSec5 co-localize and form a "cortical cap" at the apex, whereas, when the growth rate is higher, this cap expands to form a sphere (Figure 33) 267 . However, in N. crassa, no correlation was observed between the localization pattern of EXO70 and the tip growth rate 257 . Despite, EXO70 and EXO84 were found at the peripheral layer of the Spitzenkörper, which is associated to macrovesicles. Other exocyst components SEC-5,-6, -8 and -15 formed a crescent at the apical plasma membrane. Interestingly, SEC-6 and EXO-70 localizations depend on actin and microtubule cytoskeletons, respectively. Moreover, an intact exocyst complex is necessary for organization of the Spitzenkörper, in sec-5 (7)(8)(9) mutant, macrovesicles accumulated and contained a more diverse content, ranging from electron dense to translucent with varying degrees of granularity 257 .

Figure 33 -Exocyst localization in two filamentous fungi

Top: Ashbya gossypi exocyst froms a crotcial cap at the slowly growing tip, and this accumulation pattern will be expanded to the Spitzenkörper at fast-growing hyphal tip. Bottom: in Neurospora crassa, EXO70 and EXO84 localize at the Spitzenkörper peripheral layer, while SEC5, SEC6, SEC8 and SEC15 are localized at the apical plasma membrane. SEC3 is somewhere in between. (Modified from Chen et al., 2015-271 ) Despite an essential role in fungal growth, the exocyst complex is anticipated to be a crucial component in fungal pathogenesis 271 . In M. oryzae, the deletion of either Sec5 or Exo70 impaired the secretion of PWL2, a cytoplasmic effector which is secreted by UPS and lead to a significant loss in virulence. Surprisngly, the secretion of BAS4, an apoplastic effector, secreted by CPS was not obviously block 106 . In Botrytis cinerea, the homolog of the exocyst regulator Sec4 is involved in filamentous growth, conidiation and virulence 270 , further supporting the potential importance of the exocyst in fungal virulence. Surprisingly, the viability of Sec4 mutants in various filamentous fungi suggest the existence of extra secretory routes and/or unknown regulatory mechanisms that do not exist in yeasts 257 .

Non-apex directed exocytosis

In 1965, Robertson proposed the following dogma: 'the key to the fungal hypha lies in the apex' 272 . Mycologists have widely accepted this dogma for many years. Indeed, plenty of studies showed that the hyphal apex is the primary site of exocytosis of extracellular enzymes 273,274 . However, this dogma is currently being questioned.

Localization of both the v-SNARE (SNC1) and the t-SNARE (SSO1) at the plasma membrane in subapical regions in the filamentous fungus Trichoderma reesei suggested that secretion could also occur in subapical regions 275 .

In 2011, Sanchez-Leon et al. demonstrated the exocytotic delivery of chitin synthases at septa in Neurospora crassa 141 , and now there is evidence that some hydrolytic enzymes can also be secreted from other hyphal regions, such as septa 276,277 . In 2011, Hayakawa et al. were the first to show that the α-amylase AmyB accumulates in the Spitzenkörper at growing hyphal tips as well as septal periplasm in Aspergillus oryzae (Figure 34). More recently, similar results were obtained in the banana wilt fungal pathogen Fusarium odoratissimum, where the α-amylase AmyB was also found at septa 277 .

Figure 34 -Localization of the amylase AmyB in Aspergillus oryzae

The secreted α-amylase AmyB localizes at the hyphal tip and septa in Aspergillus oryzae. 

Thesis project

In many filamentous fungi, secretory vesicles accumulate at the hyphal apex of fastgrowing hyphae and form the Spitzenkörper (Spk), an organized structure made of small vesicles at the Spk core, and larger vesicles at the periphery 200 . These vesicles are implicated in hyphal growth and nutrition via the transport of lipids, cell-wall synthases 228 , hydrolytic enzymes 268,277 , and are thought to transport virulence factors in pathogenic filamentous fungi. While being important in the biology of filamentous fungi, the biogenesis process of secretory vesicles remains unclear.

In the laboratory a previous study identified clathrin, a protein involved in the biogenesis process of endocytic and exocytic vesicles in eukaryotes, as important for the delivery of hydrolytic enzymes and virulence factors in B. cinerea 150 . Contrary to the current dogma in animals, in our necrotrophic model, clathrin seems to be more important to the exocytosis process rather than the endocytosis process. In A. nidulans, another filamentous fungi, Schultzhaus et al. 278 found that the role of clathrin in endocytosis was also minor. These discoveries suggest that clathrin could play an important role in the biogenesis process of secretory vesicles in filamentous fungi.

In many eukaryotic organisms, clathrin interacts with the clathrin adaptor AP-1 at the Golgi apparatus and endosomes. AP-1 is a protein complex made of four subunits involved in the recognition and loading of specific transmembrane cargos into nascent vesicles. It has been previously shown that AP-1 is required for the biogenesis of secretory granules in the fruit fly Drosophilae melanogaster 279 and in mouse corcicotrope tumor cells 280 . In the protist pathogen Toxoplasma gondii, AP-1 mediates the biogenesis of the Rhoptry secretory organelle 281 . Finally, in the filamentous fungus A. nidulans, AP-1 is thought to sort secretory vesicles 101 .

So far, only a few studies focused on the role of AP-1 in the infectious strategies employed by eukaryotic pathogens. AP-1 is a virulence determinant in the protists Toxoplasma gondii 282 , Trypanosoma cruzi 283 and Leishmania 284 . In T. cruzi, AP-1 is required for the loading of cruzipain into vesicles, a secreted protease important for nutrition, virulence, and differentiation 283 . In plant-pathogenic fungi, the role of AP-1 has not been described so far.

In this thesis, we aimed at precising the role of the clathrin adaptor AP-1 in the development, the virulence, and the biogenesis process of secretory vesicles in the plant-

pathogenic fungus B. cinerea,
To decipher the role of AP-1 in the biology of B. cinerea and determine whether AP-1 was also involved in biological processes similar to those of clathrin, we performed a functional study of the gene encoding for β1, one of the four subunits that constitutes the AP-1 complex. In order to identify protein cargos carried by the AP-1/Clathrin vesicles, we attempted an interactomic approach. At the same time, we explored different strategies for isolating intracellular vesicles. The development of this approach will also contribute to precise whether the AP-1/Clathrin machinery is involved in the biogenesis process of one of the two populations of vesicles forming the Spitzenkörper.

Chapter 

Secretion of hydrolytic enzymes and delivery of the chitin synthase CHSIIIa depend on the AP-1 clathrin adaptor in the plant-pathogen Botrytis cinerea

Abstract

The secretory pathway plays a key role in the polarized growth and the infectious strategy of pathogenic filamentous fungi through the delivery of enzymes transported in vesicles and participating to cell wall synthesis, fungal nutrition, and virulence. In metazoa and yeast, the formation of several secretory vesicles occurs at the Golgi apparatus and 

Introduction

Efficient host-colonization by plant-pathogenic fungi relies on three main biological processes that are nutrient acquisition, hyphal growth and secretion of virulence factors facilitating pathogen invasion. Moreover, hyphal growth is linked to the establishment of a functional cell wall which protects the fungus from external environment stresses and particularly from the plant response. The establishment of these biological processes relies on the production of secretory vesicles (SVs) and an efficient vesicular trafficking.

The hyphal tip is considered as the major site of exocytosis in filamentous fungi. SVs accumulate at the hyphal apex and fuse with the plasma membrane, delivering the lipids and the cell wall material required for polarized-cell elongation. These apical vesicles transport fungal cell wall enzymes (FCWE) such as chitin synthases and the 1,3-β-glucan synthase and are therefore essential for cell wall biogenesis 1,2 . The hyphal tip is also the major site of exocytosis of hydrolytic enzymes. For example, the xylanase XYNII a Plant Cell Wall Degrading Enzyme (PCWDE) of Trichoderma reesei 3 , and a glucoamylase of Aspergillus niger 4 are secreted at the fungal apex. Therefore, it is highly suspected that hyphal tip SVs could transport hydrolytic enzymes and virulence factors such as Cell Death Inducing Proteins (CDIP), in addition to FCWE. This hypothesis is supported by several studies which demonstrated that the α-amylase amyB localizes in hyphal tip vesicles in several plant-pathogenic fungi 5,6 . In addition, virulence factors such as Cell Death Inducing Proteins (CDIP) are suspected to be secreted via SVs 5,6 . SVs could therefore be considered as a cornerstone of fungal virulence and yet very little is known about the mechanisms leading to their biogenesis.

Clathrin, a protein complex conserved in eukaryotes, is involved in the biogenesis process of intracellular vesicles, including endocytic vesicles at the plasma membrane (PM) and SVs at the trans-Golgi network (TGN) and endosomes [7][8][9][10] . Extensive studies have focused on clathrin mediated endocytosis (CME) during the last 40 years, but only a very few focused on the role of clathrin in the production of secretory vesicles. So far, little information is available in filamentous fungi about clathrin, and the machinery involved in the formation of clathrin-coated vesicles. An endocytic role for exogenous doublestranded RNA has been described in the phytopathogenic fungus Sclerotinia sclerotiorum 11 , but it has been reported to be minor in the endocytosis process in Botrytis cinerea, another plant necrotroph, and in the saprophyte Aspergillus nidulans 12,13 . In parallel, evidence supports that clathrin plays a pivotal role in the secretion process 13 .

Indeed, it is critical for the secretion of virulence factors in B. cinerea 13 and it is mainly localized at the Late Golgi apparatus in A. nidulans 14,15 , comforting its putative role in SVs biogenesis.

Clathrin is a self-assembling protein complex made of heavy and light-chain subunits forming clathrin 'triskelions'. These triskelions are recruited to membranes by adaptor proteins (APs) and assemble to form a clathrin-coat around nascent vesicles. The association of APs with the triskelions likely contributes to the membrane deformation required for vesicle biogenesis 16 . After scission from the donor membrane, the clathrin/adaptor complex detaches from the vesicle during an uncoating process 17 .

APs are made of four subunits: one small subunit σ (~20 kDa), one medium subunit µ (~50 kDa) and two large subunits β1-5 and either α, γ, δ, ε, ζ (~100 kDa each). Subunits µ, and σ sort transmembrane cargos by recognizing specific motifs located in their cytoplasmic tails. The β-subunit recruits coat proteins such as clathrin 18 . Up to five different APs (AP-1 to AP-5) have been found in animals and plants. Each AP is associated with vesicles formation at specific subcellular locations 18,19 and provides the specificity determining which cargo is selected. AP-1 is involved in forming clathrin-coated vesicles trafficking between the TGN and early endosomes (EE). AP-2 is implicated in clathrin-mediated endocytosis via its role in forming clathrin-endocytic vesicles at the plasma membrane.

AP-3 could be involved in clathrin-independent biogenesis of vesicles addressed to endosomes, lysosomes or vacuoles, at the TGN 7,18,20 . Finally, AP-4 and AP-5 do not interact with clathrin for vesicle biogenesis. AP-4 is implicated in the traffic between the TGN and specialized compartments whereas AP-5 is involved in the traffic between late endosomes and the TGN 21 . In ascomycetes and basidiomycetes, only AP-1, AP-2, and AP-3 homolog complexes have been reported to be conserved 12 .

Only a few functional studies have focused on APs in filamentous fungi. In A. nidulans, AP-1 was shown to be involved in SVs polar sorting and to co-localize with clathrin at the Golgi apparatus 15 . The disruption of any AP-1 subunit has been reported to inactivate the function of the whole adaptor complex 7,18 and the knock-out of AP-1 small subunit (s) is lethal in A. nidulans 12 . In the same fungus, AP-2 was found to be involved in endocytosis, but in a clathrin-independent manner 12 . Finally, in Neurospora crassa, a significant increase in lignocellulase secretion associates with the absence of the AP-3 µ subunit 22 .

Even though our previous work highlighted the role of clathrin in the secretion process of virulence factors in Botrytis cinerea 13 , clathrin is also involved in the formation of nonsecretory vesicles at multiple subcellular locations. Therefore, more work is required to precise the potential role of clathrin in the biogenesis process of SVs. So far, AP-1 is the only AP complex interacting with clathrin reported to localize at the Golgi apparatus in filamentous fungi. Thus, we studied the functions of AP-1, to decipher the role of the AP-1/clathrin machinery in the biogenesis process of SVs and virulence in B. cinerea. Here we

propose the first study focusing on AP-1 in a plant-pathogenic fungus.

The disruption of any AP-1 subunit has been reported to inactivate the function of the whole adaptor complex 7,18 . In A. nidulans, the knock-out of AP-1 small subunit () is lethal 12 . Therefore, we studied the functions of AP-1 using a "conditional" mutant. The gene encoding for the  subunit of the AP-1 complex (Bcap1b) was chosen due to its critical role in clathrin recruitment and was placed under the control of the inducible nitrate reductase promoter pNiaD promoter. We showed that AP-1 is involved in fungal elongation, cell wall integrity maintenance, secretion of hydrolytic enzymes, and pathogenicity This study revealed the importance of the AP-1 clathrin adaptor not only in the saprophytic life of the fungus but also in the necrotrophic strategy. The importance of the AP1/clathrin machinery in the secretory pathway of B. cinerea is confirmed.

Results

Construction of a mutant reduced in the expression of Bcap1b

To investigate the role of the AP-1 complex in the physiology of B. cinerea, we constructed a null mutant carrying a deletion of Bcap1b, the gene encoding the β-subunit of the complex. However, heterokaryotic transformants carrying the deletion could not be purified into haploid strains suggesting the essential role of this gene (Fig. S1). Given this result, previously described in other organisms 15 , we constructed a strain where the Bcap1b gene was placed under the control of pniaD, the nitrate reductase promoter from B. cinerea (pNiaD::Bcap1b strain, named AP-1 cond mutant -Fig. S2). This promoter induces expression of the downstream gene in presence of nitrate and represses it when other nitrogen sources are added to the culture medium 23 . The quantification of the expression of the Bcap1b gene confirmed its reduced expression in the mutant (Fig. S3A).

When using the repressing condition (glutamate), bcap1b expression was reduced (4-fold)

when compared to the parental strain. This down-regulation of Bcap1b resulted in extremely retarded growth in liquid medium (Fig. S3B), and severe altered morphology, as observed by confocal microscopy (Fig. S4). The alteration of the growth and morphology was maintained even after longer times of incubation. This extremely severe growth reduction compromised further phenotyping of the mutant strain in this condition.

Under the inducible condition (nitrate), bcap1b endogenous expression levels were not completely restored in the mutant as bcap1b gene expression reduced slightly (1.2-fold) compared to the parental strain. The inducible condition sufficed to down-regulate bcap1b without compromising growth in liquid medium (Fig. S3A andS3B). Thus, we used the inducible condition to investigate the role of Bcap1b in the biology of B. cinerea

Bcap1b, a gene involved in hyphal elongation

To assess the impact of the down-expression of Bcap1b on radial growth, the parental strain, the AP-1 cond mutant and the complemented AP-1 cond /C strain where Bcap1b was placed under the control of the constitutive pOliC promoter (Fig. S2.B), were cultivated in solid minimal medium. The parental and complemented strains produced thin and nonpigmented hyphae while the AP-1 cond mutant displayed severely retarded radial growth (Fig. 1A). To study the role of BcAp1b on hyphal morphology, the strains were cultivated in liquid inducible medium. Observation of mycelia using confocal microscopy revealed drastic alterations of the hyphal morphology. The AP-1 cond mutant displayed severe morphological defects with swelling (Fig. 1B white arrows), hyperbranching, and abnormal septa distribution (Fig. 1B red arrows). Determination of the distance between septa revealed a 2.8 -fold reduction in the mutant compared to the parental strain, (Fig. 1E) confirming the previously observed hyperseptation phenotype.

Sometimes strong hyphal tip swelling could also be observed in the AP-1 cond mutant (Fig. 1C). When compared to the parental strain, hyphae were 60% wider in the AP-1 cond mutant (Fig. 1D) as illustrated by electron microscopy (Fig. 2A). These altered phenotypes observed in the AP-1 cond mutant strain were restored in the complemented strain.

Bcap1b contributes to cell wall integrity maintenance

The observed morphological defects in the AP-1 cond mutant could be associated to a cell wall defect. To investigate the role of BcAp1b in cell wall biogenesis, we first observed the fungal cell wall under electron microscopy (Fig. 2A). In comparison with the parental strain, the cell wall along hyphae was significantly thicker (+35%) in the mutant strain (Fig. 2A and2B). Interestingly, at septa, the cell wall appeared significantly thinner in the AP-1 cond mutant (Fig. 2A and2B). Altogether these results suggested that the AP-1 cond mutant may exhibit an alteration of the composition and the properties of the cell wall.

To further investigate a potential difference in the cell wall of the two strains, the impact of increasing concentrations of potassium chloride on fungal growth was first monitored.

KCl was chosen for its wide use in B. cinerea osmotic stresses studies and because it is not metabolized and less toxic to fungi than sodium ions 24 . By using the relative half-maximal effective concentration (EC50) as an indicator, the collected data showed that the AP-1 cond mutant was highly sensitive to KCl (EC50 reduced by 1.9) when compared to the parental and complemented strain (Fig. 2C).

The higher sensitivity to osmotic stress observed in the AP-1 cond mutant could result from a modification of the cell wall composition. Nikkomycin-Z, a chitin synthase inhibitor, was used to stress the cell wall and explore this hypothesis (Fig. 2D). A 2.7-fold EC50 decrease was measured in the AP-1 cond strain while, the complemented strain restored nikkomycin Z sensitivity levels similar to the parental strain (Fig. 2D).

As this increased susceptibility to chitin synthase inhibition may indicate an alteration of the chitin content, we quantified the amount of glucosamine, a derivate of the chitin monomer N-acetyl-glucoasmine. Treatment with hydrochloric acid released glucosamine from chitin and quantification through the Elson and Morgan method 25 showed a 36% glucosamine reduction in the AP-1 cond strain when compared to the parental strain (Fig. 2E). To further characterize the chitin defect observed in the AP-1 cond mutant, we performed the localization of the class IIIa chitin synthase BcCHSIIIa-GFP (Fig. 2F).

While the BcCHSIIIa-GFP accumulated in hyphal tips in the B05.10 strain, the chitin synthase was mainly localized in small puncta, just beneath the plasma membrane at subapical regions in the AP-1 cond mutant. Thus, BcAp1b is required for the proper localization of BcCHSIIIa-GFP.

We then investigated if the downregulation of Bcap1b affected other important cell wall polysaccharides. Therefore, we focused on 1,3--glucan. First, we exposed the fungus to increasing concentrations of caspofungin, a 1,3--glucan synthase inhibitor, to determine the relative EC50. Compared to the parental strain, the relative EC50 for caspofungin in the AP-1 cond mutant was 5.8 times lower, showing that the mutant was more sensitive to the drug (Fig. 2G). Then we aimed at quantifying -1,3-glucan. Aniline blue was used to stain 1,3--glucan specifically. When excited at a 395 nm wavelength, the aniline-blue and 1,3--glucan complex emit fluorescence at a specific wavelength (495 nm) 26 . This property was used to quantify 1,3--glucan. The aniline-blue fluorescence measured from 7-day-old cultures was 3.5 times higher in the AP-1 cond mutant when compared to B05.10 (Fig. 2H).

The complemented strain partly restored this phenotype. This experiment shows that the AP-1 cond mutant accumulates 1,3--glucan in higher amounts and might compensate for the reduction in chitin content. Overall, these results demonstrate the significant role of Bcap1b in cell wall integrity maintenance.

Bcap1b is involved in differentiation programs

To evaluate macroconidia production, B05.10, AP-1 cond and AP-1 cond /C strains were cultured on Tanaka medium (inducible condition) for 14 days, at 21°C. The mutant formed irregular-edged colonies. An 8-fold reduction of counted conidia was observed in AP-1 cond mutant, indicating a strong impairment of asexual reproduction capacities (Fig. 3A).

Longer incubation of the cultures confirmed that this defect was quantitative and not due to a delay in conidial differentiation. Sclerotium differentiation was also investigated after 24 days of growth on solid Tanaka medium in the dark. The AP-1 cond mutant failed to produce sclerotia (Fig. 3B). However, the complemented strain produced a similar number of conidia compared to the B05.10 strain and produced some sclerotia.

Bcap1b is involved in protein secretion

In a previous study, we highlighted the important role of clathrin in the secretion process of virulence factors and hydrolytic enzymes in B. cinerea 13 . This work suggested that clathrin could be involved in the biogenesis of secretory vesicles in plant-pathogenic fungi.

As AP-1 is known to act together with clathrin in the biogenesis process of secretory granules in the fruit fly D. melanogaster 10 , we investigated the role of AP-1 in protein secretion in B. cinerea.

To test the impact of the downregulation of the -subunit of the clathrin adaptor AP-1 on protein secretion, the parental and AP-1 cond strains were cultured in minimal liquid medium to perform a comparative shotgun proteomic analysis of the secreted extracellular proteins. Noticeably, the AP-1 cond mutant accumulated more total extracellular proteins than the parental strain in its culture medium (1.8-fold -Fig. S5), suggesting an alteration of the secretion process. In 4 biological replicates, 343 proteins identified with a minimum of 2 unique and specific peptides were detected in both the parental and mutant strains. Most of these proteins (54% -185 proteins -Table S2) were predicted as secreted by the conventional secretory pathway, based on the detection of a signal peptide and no transmembrane domain. Surprisingly,74% of the 185 proteins containing a signal peptide (137 proteins) were down-accumulated in the mutant exoproteome when compared to the parental strain (Fig. 4A) suggesting a crucial role of BcAp1b in the conventional secretory pathway. Functional classification of the differentially accumulated proteins highlighted 10 different categories impacted in the AP-1 cond mutant (Fig. 4B). One of them was the fungal cell wall related enzymes (FCWE), with 14 members To validate the proteomic data, proteases, laccases, xylanases and cellulases activity assays were therefore performed (Fig. 4C). When compared to the parental strain, these activities were reduced to: 2.5, 3, and 7.4-fold respectively. However, xylanases activities were up to 7.2-fold in the AP-1 cond mutant. Polygalacturonase activities were detected using pectin-agar plates 29 (Fig. 4D). When compared to the parental strain, AP-1 cond mutant exhibited high pectin-hydrolase activities (white halo) while no pectin-methylesterase activity (dark halo) could be observed. The complemented strain AP-1 cond /C fully restored the phenotypes associated with proteases, xylanases and polygalacuronases activities and partially restored cellulases activities. However, the complemented strain failed to restore the parental laccase phenotype. The results indicate that Bcap1b is important for the secretion of some hydrolytic enzymes such as cellulases and proteases, while the secretion process of some polygalacturonases and xylanases seems to be AP-1 independent.

Bcap1b is critical for pathogenicity

French bean leaves were confronted to a conidial suspension of the parental, AP-1 cond and complemented strains. At 7 days post-inoculation, leaves infected by either the parental or complemented strain showed important tissue maceration. In contrast, only small primary lesions were detected on the leaves infected by the mutant strain (Fig. 5A). When tomatoes and apple fruits were used as host plants, identical results were obtained (Fig. 5B and5C). Since secretion of organic acids by B. cinerea plays a role during plant infection 30 , the capacity of the AP-1 cond mutant at acidifying its culture medium was compared to that of the parental and complemented strains. At 7 days of growth in liquid cultures adjusted to pH 6, the pH dropped by 2.1 units in the parental culture and by 0.8 unit in the mutant culture (Fig. 5D). In the complemented strain, the acidification capacity was partially restored (-1.6 units). Lastly, the differentiation processes necessary to the early steps of plant infection by B. cinerea were explored. Cultures on glass cover slides first showed that germ tubes of all 3 strains could form unicellular appressoria (Fig. S7).

On the contrary, these cultures then showed that the AP-1 cond mutant did not produce infection cushions (multicellular appressoria involved in plant-penetration, colonization and necrotophy 31 ) while the parental and complemented strains did (Fig. 5E).

Furthermore, when using onion epidermis, a default in plant penetration was observed in the mutant strain. While hyphae of the parental and complemented strains penetrated the plant cells, that of the AP-1 cond mutant only grew on their surface (Fig. 5F).

Discussion

Despite being crucial for fungal growth, nutrition, and virulence, very little is known about the molecular mechanisms underlying secretory vesicles biogenesis. We have studied the clathrin adaptor AP-1, a protein complex protein involved in cargo selection and the biogenesis of post-Golgi vesicles in eukaryotes, and describe, for the first time a plantpathogenic fungus, the important roles of AP-1.

AP-1 is essential in filamentous fungi

The disruption of any subunit has been reported to inactivate the function of the whole adaptor complex 7,18 . We therefore focused on the -subunit of the AP-1 complex. Attempts to create a Bcap1b deletion mutant did not lead to homokaryotic strains. This is consistent with the report of AP-1 complex being essential in many organisms, including the filamentous fungus A. nidulans 15 . Hence, we have performed a conditional genetic approach, using the nitrate reductase promoter a promoter frequently used in filamentous fungi and already described in B. cinerea 23,32 .

In A. nidulans, Martzoukou et al. 15 , reported a lack of growth soon after spore germination in AP-1 null mutants, and no growth on solid media when using repressing conditions on conditional mutants. In liquid medium, they observed severely retarded growth when ap1s was repressed. We found similar results in Botrytis cinerea, where polar growth was strongly impaired in the AP-1 cond mutant. Interestingly, in the yeasts S. cerevisiae and S.

pombe, which do not maintain polar growth, AP-1 is not essential [33][34][35][START_REF] Ma | Deletion mutants of AP-1 adaptin subunits display distinct phenotypes in fission yeast[END_REF][START_REF] Yu | Sip1, a Conserved AP-1 Accessory Protein, Is Important for Golgi/Endosome Trafficking in Fission Yeast[END_REF][START_REF] Arcones | Maintaining protein homeostasis: early and late endosomal dual recycling for the maintenance of intracellular pools of the plasma membrane protein Chs3[END_REF] . In plants, AP-1 is also not essential but required for root growth in A. thaliana [START_REF] Park | Arabidopsis -adaptin subunit AP1M of adaptor protein complex 1 mediates late secretory and vacuolar traffic and is required for growth[END_REF] . These elements seem to confirm the hypothesis formulated by Martzoukou et al. 15 , who proposed that AP-1 is essential in filamentous fungi because filamentous growth depends on the polarized traffic of vesicles.

AP-1 is implicated in cell-wall integrity maintenance and the traffic of a chitin synthase

The fungal cell-wall mediates the relationships between the fungus and its environment.

It protects the fungus from environmental stresses (either osmotic, chemical or mechanical) and is also important for maintaining hyphal morphology and growth [START_REF] Garcia-Rubio | The Fungal Cell Wall: Candida, Cryptococcus, and Aspergillus Species[END_REF] . We observed aberrant growth and morphological phenotypes in the AP-1 cond mutant:

hyperseptation and hyperbranching, similar to what was observed in AP-1 cond mutants in A. nidulans 15 and A. niger [START_REF] Cairns | A quantitative image analysis pipeline for the characterization of filamentous fungal morphologies as a tool to uncover targets for morphology engineering: a case study using aplD in Aspergillus niger[END_REF] . Besides, hyphal-tip swelling could sometimes be observed in hyphae of the AP-1 cond mutant. Comparable structures were previously described in A.

niger when aplD (AP-1 encoding gene) was downregulated [START_REF] Cairns | A quantitative image analysis pipeline for the characterization of filamentous fungal morphologies as a tool to uncover targets for morphology engineering: a case study using aplD in Aspergillus niger[END_REF] . Interestingly, these swelling tips were also observed in B. cinerea when bcsas1 a gene encoding for a GTPbinding protein required for exocytosis (yeast Sec4 ortholog) [START_REF] Zhang | Knocking out Bcsas1 in Botrytis cinerea impacts growth, development, and secretion of extracellular proteins, which decreases virulence[END_REF] was deleted and in AP-2 mutants in A. nidulans [START_REF] Jin | AP-2 complex contributes to hyphal-tiplocalization of a chitin synthase in the filamentous fungus Aspergillus nidulans[END_REF] . Jin et al. [START_REF] Jin | AP-2 complex contributes to hyphal-tiplocalization of a chitin synthase in the filamentous fungus Aspergillus nidulans[END_REF] , reported that these hyphal-tip-balloon-like structures were stained with FM4-64 (lipid staining) but not with CFW (chitin staining)

or Aniline blue (1,3--glucan staining), indicating an alteration of the cell-wall content.

Consistent with the cell-wall defects observed in these mutants, the finding of these Interestingly, the chitin synthase ChsB (BcCHSIIIa ortholog) also mis-localizes in AP-1 mutants in A. nidulans 15 . Therefore, AP-1 function in the trafficking of the class III chitin synthase towards the hyphal tip seems to be conserved in filamentous fungi. Abnormal addressing of the class III chitin synthase likely explains why we observed a reduced amount of chitin in the B. cinerea AP-1 cond mutant, and why chitin deposition is altered in AP-1 cond mutants of A. nidulans 15 . In yeasts, AP-1 is also involved in the traffic of the class IV chitin synthase Chs3p 2,24,25 .

We hypothetize that the thicker cell-wall observed in the AP-1 cond mutant could be the result of the accumulation of 1,3--glucan, which might compensate the chitin defect. This hypothesis is further supported by the hypersensitivity of the AP-1 cond mutant to the 1,3--glucan synthase inhibitor: caspofungin. Thus, when this mutant is exposed to caspofungin, the production of 1,3--glucan is impaired, and the mutant fails to compensate for the chitin defect and becomes more sensitive to the drug. Thus, and contrary to the chitin synthase CHSIIIa, the traffic of the glucan synthase BcFKS1 towards the hyphal tip might not depend on AP-1 in B. cinerea. To test this hypothesis, we have tried to localize BcFKS1 in the AP-1 cond mutant by fusing eGFP to BcFKS1, but no transformants could be obtained (data not shown). Interestingly in the fission yeast S.

pombe, the glucan synthase BGS1 is a cargo of AP-1 [START_REF] Yu | Sip1, a Conserved AP-1 Accessory Protein, Is Important for Golgi/Endosome Trafficking in Fission Yeast[END_REF] . Thus, further work is required to determine if the transport of the glucan synthase FKS1 is AP-1 dependent in filamentous fungi.

The AP-1 mutant is characterized by hypersecretion and a loss of polarity

B. cinerea is a necrotrophic pathogen: it induces plant cell death and degrades macromolecules from the plant via the secretion of hydrolytic enzymes. As late secretory processes rely on AP-1 in many eukaryotes, we investigated the impact of the reduced expression of Bcap1b on the secretion capacity of B. cinerea. To our surprise, total protein quantification showed a higher amount of proteins secreted in the culture medium of the AP-1 cond mutant when compared to the parental strain. In A. niger, Cairns, et al [START_REF] Cairns | A quantitative image analysis pipeline for the characterization of filamentous fungal morphologies as a tool to uncover targets for morphology engineering: a case study using aplD in Aspergillus niger[END_REF] , also reported a putative increase in protein secretion when aplD (AP-1 subunit) was downregulated. They hypothesized that the possible hypersecretion phenotype would be the result of hyperbranching. We also observed this phenotype in AP-1 cond mutant. On the other hand, we propose that the hypersecretion phenotype observed in the AP-1 cond mutant could be a consequence of a shift of exocytic sites from the hyphal tip towards subapical regions, as observed with the localization of BcCHSIIIa-eGFP. This shift would be associated with an increased number of exocytic sites, resulting in a boosted secretion.

This hypothesis is based on the observation of the class III chitin synthase, a protein known to localize near exocytic sites (septa and hyphal apex) in N. crassa and A.

nidulans [START_REF] Sánchez-León | Traffic of Chitin Synthase 1 (CHS-1) to the Spitzenkörper and Developing Septa in Hyphae of Neurospora crassa: Actin Dependence and Evidence of Distinct Microvesicle Populations[END_REF][START_REF] Takeshita | Transportation of Aspergillus nidulans Class III and V Chitin Synthases to the Hyphal Tips Depends on Conventional Kinesin[END_REF] . In the AP-1 cond mutant, BcCHSIIIa-eGFP accumulated in subapical regions instead of clustering at the hyphal tip. Besides, the increased hyphal width produced by the downregulation of AP-1 could support this hypothesis. Indeed, instead of fusing at the hyphal apex, secretory vesicles, which are implicated in hyphal extension could fuse at subapical regions, extending the hyphae in a non-polar fashion. Finally, the hypersecretion phenotype might be linked to the hyperseptation observed in the AP-1 cond mutant. Indeed, septa are also exocytic sites for the delivery of hydrolytic enzymes such as the amylase amyB in A. oryzae and F. odoratissimum 5,6 . The increased number of septa observed in the AP-1 cond mutant may result in an increased number of exocytosis sites.

Thus, it would be interesting to localize components of the exocyst complex in the AP-1 cond mutant to further address this hypothesis.

AP-1 is involved in the conventional secretion of hydrolytic enzymes required for nutrition and virulence

The capacity of the AP-1 cond mutant to secrete hydrolytic enzymes was investigated using protein activities and secretomic approaches. Our study shows that AP-1 is involved in the secretion process of PCWDEs, proteases and oxidoreduction-related proteins.

Interestingly, the secretion defect observed in the AP-1 cond mutant displays a similar signature to B. cinerea clathrin mutants 13 . Indeed, proteases, cellulases and laccases activities are also reduced in the clathrin mutants. As a result, our findings suggest that a functional AP-1/clathrin machinery is required for the secretion process of several hydrolytic enzymes required for nutrition and virulence. Interestingly, in the protist human pathogen Trypanozoma cruzi, the deletion of the AP-1 encoding gene blocks the transport of the secreted protease cruzipain, a protease involved in nutrition, differentiation and virulence [START_REF] Moreira | Knockout of the gamma subunit of the AP-1 adaptor complex in the human parasite Trypanosoma cruzi impairs infectivity and differentiation and prevents the maturation and targeting of the major protease cruzipain[END_REF] . Thus, the clathrin adaptor AP-1 may play a conserved role in the secretion process of enzymes required for nutrition and virulence in eukaryotic pathogens. Intriguingly, other enzymes involved in macromolecule degradation can bypass the AP-1 route: the secretion of several pectin-hydrolases seems to be AP-1 independent. The molecular actors contributing to the AP-1 independent secretion of hydrolytic enzymes remain to be discovered in plant-pathogenic fungi. Their discovery would bring a novel understanding to the general secretion mechanisms in Fungi.

AP-1 is a virulence determinant in plant-pathogenic fungi

The capacity of fungal necrotrophs to infects plants relies, for instance, on the secretion of hydrolytic enzymes, modulation of the plant pH and plant-penetration [START_REF] Newman | The Evolutionary and Molecular Features of Broad Host-Range Necrotrophy in Plant Pathogenic Fungi[END_REF] . Numerous plant necrotrophs produce high amounts of organic acids to modulate the pH during plantinfection. Organic acids such as oxalic acid also induce plant cell death [START_REF] Kim | Oxalic Acid Is an Elicitor of Plant Programmed Cell Death during Sclerotinia sclerotiorum Disease Development[END_REF] and are required for pathogenicity in Sclerotinia sclerotorium 49 and Botrytis cinerea 50 . Our data shows that AP-1 is required for ambient environment acidification. Interestingly, clathrin is also involved in ambient medium acidification in B. cinerea 13 . Therefore, a functional AP-1/clathrin machinery is required for ambient pH acidification. The capacity of Botrytis cinerea to infect plants also depends on host-penetration and the formation of Infection Cushions (ICs) 31,51 .

The incapacity of the AP-1 cond mutant to penetrate onion epidermis could be the result of a defect in early-stage secretion. Indeed, unlike hemibiotrophs, the capacity of the necrotroph B. cinerea to penetrate plant-cells is presumed to be related to the secretion of hydrolytic enzymes such as lipases and cutinases, and the pectinase BcPG2 52 . Several lipases and the pectinase BcPG2 were strongly down-accumulated in the mutant secretome and could explain why the penetration defect observed in the AP-1 cond mutant.

ICs are another structure produced by B. cinerea involved in plant-penetration, colonization and necrotophy 31 . When grown on glass surfaces, no IC could be observed in the AP-1 cond mutant. Interestingly, altered IC formation has already been described for clathrin mutants 13 . Souibgui et al. 13 , suggested that clathrin participates in the differentiation process of IC, possibly through the formation and/or trafficking of vesicles involved in hyphal growth, or in the transport of IC-specific actors. Our study demonstrates that the clathrin adaptor AP-1 is required, for IC formation, comforting this hypothesis.

Overall AP-1 seems to be involved in a many virulence-related biological processes: growth for host-colonization, acidification, the secretion of hydrolytic enzymes for plant-tissue degradation, host-penetration, and the establishment of a functional cell-wall which protects the fungus from plant defenses. In other eukaryotes, AP-1 has also been described as a virulence determinant in protozoan parasites such as Trypanosoma cruzi and

Leishamania mexicana mexicana [START_REF] Moreira | Knockout of the gamma subunit of the AP-1 adaptor complex in the human parasite Trypanosoma cruzi impairs infectivity and differentiation and prevents the maturation and targeting of the major protease cruzipain[END_REF]53 . Hence, AP-1 might be a conserved and critical virulence determinant in eukaryotic pathogens.

Conclusion

Our work demonstrates that the clathrin adaptor AP-1 is essential for biological functions such as growth, cell-wall formation, plant-penetration and secretion. These pleiotropic functions of AP-1 reveal the importance of the clathrin/AP-1 machinery in the infection process. Identifying clathrin/AP-1 secretory cargos which might be involved in fungal pathogenicity remains a challenge. This could be achieved using an interactomic approach to detect the cargo proteins selected by AP-1. An alternative method could be to isolate intracellular vesicles from AP-1 and clathrin mutants to perform comparative proteomics.

Identifying critical secretory cargos and proteins involved in the biogenesis of vesicles will bring a novel understanding of the secretion processes involved in virulence in pathogenic fungi and other eukaryotic pathogens.

Material and methods

Fungal strains and culture conditions

Botrytis cinerea (teleomorph Botryotinia fuckeliana (de Bary Whetzel) strain B05.10 was used as control and recipient for all genetic constructions.

Conidia were collected after 14 days of culture on modified Tanaka medium containing glucose (2 g.l -1 ), NaNO3 (2 g.l -1 ), KH2PO4 (2 g.l -1 ), MgSO4 (0.5 g.l -1 ), CaCl2 (0.1 g.l -1 ), agar (15 g.l -1 ) and oligoelements (ZnSO4, CuSO4, H3BO3, MnSO4 and NaMoO4), at 21°C under near-UV light (365 nm). Spores were resuspended in sterile liquid minimal medium (MMII) containing: 20 g of glucose, 0.2 g of KH2PO4, 0.1g of MgSO4•7H2O, 0.1g of KCl, 0.002g of FeSO4•H2O, per litter, supplemented with NaNO3 (2 g.l -1 ) or glutamate (2 g.l -1 ).

Suspended spores where then counted using Thoma cell counting chambers and stored on ice before use or suspended in glycerol (20%) for conservation at -80°C. All following experiments were carried using spores from 14-day-old cultures.

Growth assays were performed by depositing 10 µL of 10 6 spores.ml -1 at the center of 90 mm-Petri dishes containing agar minimal medium (MMII supplemented with 2 g.l -1 of NaNO3 and15 g.l -1 of agarose). Sclerotium formation was observed after 29 days of culture on modified Tanaka medium at 21°C in the dark. For growth assays in non-agitated liquid minimal media, 600 spores per well were cultivated in a 96 wells TPP microplate. For IC formation, 600 spores per well were cultivated in liquid minimal media in a 96 wells glass base microplate and incubated for 3 days.

Mutants construction in Botrytis cinerea

ΔBcap1b, AP-1 cond mutant, BcCHSIIIa-GFP, AP-1 cond -BcCHSIIIa-GFP strains were constructed using a gene replacement strategy (Appendix S1, Fig. S1, Fig. S2, Fig. S6 and Table S1).

RNA extraction and RT-qPCR

For Bcap1b gene expression analysis, conidia (10 5 sp.ml -1 ) from the parental strain and the AP-1 cond mutant were first cultured in liquid minimal medium supplemented with NaNO3 (2 g.l -1 ) for four days (21°C, 110 rpm). Then, mycelia were filtered (50 μm), split in two and cultured for an hour in inducing conditions NaNO3 (2 g.l -1 ) and glutamate (2 g.l -1 ) for repressing conditions. Next, mycelia were filtered (50 μm), deep-froze in liquid nitrogen and stored at -80°C. RNA was extracted from 25 mg of freeze-dried mycelia using the RNeasy Midi Kit (Qiagen). RT-qPCR experiments were performed as previously described by Rascle et al. (2018) 54 using APBI-7900 Applied Biosystems (Applied Biosystems). At least three independent biological replicates were performed. Relative quantification was used on the 2 -Ct method 55 . Genes encoding for actin (BcactA, Bcin16g02020), elongation factor (Bcef1a, Bcin09g05760) and pyruvate dehydrogenase (Bcpda1, Bcin16g01890) were used as normalization internal control. Primer pair 65/66 is listed in (Table S1).

Growth measurement in non-agitated liquid media in inducible or repressive conditions

Spores of the parental B05.10, AP-1 cond and AP-1 cond /C strains were culturedwith 600 spores per well in a 96 wells microplate containing MMII medium supplemented 2 g.l -1 of NaNO3.

The optical density at 620nm (OD620) was measured using a SpectraMax Plus 384

Microplate reader at 0h and after 7 days of incubation in the dark at 21°C. OD620 values at 7 days were normalized using the mean OD620 of four wells containing un-inoculated media. All data shown in the results were based on the measures of 3 biological replicates with 4 technical replicates per condition. Statistical analysis was performed using

Student's T-test.

Transmission Electron Microscopy (TEM)

Sample preparation-B05.10, AP-1 cond and AP-1 cond /C strains were grown in liquid minimal medium (inducible condition) for four days at 21°C, 110 rpm. Mycelia was collected from the liquid cultures and fixed in 4% Paraformaldehyde (PFA); 0.4% Glutaraldehyde (GA) in 0.1 PHEM buffer for 30 min at room temperature (RT) with gentle shaking. The buffer was discarded, and a second incubation (30°, RT) was performed in 0.1M PHEM buffer containing 2% PFA and 0.3% GA. High pressure freezing was performed as described in Mohamed, et al 56 . Briefly, the mycelium was deposited on the 200-µm side of a 3-mm type A gold plate (Leica Microsystems) covered with the flat side of a 3-mm type B aluminum plate (Leica Microsystems) and vitrified using an HPM100 system (Leica Microsystems) as follows: after 40h at -90°C in acetone with 1% OsO4, the samples were slowly warmed to -60°C (2°/h), stored for 10h at -60°C, then the temperature was raised to -30°C (2°/h) and the samples stored for a further 10h at -30°C before an 1h incubation at 0°C and storage at -30°C until further processing (all these steps are performed automatically in a AFS2 instrument using a pre-defined program). Then, the samples were rinsed 4 times in pure acetone before being infiltrated with progressively increasing concentrations of resin (Epoxy embedding medium, Sigma) in acetone while increasing the temperature to -20°C.

At the end, pure resin was added at RT and the samples were placed at 60°C for 2 days of polymerization.

Transmission Electron Microscopy of fungal cells-70 nm thin sections were cut from resin embedded samples from high-pressure-freezing, using a UC7 ultramicrotome (Leica Microsystems) and collected on 100 mesh Formvar carbon copper grids. The sections were post-stained 24h with 2% uranyl acette and lead citrate (5 minutes each). Samples were observed using a Tecnai G2 Spirit BioTwin microscope (Thermofischer Scientific) operating at 120 kV with an Orius SC100B CCD camera (Gatan).

Determination of susceptibility to osmotic and parietal stresses

Solutions of KCl ranging from 0.005M to 2M were produced in MMII medium with 2 g.l -1 of NaNO3 (inducible condition). A stock concentration of Nikkomycin Z (Sigma) was produced at 3 000 μg.ml -1 in DMSO before dilution in MMII medium (inducible condition)

to produce solutions from 0.04 μg.ml -1 to 400 μg.ml -1 of Nikkomycin Z. For caspofungin, a stock at 3 000 μg.ml -1 was produced in DMSO before dilution in MMII medium (inducible condition) to obtain solutions ranging from 0.004 µg.ml -1 to 120 µg.ml -1 . Sensitivity to KCl, Nikkomycin Z and caspofungin were investigated by culture in 96 wells microplates. For KCl, each well contained 195 μl of KCl-containing MMII and was inoculated with 5 μl of spores suspended in MMII at a concentration of 1.2 .10 6 spores.ml -1 . For Nikkomycin Z and caspofungin, each well contained 50 μl of drug-containing MMII and was inoculated with 150 μl of spores suspended in MMII at a concentration of 4 .10 4 spores.ml -1 to obtain a concentration of DMSO below 1%. On each microplate, 4 technical replicates were produced for each drug concentration. For each well, the optical density (OD) at 620nm

was measured at 0h and 7 days post-inoculation and was used for downstream analysis.

Data analysis was performed using R studio (4.1.2). The drc package (3.2-0) was used for the logit analysis of OD620 following the method of Ritz et al. 29 . The fitting of the experimental data to the logistic model was investigated using the coeftest() and mselect().

Either Hill three-parameter function (LL.3) or four parameter function (LL.4) model were selected for all analysis. The half effective concentrations (EC50) were determined using the ED() function and compared between strains using the EDcomp() function 30 . Indicated A volume of 250 μl of each reaction was placed in a 96 well plate to measure of the OD520 using a SpectraMax Plus 384 Microplate reader after 5 seconds of agitation. The OD520 were normalized using the weight of mycelium used for the reaction and the volume after adjusting the pH. The OD520 were converted to μg of D-glucosamine using a OD520 of a standard containing D-glucosamine concentrations ranging from 0 to 30 μg.

Aniline blue fluorescence quantification

Aniline blue fluorescence was investigated by culture in 96 wells microplates. Each well contained 600 spores suspended in 200 µl of MMII (inducible condition). At 7 days postinoculation, the culture medium was discarded and 50 µL of 0.05% aniline blue in PBS pH 9.5 (Sigma) was added. After 60 min of incubation at 21°C, aniline blue fluorescence was measured (λex = 395 nm, λem = 495 nm) using The Infinite ® M1000 (TECAN).

General microscopy techniques and image acquisition

Confocal microscopy was performed with a Zeiss LSM850 confocal microscope (Oberkochen, Germany). 1,3-β-Glucan was stained with the addition of 0.05% aniline blue in PBS pH 9.5 (Sigma). Observations were performed a hour later using 405 nm laser excitation. For BcCHSIIIa-GFP localization, 72h-old growing hyphae were imaged (GFP excitation: 488 nm; emission 491 nm to 574 nm). Images were captured using the LSM510 software. Images were stacked to produce Z-stacks with ImageJ (version 1.8.0).

Activities of secreted enzymes

A volume of 50 ml of liquid MMII (inducible condition) was inoculated with spores (10 5 sp.ml -1 ) and shaken (110 rpm) at 21°C in the dark for 96h. Mycelia were recovered by filtration (11 μm), freeze-dried, and weighed. Culture filtrates were centrifuged at 14 000xg for 15 minutes at +4°C, frozen in liquid nitrogen and kept at -80°C before being used as samples in the following enzymatic reactions and proteomic analysis. Protein concentration in culture supernatants was determined using the Bradford protein quantification method 57 (Pierce TM Coomassie Bradford, ThermoFisher). Bovine serum albumin was used as standard. Protein concentration was normalized with dried fungal biomass. Enzymatic activities were performed as previously described by de Vallée et al.

(2019) 51 and Souibgui et al. (2021) 13 . Briefly, protease activity was measured by incubating samples with 1% hemoglobin (Sigma), pH 3.5, and reactions were stopped with 25% trichloroacetic acid. After centrifugation, culture filtrates were mixed with NaOH 0.5 M and absorbance at 280 nm was recorded. Laccase activity was measured by incubating the samples and the ABTS substrate (Sigma) in 190 μl of 50 mM Na-acetate buffer, pH 4.0.

Oxidation of ABTS was recorded at 405 nm (Molecular Devices Spectramax-485) during 45 min at 30°C. Xylanase and cellulase activities were recorded on a plate reader TECAN infinite M1000 using the EnzChek-Ultra-xylanase assay kit (Thermofisher) and the cellulase assay kit (Abcam), respectively, according to manufacturer's instructions. All activities were measured on three independent biological replicates. Pectin hydrolases and pectin-methyl-esterases activities were detected using pectoplates 29 . Pectoplates were prepared with 0.1% (w/v) of apple pectin (Sigma 76282), 1% (w/v) agarose (Fisher Bioreagents BP160), 12.5 mM citric acid and 50 mM Na2HPO4, pH 6.5. The gel was cast into 120 mm square petri dishes (50 ml per plate) and steel cork borer were used to produce 4mm diameter wells. 60 ng of total protein in 40 μl from culture filtrates were loaded in each well. Plates were incubated at 30°C for 24 h, and stained with 0.05% (w/v) Ruthenium red for 30 min. The plates were de-stained by several washes with ultrapure water and then photographed.

Proteomic Analysis

Culture filtrates from four independent biological replicates were prepared as previously described for enzymatic analysis. After freeze-thawing overnight at +4°C, samples were centrifuged at 14 000g for an hour at +4°C to remove potential debris and extracellular polysaccharides. Proteins from culture supernatants were precipated overnight at +4°C using trichloroacetic acid and sodium deoxycholate (15% and 0,05% final, respectively). peptides were retained, corresponding to a 1% false discovery rate at peptide level [39].

Minora feature detector node (LFQ) was used along with the feature mapper and precursor ions quantifier. The quantification parameters were selected as follows: 4.12 pH measurement 25 ml of minimal medium MMII (pH 6) supplemented with NaNO3 (2 g.l -1 ) was inoculated with spores (10 5 sp.ml -1 ) and shaken (110 rpm) at 21°C in the dark for seven days. Mycelia were recovered by filtration (50 μm), freeze-dried, and weighed. pH measurements were performed on three independent biological replicates.

Pathogenicity assays

Spores were resuspended in MMII (inducible condition) and counted using a Thoma counting chamber before dilution to reach a concentration of 2 .10 5 spores.ml -1 . Phosphate buffer (K2HPO4 1M, KH2PO4 1M) was added to the spores-containing solution before inoculation to a final concentration of 1%. French bean leaves (Phaseolus vulgaris var Saxa) were inoculated with of two drops of 7.5 μl of spore suspension, kept in humidified plastic boxes and placed at 21°C for seven days. For pathogenicity assays on apple fruit (Malus domestica cultivar Golden Delicious) and tomato (Solanum lycopersicum), fruits were wounded and inoculated with 7.5 μl of spore suspension. Inoculated fruits were incubated at 21°C under 80% relative humidity and dark-light (16 h/8 h) condition.

Symptoms were scored up to 7 days post inoculation (dpi).

Appendix S1

Experimental procedures

Construction of the ΔBcap1b transformants, AP-1 cond mutant and the complemented strain AP-1 cond /C Knock-out transformants and knock-in mutants were constructed using a gene replacement strategy. Genetic cassettes were constructed by double-joint PCR (Yu, et al., 2004). All primers used are listed in Table S1.

ΔBcap1b

For ΔBcap1b construction (Fig. S1A), three DNA fragments were first amplified by PCR. ectopic) integration of the T-DNA were detected by PCR using the primer pairs 15/16 and eliminated. We tried to obtain homokaryotic lines of transformants by several rounds of single-spore isolation on culture medium containing hygromycin-B (70 µg.ml -1 ). However, we were unable to obtain homokaryotic lines even after 5 round of single-spore isolation:

presence of parental locus was detected using primer pair 11/14 (parental locus: 5.1 kb; mutated locus: 3.8 kb -Fig. S1B right).

The pNiaD::bcap1b strain / AP-1 cond mutant

For the construction of the AP-1 cond mutant (Fig. S2 

AP-1 cond /C

For complementation of the AP-1 cond mutant (Fig. S1.B), the p7-nptii-pOliC-bcap1b vector was constructed. The nptii gene confers resistance to Geneticin G418, and bcap1b is under the control of the strong promoter pOliC from A. nidulans. The construction of p7-nptii-pOliC-bcap1b vector followed a similar pattern to that of p7-pNiaD::bcap1b. The A. tumefaciens transformed with p7-nptii-pOliC-bcap1b vector were used for AtMT of the AP-1 cond mutant to produce the complemented strain Bcap1_C. B. cinerea transformants were selected using Geneticin G418 (150 µg.ml -1 ). Diagnostic PCR was performed to confirm that geneticin-resistant transformants carried nptii R using primer pair 47/48 (Fig.

S2C right)

. The absence of the parental locus (i.e. bcap1b under the control of its native promoter) was verified by PCR using primers 39/40 (Fig. S2C middle).

Construction of the BcCHSIIIa-GFP and AP-1 cond -BcCHSIIIa-GFP strains

To produce the BcCHSIIIa-eGFP mutant, eGFP was combined to the C-terminal end of BcCHSIIIa using a gene replacement strategy (Fig. S6). The genetic cassette Bcchs3a-egfp-tniaD-nat R -3UTR-term was also produced by double-joint PCR. nat R includes the nat1 gene under the control of the OliC promoter and confers resistance to nourseothricin.

The 5' flanking region of bcchs3a (3' end of bcchs3a coding sequence excluding stop codon, 1031 bp, fragment A'') and the 3' flanking region of bcchs3a (bcchs3a 3'UTR and terminator region, 924 pb, fragment C''), were amplified from Botrytis cinerea genomic DNA (50 ng), using primer pairs 51/52, and 55/56, respectively (Table S1). The egfp-tniaD- nat R fragment (fragment B', 2494 bp) was amplified from the p7-BcCHSVa-GFP vector using primer pair 53/54. Primer 52 contained a sequence homologous to fragment B'' for efficient fusion between fragments A'' and B'', while primer 55 was flanked with a sequence homologous to fragment B'' to initiate the fusion between fragment B'' and C''.

The A''B''C'' fragment was amplified using primer pair 57/58 to produce the Bcchs3a-egfp-tniaD-nat R -3UTR-term cassette. Primers 57 and 58 were flanked with 21 bp overlap sequences for IVA cloning in the p7 vector to produce p7-BcCHSIIIa-eGFP. Plasmids were collected from E. coli, screened by restriction enzyme digestion (EcoRI, 37°C) and then verified by sequencing.

A. tumefaciens transformed with p7-BcCHSIIIa-eGFP vector were used for AtMT of the parental strain B05.10, and the AP-1 cond mutant to produce BcCHSIIIa-eGFP and AP-1 cond -BcCHSIIIa-eGFP strains. B. cinerea transformants were selected using nourseothricin (70 µg.ml -1 ).

Diagnostic PCR was performed to confirm that nourseothricin-resistant transformants carried nat R using primer pair 59/60 (Fig. S6). Homologous recombination was also detected by diagnostic PCR on nourseothricin -resistant transformants using primer pairs 61/62 and 63/64 (Fig. S6). 

Table S1

Table S2

Classification and relative quantification of B05.10 and AP-1 cond secreted proteins with a predicted signal peptide and no transmembrane domain. In animals, AP-1 sorts several transmembrane cargos like the immunoglobulin receptor 4,5 , low-density lipoproptein receptor 6 , the transferrin receptor 7 , the mannose-6-phosphate receptor 8 , E-cadherin, ephrin receptor and the interleukin-6 signal transducer 9,10 , and the HIV-Nef protein 11 . In the protist pathogen Toxoplasma gondii, AP-1 interacts with the sortilin-like receptor (SORTLR) which is likely involved in the loading of soluble cargos such as proteins associated with the secretory organelle: microneme 12 . In the parasite Trypanosoma cruzi, AP-1 is probably required for the loading of the soluble protease cruzipain 13 , a secreted protein involved in nutrition, cellular differentiation of the parasite, and virulence 14,15 . Indeed, Moreira et al. 16 , demonstrated that the secretion of cruzipain was blocked in AP-1ϒ knock-out mutants, and cruzipain was enriched in AP-1 interactome 13 . In the yeast S. cerevisiae, AP-1 interacts with the chitin synthase Chs3p 17 .

Accession

The discovery of these AP-1 related cargos was performed using various techniques such as immunoprecipitation and confocal microscopy.

We have previously demonstrated that the AP-1 complex plays a major role in two important biological processes in B. cinerea: 1) AP-1 is involved in the secretion of enzymes implicated in the infectious process, and 2) the complex participates in fungal polarized growth of the fungus via the establishment/maintenance of the fungal cell-wall.

To enlighten the role of AP-1 in the biology of the necrotrophic fungus B. cinerea, we aimed at identifying the proteins interacting with the AP-1 µ-subunit. The goal was to identify three different classes of proteins: 1) cytosolic proteins involved in the AP-1/clathrin machinery, 2) transmembrane cargos selected by AP-1, and 3) secreted soluble cargos. To do so, we added a human influenza hemagglutinin (HA) epitope to the AP-1 µ-subunit and performed immunoprecipitation to collect the interacting proteins. The collected proteins were then identified by mass spectrometry.

Here, we propose a short list of putative AP-1 cargos that remain to be validated by other techniques such as tandem-affinity purification and co-localization experiments.

Ratio: 23.4, p-value: 0.20). This protein recruits AP-1 to the Golgi apparatus and immature secretory granules of salivary glands in D. melanogaster 21 . Thus, AP-1 might also be recruited by ARL1 in B. cinerea. The three other detected proteins involved in vesicular trafficking included SAR1, an ARF GTPase and component of the coat of COPII-vesicles;

Bcin14p04530.1 a putative COP-1 coatomer protein subunit involved in anterograde trafficking between the Golgi apparatus and the Endoplasmic Reticulum (ER); and VPS74, a Golgi PI4K effector. Surprisingly, clathrin light chain and clathrin heavy chains were not significantly enriched in our dataset. We noticed that BcCHC1 was detected with a ratio of 5.6, but with a p-value of 0.47. BcCLC was not detected. Other cytosolic proteins known to interact with AP-1 such as the ADP-ribosylation factor ARF1 (Bcin11p04620.1)

were not significantly enriched. Thus, our results suggests that our immunocapture conditions might not be appropriate for the collection of a complete and transient AP-1/Clathrin complex. Moreover, it has been previously described that AP-1 associates with clathrin via clathrin boxes localized in the -subunit of AP-1 in the filamentous fungus A. nidulans 22 . A clathrin box 629 LLDID 633 is also present in the -subunit of AP-1 of B. cinerea 23 .

Identification of putative AP-1 transmembrane cargos

Our second objective was to identify putative transmembrane cargos interacting with AP-1. To identify these putative cargos, we selected the proteins enriched in the dataset and predicted to have at least one transmembrane domain using the transmembrane domain prediction program TMHMM. Twenty-eight transmembrane proteins were identified (Table 2). Nine of them had a predicted tyrosine motif Yxx [FILMV] which is known to be recognized by the AP-1 -subunit for sorting of specific transmembrane cargos 2 . Most of these proteins had unknown functions and were predicted to localize at the mitochondrion (prediction by DeepLoc software v1.0, likelihood > 0.6). Only one protein (Bcin16p00820.1) had a predicted di-leucine motif recognized by the hemicomplex 1-σ1 for cargo sorting.

This protein is a mitochondrial ABC transporter. Even if these proteins are enriched and possess AP-1 related sorting signals, the possibility that they could be AP-1 cargos is very unlikely. Indeed, no AP-1 dependent traffic between the Golgi apparatus and the mitochondrion has been described so far.

The protein UBX3 was significantly enriched (Abundance ratio: 185, p-value: 0.01). This protein is known to interact with clathrin via a W-box 24 . However, it is localized at the plasma membrane and is involved in clathrin-mediated endocytosis in the yeast S.

cerevisiae 24 . No role of UBX3 in the biogenesis of AP-1/clathrin vesicles has been described so far. It would be interesting to study the role of this protein in B. cinerea and determine if BcUbx3 (Bcin09p06820.1) is involved in the biogenesis process of AP-1/Clathrin vesicles.

We were surprised to find a high enrichment of ER-exit proteins such as the soluble cargo receptor Erv29 (Table 3). In N. crassa, Erv29 is involved in the secretion process of the cellobiohydrolase CBH-2 25 . We also found Erv25 significantly enriched in our dataset, a protein which associates with Emp24 to form p24, a complex found in COPII-vesicles involved in soluble cargo sorting at the ER in S. cerevisiae 26,27 and S. sclerotorium 28 . In N. crassa, Emp24 is involved in the secretion of the cellobiohydrolase CBH-1 and is localized at early Golgi compartments. Starr et al. 25 proposed that "Emp24 could be involved in transporting proteins in anterograde fashion past the early Golgi".

Interestingly, one of the other proteins composing the p24 complex, BcErv25, has a predicted tyrosine motif (Table 3) and could directly interact with BcAPM1 via this motif.

It might be a co-incidence, but it would be interesting to determine if BcErv25 interacts with AP-1 though co-localization and tandem-affinity purification approaches and discover a potential new function of AP-1 in filamentous fungi.

Another interesting protein found in the dataset is YEA4, an uridine diphosphate-Nacetylglucosamine (UDP-GlcNAc) required for cell wall chitin synthesis in S. cerevisiae 29 . In the yeast, this protein is localized at the ER and its specific role in chitin synthesis is not clear. Indeed, Roy, et al. mentioned that: "the present hypothesis on chitin synthesis does not refer any requirements of UDP-Glc-NAc transpoter in the ER during its biosynthetic process". Even if the mechanism by which this protein is involved in chitin synthesis remains to be discovered, the possibility that AP-1 could be involved in the sorting of this proteins is intriguing. Indeed, we previously observed a severe chitin defect in the AP-1 mutant. It would be interesting to localize this protein in B. cinerea, determine if it localizes at the ER and/or at other sub-cellular localizations, and figure if AP-1 is indeed involved in the sorting of this protein by tandem affinity purification.

Among the putative AP-1 transmembrane cargos found in our dataset, we expected to find at least one chitin synthase. Indeed, in the first part of this chapter, we have found that AP-1 is important for chitin synthesis, likely via a role of AP-1 in the traffic of the chitin synthase BcCHSIIIa. This protein was detected in the dataset but not significantly enriched (Abundance ratio: 7.9, p-value: 0.61); and so did the class V chitin synthase BcCHSVa (Abundance ratio: 10.8, p-value: 0.98). Even if BcCHSIIIa was not significantly enriched, we cannot conclude that the chitin synthase BcCHSIIIa is not an AP-1 cargo.

Indeed, we did not identify any common transmembrane cargo known to be an AP-1 cargo in other organisms (e.g., Mannose-6-phosphate receptor BcMrl1, or transferrin receptor ortholog Bcin11p01930.1), nor did we identify transmembrane cargos predicted to localize at the endosome or the plasma membrane. Thus, our present work, which is still preliminary, and a first attempt, requires more development/improvement for the identification of known AP-1 transmembrane cargos.

Identification of putative AP-1 soluble cargos

As our previous work highlighted the importance of AP-1 in the secretion of soluble hydrolytic enzymes, our third objective was to identify putative AP-1 soluble cargos. To do this, we selected significantly enriched proteins which were predicted to contain a signalpeptide (SignalP v5.0) and predicted to localize at the extracellular medium (DeepLoc v1.0, likelihood > 0.6). The laccase (multicopper oxidase) BcLCC2, a protease (Bcin08p00280.2

-carboxypeptidase Y), and a protein of unknown function (Bcin06p06670.1) were significantly enriched (Table 3 and Fig. 3). Interestingly, the laccase BcLCC2 was highly down-accumulated in the mutant exoproteome (500-fold), and so did the protease Bcin08p00280.2 (500-fold) and the protein of unknown function Bcin06p06670.1 (1000fold). Thus, our results are in agreement with the secretion defect observed for these secreted proteins. Therefore, AP-1 could be involved in the loading process of these hydrolytic enzymes. We expected to enrich more secreted proteins as the AP-1 mutant displays a severe secretion defect. Seven other proteins possessing a signal-peptide and predicted to be secreted were found in our dataset but they were not significantly enriched (Table S2). Thus, we still need to identify other secretory cargos as well as soluble cargo receptors interacting with AP-1 to fully unravel the role of AP-1 in the sorting of soluble cargo receptors.

Limitations of the immunocapture-based method and perspectives

In this study, our aim was to identify proteins interacting with the AP-1 -subunit to detect membrane and soluble cargos transported by AP-1/Clathrin vesicles. We also aimed to detect cytosolic proteins potentially involved in the biogenesis of these vesicles, a first in filamentous fungi.

Proteins interacting with BcAPM1:3×HA were identified by mass-spectrometry.

Reassuringly, and as mentioned earlier, most of the AP-1 complex proteins were detected in the dataset we generated. The -subunit, for example, was amongst the most enriched proteins. However, no clathrin heavy chain -which is a protein known to interact with the AP-1 β-subunit-was significantly enriched. Moreover, no transmembrane cargo previously identified as AP-1 cargos in other organisms could be found in our proteomic dataset. The absence in our dataset of enriched transmembrane cargo proteins known to interact with AP-1 can be due to suboptimal immunocapture conditions. Indeed, it can be difficult to solubilize some transmembrane (TM) proteins. Thus, the possibility that we have missed the identification of known AP-1 transmembrane cargos because of TM protein solubilization issues is likely. In the future, we could optimize the immunoprecipitation method by testing wide array of lysis buffers with different detergents to solubilize complex TM proteins. It would also be interesting to increase the ionic strength of the lysis and the wash buffers to capture more specific interacting proteins. Another explanation for the lack of identification of known AP-1 transmembrane cargos could lie in the low amount of trypsin digestion sites in many TM proteins, which makes the identification of membrane proteins difficult by mass-spectrometry 30 .

Interestingly, even if the immunoprecipitation conditions might not have been optimal for the identification of membrane cargos, we successfully identified putative soluble cargos (summarized in Fig. 4). Indeed, the detection of the laccase BcLCC2, as well as the protease Bcin08p00280.2 is promising and consistent with the secretion defect of oxidoreduction related proteins, and proteases, observed in the AP-1 mutant. Moreover, the AP-1 complex could also be involved in the secretion of proteins of unknown functions such as the protein Bcin06p06670.1. This protein was down-regulated in four nonpathogenic AtMT mutants from the BotBank collection 31 which suggests that this protein could be involved in virulence. We still need to validate that AP-1 is involved in the loading of these soluble cargos via other approaches such as co-localization and tandem-affinity purification techniques, and yeast-two-hybrid.

Finally, crossing our data with a clathrin-heavy chain interactome would have strengthened our results. We have tried to perform immunoprecipitation of clathrin interactants with the BcCHC:3×HA strain but we did not manage to find the conditions required to detect BcCHC:3×HA in the lysis buffer (data not shown). Indeed, BcCHC:3×HA was detected in crude mycelia protein extract, which confirmed the production of the chimeric protein, but we did not manage to detect BcCHC:3×HA among the proteins solubilized by a wide range of lysis buffers.

Thus, this work is still preliminary, and we still need to identify transmembrane cargos undergoing the AP-1/Clathrin pathway. Their identification would bring new understanding of general secretion mechanisms in fungi and could also permit the identification of new antifungal targets. Another way of identifying AP-1 cargos could be to isolate intracellular vesicles from the parental strain, clathrin and AP-1 mutants and perform comparative proteomics on isolated secretory vesicles. This last technique is very challenging from a technical perspective, and to our knowledge, has never been successfully performed in filamentous fungi.

Materials and methods

Strains and culture conditions

Botrytis cinerea strain B05.10 [teleomorph Botryotinia fuckeliana (de Bary) Whetzel] and BcAPM1:3×HA strains were used as for all experiments. Conidia were collected after 11 days of culture on Malt Sporulation medium at 21°C under near-UV light. Spores were suspended in water and then counted using Thoma cell counting chambers and stored on ice before use or suspended in H2O + glycerol (20%) for conservation at -80°C. All following experiments were carried using spores from 11-day-old cultures.

For submerged liquid cultures, conidia were inoculated (1.10 5 conidia.ml -1 ) in Potato Dextrose

Broth for 72h, at 21°C, under agitation (110 rpm).

Molecular biology

BcAPM1:3×HA cassette was constructed in-silico. The GGG-3×HA-GGG tag was inserted just after the 229 amino acid of BcAPM1 (Bcin04p03770.1 -226 TRGK^A 230 ), as previously performed in epithelial cells 18 and Arabidopsis thaliana 19 -(Fig. 1B). BcAPM1:3×HA was placed under the control of the strong constitutive promoter pOliC; tNiaD was used as terminator. The BcAPM1:3×HA cassette was then synthesized and cloned by GenScript in a pUC57-Mini plasmid to produce BcAPM1:3×HA _pUC57-Mini. Then, we amplified the BcAPM1:3×HA cassette from BcAPM1:3×HA_pUC57-Mini using primer pair P1/P2 (Supplementary Table S1) and performed IVA cloning 32 in a pBHt2 vector pre-digested by SmaI to produce pBht2-BcAPM1:3×HA (Fig. S1).

Transformation of Botrytis cinerea

Agrobacterium tumefaciens transformed with pBht2-BcAPM1:3×HA was used to transform B. cinerea strain B05.10 as described by Rolland et al., 2003 33 . B. cinerea transformants were selected using hygromycin B (70 µg.ml -1 ).

Immunoprecipitation

Mycelia from 3-day-old cultures were collected using 40 µm cell strainers before deep-freezing in liquid nitrogen and storage at -80°C. Mycelia were ground in liquid nitrogen using a mortar and pestle for 5 min. To perform protein extraction, 1 ml of lysis buffer (Tris-HCl pH 8, NaCl 75 mM, EDTA 2 mM, BSA 0.1%, NP-40 0.65%, SDS 0.005%, plus 13 µl of protease inhibitor cocktail from Sigma) was added to 1 ml of ground mycelia, placed on a wheel for agitation (15 rpm, 30 min, 4°C), and centrifuged at (18 000g, 10 min, 4°C). Anti-HA magnetic beads (Pierce) were washed twice with the lysis buffer before adding 1 ml of the extracted proteins (~700 µg) to 25 µl of beads. Proteins were incubated with the beads on the wheel (10 rpm) for 16h at +4°C. After incubation, the beads were washed five times with the wash buffer (Tris-HCl pH 8, NaCl 75 mM, EDTA 2 mM, NP-40 0.65%, SDS 0.005%, plus 13 µl of protease inhibitor cocktail) and eluted in 60 µL of Laemmli 1X (Tris-HCl 50 mM, pH 6.8, SDS 2%, Saccharose 5%, Bromophenol Blue 0.02%) and boiled for 8 min, 98°C. The parental strain was used as a negative control. Four biological replicates were performed.

SDS-PAGE and western blot

Collected fractions from different immunoprecipitation steps were boiled in Laemmli 5X buffer for 8 min at 98°C, and then centrifuged at 18 000g for 10 min at +4°C. Supernatants were loaded on tris-glycine polyacrylamide gels (BioRad). Gels were colored using Coomassie blue or subjected to western-blot. For western-blotting, the primary anti-HA antibody (Sigma H9658) was used at 1:20 000 in Tris-Buffer Tween 20 0,1%. The secondary antibody (Sigma A9044) was used at 1:80 000.

BcAPM1-3HA was detected using the Clarity™ Western ECL revelation kit (BioRad) and ChemiDoc (BioRad). 

Sample preparation for proteomics

Mass spectrometry analysis

NanoLC-MS/MS analysis were performed using an Ultimate 3000 RSLC Nano-UPHLC system (Thermo Scientific, USA) coupled to a nanospray Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, California, USA). Each peptide extracts were loaded on a 300 µm ID x 5 mm PepMap C18 precolumn (Thermo Scientific, USA) at a flow rate of 10 µL/min.

After a 3 min desalting step, peptides were separated on a 50 cm EasySpray column (75 µm ID, 2 µm C18 beads, 100 Å pore size, ES903, Thermo Fisher Scientific) with a 4-40% linear gradient of solvent B (0.1% formic acid in 80% ACN) in 55 min. The separation flow rate was set at 300 nL/min.

The mass spectrometer operated in positive ion mode at a 1.9 kV needle voltage. Data was acquired using Xcalibur 4.4 software in a data-dependent mode. MS scans (m/z 375-1500) were recorded at a resolution of R = 120000 (@ m/z 200), a standard AGC target and an injection time in automatic mode, followed by a top speed duty cycle of up to 3 seconds for MS/MS acquisition. Precursor ions (2 to 7 charge states) were isolated in the quadrupole with a mass window of 1.6 Th and fragmented with HCD@28% normalized collision energy. MS/MS data was acquired in the Orbitrap cell with a resolution of R=30000 (@m/z 200), a standard AGC target and a maximum injection time in automatic mode. Selected precursors were excluded for 60 seconds.

Database search and results processing

Protein identification and Label-Free Quantification (LFQ) were done in Proteome Discoverer 2.5.

MS Amanda 2.0, Sequest HT and Mascot 2.5 algorithms were used for protein identification in batch mode by searching against a ENSEMBL Botrytis cinerea ASL83294v1 database (13749 entries, release 53). Two missed enzyme cleavages were allowed for the trypsin. Mass tolerances in MS and MS/MS were set to 10 ppm and 0.02 Da. Oxidation (M) and acetylation (K) were searched as dynamic modifications and carbamidomethylation (C) as static modification. Peptide validation was performed using Percolator algorithm 34 and only "high confidence" peptides were retained corresponding to a 1% false discovery rate at peptide level.

3.9 Label-Free Quantitative Data Analysis Secretory vesicles (SVs) have been observed at the hyphal tip of filamentous fungi decades ago. In 1957, Girbardt 1 was the first to name this organized structure " Spitzenkörper" which accumulates secretory vesicles (SVs) at the hyphal tip. SVs play major roles in fungal growth, and fungal nutrition. In filamentous fungi, hyphal tip growth relies on the fusion of SVs with the apical plasma membrane. Apical extension also depends on the correct delivery of fungal cell wall biosynthesis enzymes like the -1,3 glucan synthase and chitin synthases, which are transported by SVs 2 . SVs likely transport hydrolytic enzymes essential for fungal nutrition. Indeed, the amylase amyB was found at the hyphal tip in Aspergillus oryzae 3 and Fusarium odoratissimum 4 .

In many filamentous fungi, the Spitzenkörper is stratified and accumulates two distinct classes of SVs that can be distinguished by their sizes and densities: micro and macrovesicles. Micro-vesicles, sometimes referred as chitosomes, have a diameter of 30 to 40 nm, a relatively low buoyant density (d = 1.14) [5][6][7] and transport chitin synthases in the filamentous fungus Neurospora crassa 2,8,9 . Macro-vesicles, on the other hand, are twice bigger than microvesicles: they have a diameter of 70 to 100 nm 10 and a high buoyant density (d = 1.24) 7 . In N. crassa, macrovesicles are associated with the glucan synthase FKS1 11 . Despite their crucial role in fungal biology almost nothing is known about the content of these secretory vesicles.

To our knowledge, there are no report of a SVs proteomic-catalogue in filamentous fungi.

One of the aims of the thesis was to investigate different approaches to purify putative secretory vesicles, and obtain the first SVs protein content in a filamentous fungus.

There are only a few techniques reported for the enrichment of secretory vesicles in fungi.

In the yeast Saccharomcyes cerevisiae SVs have been enriched using differential centrifugation followed by either size-exclusion chromatography (SEC) or density gradient centrifugation. When using SEC, SVs are enriched according to their size 12 . When performing density gradient centrifugations, SVs are enriched according to their densities 13 . Another technique based on immuno-isolation can be used to isolate SVs 14 .

This technique is based on the isolation of SVs transporting a specific protein epitope (bait)

which is recognized by a specific antibody. Contrary to SEC and density-gradient centrifugation, this technique has the advantage to be far more specific and can be used to specifically isolate a subset of SVs.

It is important to visualize the differences between IVs and SVs: IVs regroup SVs and other intracellular vesicles (COPI and COPII vesicles, etc.), while SVs represent a subset of intracellular vesicles. For examples, micro-and macro-vesicles are SVs, and SVs are IVs. However, IVs are not necessarily SVs (Fig. 1).

Our first objective was to enrich IVs from Botrytis cinerea. To do so, we first tested the two different approaches already described in S. cerevisiae: SEC and density gradient centrifugation.

Then, we have proposed a procedure for the isolation of a subset of fungal SVs from IVs.

This approach is based on the use of density gradient centrifugation combined with the immuno-isolation of vesicles.

Results

Enrichment of intracellular vesicles by Size-Exclusion Chromatography

To enrich fungal IVs from the complex mixture produced by mycelia grinding, we first tried to enrich small IVs (diameter < 55 nm) using size-exclusion chromatography. Mycelia were obtained from 3-days old Potato Dextrose Broth liquid culture (21°C, 110 rpm), inoculated with conidia. After several differential centrifugations to remove cellular debris and organelles such as nucleus and mitonchria, the microsomal pellet (P3) obtained from a 100 000g high-speed centrifugation was resuspended in an osmotic buffer to preserve vesicles integrity. The resuspended pellet was then injected in Sephacryl S-500 HR column connected to the Fast-Protein-Liquid-Chromatography (FPLC) AKTA pure (Fig. 2A). This column was chosen for its theoretical exclusion limit of 55 nm which was appropriate to enrich small IVs. The elution profile (chromatogram) of free-proteins and proteins transported by vesicles was detected using a 280 nm UV detector. Three independent experiments were performed, and a similar elution profile was obtained for each experiment (Fig 2B). Indeed, the chromatogram was characterized by two peaks. The first peak (pA) had a retention volume of Vr(pA) = 39.81 ± 0.12 mL (Fig. 2C), and corresponded to the dead volume of the column. Therefore, particles obtained from pA fractions did not interact with the Sephacryl matrix. The second peak (pB) was characterized by a retention volume Vr(pB) = 56.94 ± 0.67 mL. Particles obtained in this fraction interacted with the matrix and were therefore eluted after pA particles. Particles obtained in pB fractions were characterized with a retention factor of Kr(pB) = (Vr(pB)-Vr(pA))/Vr(pA) = 0.43 ± 0.02. These results suggest that the SEC-method is very reproducible.

To determine if pA and pB fractions contained vesicles, we performed electron microscopy on the collected samples. The pA fraction contained numerous membranes particles which were very uneven in form and shape. A few particles resembling -glycogen particles 15 could also be observed in transmission-electron micrographs (TEM) (Fig. 2D). On the other hand, particles collected in the pB fraction, which resembled -glycogen particles 16 had a very uniform shape and size (Fig. 2D). The presence of glycogen in these fractions was confirmed using a lugol test: when applying lugol on the fractions, the lugol solution turned brown (data not shown).

Next, we measured particles diameter from TEM pictures using ImageJ software to determine if the column had indeed an exclusion limit of 55 nm. Particles obtained from the pA fraction had a median diameter of 137 nm (Fig. 2E) but the diameter of enriched particles was extremely irregular. Indeed, some particles had a diameter as high as 400 nm while others were rather small (58 nm). On the contrary, particles from pB fraction displayed a very regular diameter, with a median diameter of 51 nm.

These observations confirm the predicted exclusion limit (55 nm) of the Sephacryl S-500 HR column. This result also supports, the idea that this column can be used to enrich vesicles with a diameter smaller than 55 nm.

At the same time, the protein content of the different fractions were isolated was investigated using SDS-PAGE. The microsomal pellet P3 displayed a high number of proteins (Fig. 2F). Most of the proteins enriched in the microsomal pellet were not found in the cytosol fraction (S3), suggesting that the microsomal pellet was not contaminated with a high number of cytosolic proteins. Among pA and pB fractions isolated after SEC, pA had a greater diversity of proteins when compared to the pB fraction. Indeed, two proteins were mainly detected in the pB fraction. This low diversity of proteins together with the morphological aspects of pB particles, suggest that pB fraction was only made of -glycogen particles. Thus, the SEC-method failed to enrich a specific subset of IVs from ground mycelia of Botrytis cinerea.

Enrichment of intracellular vesicles by density-gradient centrifugation

In a second time, we tried to enrich IVs using another technology based on density gradient centrifugation. Considering the literature, the isolation of synaptic vesicles 17 or secretory lysosomes from lymphocytes 18 was based on the use of iodixanol gradients. We adapted this protocol to the fungal material. The microsomal pellet (P3) obtained by cell fractionation was then deposited in the bottom of an iodixanol gradient (5%, 16%, 25%, 25% and 50% of iodixanol -equal volumes), and centrifuged for an hour at +4°C (Fig. 3A).

Clear interphases could be observed on the iodixanol gradient after high-speed centrifugation (100 000g) (Fig. 3B). Thicker interphases were observed for the 16/25% iodixanol gradient interphase (I16/25%) and the I25/50% interphase, which corresponded to particles with the following densities: 1.12 to 1.16 for I16/25%, and 1.16 to 1.27 for I25/50%. This result suggested that the gradient was kept discontinuous during the highspeed centrifugation and produced interphases with concentrated particles.

To determine if the interphases contained IVs, we observed interphases I16/25% and I25/50% using a transmission electron microscope. Interphase I5/16% was not observed because no intracellular vesicles are known to have a density ranging from 1.06 to 1.12.

Interphase I16/25% contained vesicles, heterogenous in size (Fig. 3C). Interphase I25/50% also contained vesicles, but they seemed much more uniform in size (Fig. 3C and3D).

Thus, our observations demonstrate that the density-gradient is suitable for the isolation of IVs.

Next, we wanted to know if the interphases were enriched in vesicles of a particular size.

To do so, we measured vesicles diameter with ImageJ. The median vesicle diameter found in Interphase I16/25% was 161 nm and varied greatly between 40 nm and 800 nm (Fig. 3D). On the other hand, vesicles from the I25/50% interphase were a lot smaller (median diameter of 36 nm), and more homogenous in size. These results indicate that the densitygradient method can be used to isolate IVs and enrich a subpopulation of small IVs (36 nm) but with high densities (1.16 ≤ d ≤ 1.27).

To investigate the protein content of the vesicles enriched in I16/25% and I25/50% interphases, samples were denatured and loaded on a polyacrylamide-gel. Interphase I5/16% accumulated a rather small numbers of proteins when compared to the migration profile obtained for I16/25% and I25/50% interphases (Fig. 3). Moreover, only a fraction of proteins found in the I25/50% interphase was also detected in the I16/25% interphase.

Thus, this result suggests that the density-gradient method can be used to enrich different subsets of IVs, which differ in size and densities and might also differ in protein content.

Performing a proteomic catalogue on the different interphases could confirm these preliminary results.

Next, we determined if some of the enriched IVs transported hydrolytic enzymes. To do so, we checked the presence of pectin-hydrolase and pectin-methyl esterase, two easily detectable enzymatic activites. We deposited the culture medium in which the mycelia had grown, and samples from each interphase on pectin-agar plates to detect the activities of secreted pectin-hydrolase and pectin-methyl esterase. Pectin-hydrolase (white halo) was detected in each interphase, and a stronger activity was observed in the 116/25%. interphase (Fig. 3F). However, no pectin-methyl esterase activity (fuchsia halo) could be detected in the interphases. This result strongly suggests that the enriched IVs transport secreted hydrolytic enzymes such as pectin-hydrolases and that some of the enriched IVs could be SVs. Overall, our work demonstrates that the density-gradient is a powerful method for the enrichment of IVs.

Proposed isolation procedure for the isolation of BcCHSIIIa-GFP SVs

The successful enrichment of fungal IVs by density-gradient centrifugation enabled us to focus on an isolation procedure of SVs. Our strategy was to use the green-fluorescent protein GFP fused to a transmembrane protein localized at the Spitzenkörper as a bait for immuno-isolation of secretory vesicles from the enriched IVs. Indeed, the plan was to expose the vesicles enriched in the I16/25% and I25/50% interphases to beads coated with anti-eGFP antibodies (Fig. 4A). The class IIIa chitin synthase CHSIIIa was chosen as a bait to isolate CHSIIIa-eGFP SVs. Indeed, the localization of this transmembrane enzyme has been previously determined in N. crassa: the class III chitin synthase localizes at the Spitzenkörper.

To verify that the class III chitin synthase also localizes at the Spitzenkörper in B. cinerea, we first had to produce the chimeric protein by fusing eGFP to BcCHSIIIa. Topology prediction predicted that the C-terminus region was localized in the cytoplasm 19 . As it was predicted to be extra-vesicular, we fused the eGFP to this region of the protein to use CHSIIIa-eGFP as a bait (Fig. 4B). Then, we introduced the BcCHSIIIa-eGFP genetic cassette at the BcCHSIIIa locus to place the chimeric construct under the control of the native promoter.

Once we obtained the BcCHSIIIa-eGFP mutant, we observed the localization of the chimeric protein using a confocal microscope. BcCHSIIIa-eGFP accumulated at the hyphal tip, in a structure resembling the Spitzenkörper, where SVs accumulate (Fig. 4C). This result comforted the use of BcCHSIIIa as a marker of SVs and its use as a bait for SVs isolation.

Next, we performed enrichment of IVs originating from the BcCHSIIIa-eGFP strain as previously described. Our aim was to detect BcCHSIIIa-eGFP in one or more interphases to determine which interphase would be the most appropriate for immuno-isolation.

However, no chimeric protein (130 kDa) could be observed when we performed the western-blot (Fig. 4D and4E). The chimeric protein was not even found in crude mycelia:

only cleaved eGFP (27 kDa) was detected in crude mycelia and pellet P1 samples. This result compromised the use of BcCHSIIIa-eGFP as a bait for the immuno-isolation of SVs.

Indeed, it is crucial to detect the bait by western-blot to develop the immuno-isolation procedure. Consequently, we tried to use another chitin synthase as a bait for SVs isolation and chose the class Va chitin synthase (BcCHSVa). This protein was chosen because it has fewer transmembrane domains than BcCHSIIIa 19 (4 vs 6), and also localizes at the Spitzenkörper (Fig. 5A,B). However, no chimeric protein (233 kDa) was detected when performing western-blot (Fig. 5C).

In the laboratory, Matthieu Blandenet, a Ph.D. student who studied the role of putative polysaccharide synthases in B. cinerea, has recently discovered that another transmembrane protein, the GT2 glycosyl-transferase (BcGTa -Bcin04p06040.1 ; 88 kDa -Fig. 6A) fused to 3HA-mNeonGreen also localizes at the Spitzenkörper in B. cinerea (Fig. 6B). Thus, we had another protein, smaller than the chitin synthases BcCHSIIIa and BcCHSVa that could potentially be used as a bait to capture secretory vesicles. Therefore, we performed an anti-HA western-blot to determine if we could detect the chimeric protein in crude mycelia. Luckily, we were able to detect the chimeric protein (118 kDa) by anti-HA western-blot on proteins extracted from 24h old mycelium (Fig 6C). Thus, we have finally found a bait for the isolation of SVs. This result enables the development of the immuno-isolation procedure of SVs.

Discussion

Fungal SVs are crucial for fungal growth, nutrition, and virulence. However, there is currently no proteomic-catalogue available for SVs in filamentous fungi. Here, we report for the first time in Botrytis cinerea, an exploration of the different methods used to enrich IVs and isolate SVs.

Size exclusion chromatography is not suitable for IVs isolation

To enrich fungal IVs, we first tried size-exclusion chromatography. SEC is a method of choice for the isolation of extracellular vesicles (EVs). This method is fast, it removes protein contaminants, and maintains vesicle structure and content 20 . Moreover, SEC has recently been used in the plant-pathogen Fusarium oxysporum to isolate EVs with great sucess 21 . When performing SEC in the case of IVs of B. cinerea, we obtained two fractions.

The first one, as expected, contained contaminants (microsomes, debris…) and these particles were too large in size to enter the matrix pores. On the other hand, the second one which should have enriched small vesicles (< 55 nm) did not. Indeed, no IVs with a dimeter smaller than 55 nm could be observed when performing electron microscopy. We first thought that the TEM grids were covered with -glycogen, hiding IVs. However, only two proteins, likely glycogen-related proteins (dimer of glycogenin isoform-1 78 kDa; dimer of glycogenin isoform-2 110 kDa) were found when we performed SDS-PAGE on this fraction. We could have tried to remove glycogen particles using amylase, but very few proteins were detected using SDS-PAGE, even after long exposition during silver staining.

In the yeast S. cerevisiae, the Sephacryl S-1000 column, with a larger exclusion limit (400 nm), has been used successfully to enrich IVs 22 , the authors did not mention any problem related to glycogen particles. Thus, the glycogen issue might be specific to our model Botrytis cinerea. This result is not surprising as it has been already described that B. cinerea can contain glycogen 23 . Therefore, we explored another method to enrich IVs from Botrytis cinerea.

IVs can be enriched using density-gradient centrifugation

Density-gradient centrifugation is a promising technique for IVs isolation. We have used a discontinuous iodixanol gradient centrifugation method to enrich vesicles of specific densities. The idea was to enrich vesicles with low-buoyant densities (1. This method, however, is not sufficient to isolate SVs. Indeed, vesicles trafficking between the endoplasmic reticulum and the Golgi apparatus like COPI and COPII vesicles, could also be enriched in IVs interphases using this technique. Therefore, density-gradient centrifugation can be considered as an interesting technique to enrich IVs before performing SVs isolation.

Immuno-isolation is a promising technique for SVs isolation but needs further improvements

Contrary to SEC or density-gradient centrifugation-based procedures, immuno-isolation is a technique that can be used to isolate vesicles transporting specific protein cargos. The isolation of synaptic vesicles by immuno-isolation can yield exceptional purity 25 . In fungi, the technique was developed in 1992 to isolate SVs transporting the Guanine nucleotide exchange factor (GEF) for ADP ribosylation factor: Sec7p in S. cerevisiae 14 . In 2009, researchers from Simons Lab have developed a novel immunoisolation procedure for the isolation of specific subpopulations of post-Golgi secretory vesicles in the yeast 26,27 . We aimed at reproducing a similar technique in B. cinerea, using a different bait.

In our case, we first had to select transmembrane proteins transported by secretory vesicles. We have tried to use two distinct chitin synthases: BcCHSIIIa and BcCHSVa as a bait. Indeed, these proteins localize at the Spitzenkörper in Neurospora crassa 9 and Aspergillus nidulans 28 . Even if we have confirmed that they are also localized at the Spitzenkörper in B. cinerea, we encountered several technical issues which hampered the development of the immune-isolation procedure. Indeed, we were not able to detect these large chimeric proteins by western-blot. This is a major technological lock to develop immuno-isolation. To overcome this difficulty, different parameters were tested: different membranes (PVDF), trichloro-acid protein precipitation, and low temperature heating (37°C). We obtained no convincing result. According to Kaur and Bachhawat 29 , performing western-blot on membrane proteins has always remained challenging. Fortunately, we

have finally found, a potential bait: the glycosyl transferase BcGTa (88 kDa), which is detectable by western-blot. Considering the methodology developed by Simon's Lab 26,27 , a TEV protease cleavage site between the bait and eGFP or mNeonGreen will be introduced to provide a greater specificity during the elution of immunisolated vesicles. Finally, as proposed by Adrien Hamandjian, it would also be interesting to test the v-SNARE BcSnc (Bcin09p02090.1) as bait to isolate a broad range of secretory vesicles. This work will soon be continued in the lab.

Using gradient-density centrifugation, we developed a methodology to enrich several populations of IVs in B. cinerea. This approach will be also performed in the case of AP-1 and clathrin down-expressing strains to perform proteomic along with IVs morphological studies and identify the vesicles and protein cargos undergoing the clathrin/AP-1 pathway. The isolation of secretory vesicles in these different strains will complete the characterization of the mutants and precise the importance of the clathrin machinery in the secretion process in B. cinerea.

ground by either a bead beater (beads -1 mm diameter) or by a mortar and pestle under liquid nitrogen. Vesicle buffer (Sigma 7-9 50mM pH 7.4, Sorbitol 1M, NaCl 150 mM, EDTA 10 mM, DTT 1mM) was then added to ground mycelia. Ground mycelia suspension was subjected to several centrifugation steps to remove major contaminants. A 700g spin for 10 min generated pellet P1 and supernatant S1. S1 was centrifuged at 36 000g for 30 min to remove mitochondrion, and generated pellet P2 and supernatant S2. S2 was in turn centrifuged at 100 000g for 1h to generate P3 and S3. P3 corresponded to a mix of intracellular vesicles and microsomes, while S3 contained the cytosol. P3 was overlaid by 1 ml of vesicle buffer and resuspended for downstream processes (Fig. 2A).

Size-exclusion chromarography

The column HiPrep 16/60 Sephacryl S-500 HR, (dimensions 16x600 mm) was chosen for its exclusion diameter of 55 nm. The column was connected to a Pure Fast Protein Liquid

Chromatography system (AKTA). For column equilibration, vesicle buffer was used at a flow rate of 0.5 ml -1 .min. Two column volumes were used for column equilibration. Then, a volume of 1 mL of the P3 pellet resuspended in vesicle buffer obtained from cellular fractionation was loaded in the FPLC Chromatography system at a flow rate of 0.5 ml -1 .min. Fractions of 1 mL were collected in 48-well deep plates. OD280 was recorded for each fraction to establish the protein elution profile.

Density gradient

Vesicles were fractionated using a discontinuous gradient of OptiPrep™ (D1556 Sigma):

5%, 16%, 25% solutions were prepared in suspension medium 1 (12.25% w/v sorbitol, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4 -750 mOsm) and the 50% solution was prepared in suspension medium 2 (17.5% w/v sorbitol, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4 -750 mOsm). Resuspended vesicles were loaded from the bottom with a (1.2 mm) needle and subjected to centrifugation, 100 000g, 1h at +4°C. Fractions of 0.5 mL and 1 mL were collected from the top.

SDS-PAGE and western blots

Collected fractions were boiled in Laemmli 4X buffer with 8M urea for 8 min at 80°C, and then centrifuged at 18 000g for 10 min at +4°C. Supernatants were loaded in either 10-15% in tris-glycine or tris-acetate polyacrylamide gels (BioRad). Gels were colored using Pierce™ Silver Stain kit (ThermoFisher) or subjected to western-blot. For westernblotting, the primary anti-GFP antibody (abcam ab183734) was used at 1:20 000 in Tris-Buffer Tween 20 0,1%. The secondary antibody (Sigma H0545) was used at 1:80 000.

Protein of interest was detected using the Clarity™ Western ECL revelation kit (BioRad)

and ChemiDoc (BioRad)

Detection of pectin-hydrolase activity

Pectin hydrolases and pectin-methyl-esterases activities were detected using pectoplates 30 . Pectoplates were prepared with 0.1% (w/v) of apple pectin (Sigma 76282), 1% (w/v) agarose (Fisher Bioreagents BP160), 12.5 mM citric acid and 50 mM Na2HPO4, pH 6.5. The gel was cast into 120 mm square petri dishes (50 mL per plate) and steel cork borer were used to produce 4mm diameter wells. 60 μL of culture supernatant, interphases I5/16%, I16/25% and I25/50% were loaded in each well. Iodixanol 50% was used as negative control. Plates were incubated at 30°C for 24 h, and stained with 0.05% (w/v) Ruthenium red for 30 min. The plates were de-stained by several washes of ultrapure water and then photographed. nidulans, AP-1 is thought to sort secretory vesicles 6 . In this work, we aimed at dressing the role of the clathrin adaptor AP-1 in the development, the virulence, and the biogenesis of secretory vesicles in the plant-pathogen and necrotrophic fungus B. cinerea.

Transmission electron microscopy

The different roles of the clathrin adaptor AP-1 in B. cinerea AP-1: a role in polar growth AP-1 functions are likely essential in Botrytis cinerea: we first tried to delete the gene (bcap1b) encoding for the AP-1 complex β-subunit which interacts with clathrin, but no homokaryotic strain could be obtained despite numerous attempts. As a result, we tried another approach and placed the bcap1b gene under the control of the nitrate reductase promoter to control bcap1b gene expression to create the AP-1 mutant. Repressible conditions were too strong and unsuitable for proper phenotyping. Indeed, we observed extremely retarded growth and near lethal morphological defects when adding the repressor (glutamate) to the culture medium. When we placed the mutant in inducible conditions, we observed that bcap1b exhibited a level of expression lower than the native promoter. Thus, we used inducible conditions to down-regulate the expression of bcap1b.

which sufficed to produce significant phenotypes. In these conditions, the AP-1 mutant displayed hyphal swelling, increase hyphal width and hyperseptation which are characteristics of polar growth defects in filamentous fungi. Interestingly, similar results

were also obtained in conditional AP-1 mutants in the filamentous fungus A. nidulans 6 .

Our results strengthen the idea that AP-1 plays an essential role in polarized growth in filamentous fungi, as proposed by Martzoukou et al., in 2018 6 .

be involved in the plant-penetration mechanism. Indeed, the AP-1 mutant is unable to penetrate onion epidermis and does not produce infection cushions, the last being important for plant-necrosis and plant-tissue maceration 12 . Moreover, the virulence defect observed in the AP-1 mutant could also result from the impaired secretion of hydrolytic enzymes. Indeed, in the protist T. cruzi, AP-1 gamma is required for the secretion of the protease cruzipain, a protein involved in nutrition, differentiation, and virulence 9 .

In this study, we have also demonstrated that the clathrin adaptor AP-1 is implicated in the secretion process of many secreted enzymes undergoing the conventional secretory pathway. In the AP-1 mutant, the secretion of proteins associated with protein degradation, plant-cell-wall degradation and oxidoreduction proteins is heavily impaired.

Similar results were also obtained in the clathrin mutant 1 , which confirms the important role of the AP-1/clathrin machinery in conventional protein secretion of hydrolytic enzymes in B. cinerea.

In this work, we have identified the essential role of the AP-1/Clathrin machinery in the maintenance of polar growth, and the establishment of functional cell wall and enzyme secretion in B. cinerea. We have also demonstrated, for the first time in a pathogenic fungus, that AP-1 is a virulence determinant. From now on, it would be interesting to determine if these AP-1 functions described in B. cinerea are conserved in other filamentous fungi and if they can be extended to other eukaryotic pathogens.

Are the cargos selected by the AP-1/Clathrin machinery involved in virulence and the establishment of the fungal cell wall?

During the biogenesis process of AP-1/Clathrin vesicles, AP-1 selects specific protein cargos. Interestingly, in the secretome of the AP-1 mutant, many hydrolytic enzymes were down-accumulated. Moreover, the localization of the chitin synthase BcCHSIIIa also revealed an AP-1 dependent traffic of the chitin synthase in B. cinerea. Therefore, we wanted to identify secreted soluble cargos (potential hydrolytic enzymes) and transmembrane cargos (potential cell-wall synthases and cargo receptors) interacting with AP-1. Interestingly, when we performed immunoprecipitation on the BcAPM1:3×HA strain, we found three putative secreted soluble cargos: the laccase BcLCC2, the protease Bcin08p00280.2, and a protein which function remains to be discovered: Bcin06p06670.1.

Each of these proteins were strongly down-accumulated in the AP-1 mutant secretome, (more than a 500-fold). This result strongly suggests that AP-1 could be involved in the sorting of cargo receptors interacting with these soluble cargos. To confirm this hypothesis, we still need to perform tandem-affinity purification and co-localization experiments. To achieve this, we absolutely need to find a new fluorescent marker other than eGFP or mNeonGreen to be able to complete co-localization experiments successfully. In addition to the identification of soluble cargos, we also wished to identify the transmembrane cargos sorted by AP-1. The interactome did not provide a list of any transmembrane cargos known to interact with AP-1 in other organisms. Surprisingly, the protein Erv25, which, with Emp24 forms the p24 complex involved in secretory cargo sorting at the ER [13][14][15] , possess a predicted tyrosine motif and is significantly enriched in our dataset. In N. crassa, its partner Emp24, is thought to transport proteins in anterograde fashion past the early Golgi 16 . Thus, AP-1 could sort Erv25 in B. cinerea. We still need to test this hypothesis The identification of putative AP-1 cargos using interactomics was an interesting yet frustrating approach: no known AP-1 transmembrane cargos could be identified, possibly due to the use of protein solubilization buffer suboptimal for the solubilization of transmembrane proteins. Another way of identifying AP-1 cargos could be to isolate IVs from the parental strain and clathrin and AP-1 mutants and then perform comparative proteomics to determine which are the protein cargos missing in the vesicles isolated from the AP-1 mutant. To do so, we have explored different strategies to enrich fungal intracellular vesicles (IVs) from the parental strain, and clathrin and AP-1 mutants. We have found that density gradient centrifugation is the best suited technique for IVs enrichment, contrary to EVs isolation where size-exclusion chromatography is considered as the most suitable technique.

The aim was, and still is, to perform comparative proteomics, and compare vesicle protein content of the three strains to identify putative clathrin/AP-1 cargos (i.e., the cargos missing in AP-1 and clathrin vesicles, but present in WT vesicles). The proteomic approach will allow us to identify the cargos missing in IVs originating from clathrin and AP-1 mutants. These outputs will be compared to the secretome in order to correlate the vesicle content with the secretion defect observed in these mutants. Altogether, this will strengthen our understanding of the role of the Clathrin/AP-1 machinery in the sorting of protein cargos. Hopefully, this work could decipher the roles of AP-1 in the establishment of the fungal cell wall and virulence.

Is the AP-1/Clathrin machinery involved in the biogenesis process of a subset of apical secretory vesicles?

At the fungal apex of fast-growing hyphae, micro-and macro-vesicles accumulate and form the Spitzenkörper 17 . Despite being important for hyphal elongation, cell-wall formation, and fungal nutrition via the transport of hydrolytic enzymes, their biogenesis process is still poorly described. As previously mentioned, AP-1 and clathrin are involved in the biogenesis process of vesicles in eukaryotes [2][3][4]18 . In B. cinerea, hyphal growth, chitin synthesis and the secretion of hydrolytic enzymes rely on the AP-1/Clathrin machinery.

Based on these results we assume that both AP-1 and clathrin could be involved in the biogenesis process of SVs accumulating at the Spitzenkörper. More precisely, based on the strong chitin defect observed in the AP-1 mutant, we assume that the AP-1/Clathrin machinery could be involved in the biogenesis of vesicles transporting chitin synthases. If the transport of chitin synthases in B. cinerea is similar to the one described in N. crassa 19 , then AP-1 could be involved in the biogenesis of micro-vesicles (30-50nm diameter). Thus, one way of studying the biogenesis process of apical SVs is to isolate SVs from the parental strain and AP-1 and clathrin mutants. The identification of a loss of a subset of SVs, even partial, could be detected by Nanoparticle Tracking Analysis (NTA) on isolated SVs.

Indeed, this technique is used to quantify vesicles subpopulations of different sizes 20 . We have developed a technique to enrich fungal IVs. However, these IVs likely consist of a mix of SVs and other irrelevant IVs such as COPI and COPII vesicles. Thus, we had to isolate/separate SVs from IVs. To do so, we performed an immunoisolation approach. First, we had to find a transmembrane protein transported by SVs and accumulating at the Spk in B. cinerea that could be used as a bait for SVs isolation. As no data was available in the literature for B. cinerea, we based our work on the findings of Verdin et al. (2009), who demonstrated that chitin synthase and glucan synthase proteins are localized at the Spitzenkörper in N. crassa. Therefore, we fused eGFP to chitin synthases belonging to different division BcCHSIIIa (division I) and BcCHSVa (division II) to maximize our chances. We also fused eGFP to BcFKS1, a glucan-synthase which is associated with macro-vesicles in N. crassa 21 . Luckily all of them localizes at the Spk, even if BcFKS1-eGFP displays weak and unpredictable fluorescence. Unfortunately, we were unable to detect them by western-blot, likely because of their high molecular weight and hydrophobicity. This limitation seriously hampered the quest for isolating SVs as no immunocapture procedure could be developed. We assumed that the high molecular weight and the high number of transmembrane domains in these proteins compromised their detection by western blot. Luckily, another Ph.D. student, Matthieu Blandenet, who studied polysaccharide synthases in B. cinerea during his thesis, found that BcGTa (Bcin04p06040.1 ; 88 kDa), a putative cell-wall synthase, accumulated at the Spk 22 . This protein being smaller than its counterparts (BcCHSIIIa 101 kDa; BcCHSVa 207 kDa), we were able to detect this protein by western blot. Thus, we have finally identified a potential target for the isolation of a specific subset of SVs.

The recent discovery of a transmembrane protein localized at the Spk and detectable by western-blot will permit the development of immunocapture based method to isolate SVs from enriched IVs. A complementary approach could be to use the v-SNARE BcSnc 
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 1 Figure 1 -Drivers of emerging fungal threats to plants and animals. (Modified from Fisher et al., 2020, 10 )

Figure 2 -Figure 3 -

 23 Figure 2 -Botrytis cinerea infectious cycleMain steps of the infectious cycle of Botrytis cinerea -spore (Sp) ; appressorium (A), infection cushion (IC)

Figure 4 -

 4 Figure 4 -Polypeptide translocation in ER Left: Cotranslational translocation The signal recognition particle (SRP) recognizes the N-terminal signal-sequence (step 1) and directs the translation complex to the ER membrane and stops transaltion (step 2). Once attached to the translocon, translation pursues (step 3) producing the polypeptide (step 5). THE CELL, Fourth Edition © 2006 ASM Press and Sinauer Associates, Inc. Right: Posttranslational translocation After mRNA translation, chaperones attach the polypeptide and direct it to the complexes b (Sec62/63 complex and Sec61 translocon). Sec63 J-domain recruits Bip/Kar2p complex that facilitates the polypeptide chain translocation. Then, the polypeptide chain is released by signal sequence's cleavage performed by the signal peptidase. (Modifed from Reithinger, 2013 -77 )

Figure 5 -

 5 Figure 5 -Bidirectional transport between ER and Golgi Secretory cargos are transported by either coat protein complex II (COPII) for anterograde transport or coat protein complex I (COPI) for retrograde transport between ER and Golgi. K/HDEL receptors recognize luminal proteins with K/HDEL retrieval signals. SNAREs proteins mediate vesicle fusion. (Modified from Brandizzi et al., 2013 -90 )

Figure 6 -

 6 Figure 6 -Golgi structures in filamentous fungi Golgi cisternae in Fusarium acuminatum seen as tubules or sheets belong to the same organelle, as suggested from electron micrographs of adjacent, serial, thin sections of freeze-substituted cells. Some cisternae are hollow spheres. The white arrows indicate tubular elements that exhibit continuity with Golgi sheets and tubules but are wider and more electron dense. Bar = 500 nm. Images are reproduced from Howard RJ. (1981) -98 . (Modified from Pantazopoulou, 2016 -93 )
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 8 Figure 8 -RabE Rab11 localization at the Spitzenkörper in Aspergillus nidulans Fluorescently tagged RabE Rab11 in Aspergillus nidulans (Modified fromPinar, et al. 2022 -100 )
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 9 Figure 9 -Localization of apical cargos in Aspergillus nidulans Localization of GFP functionnally-tagged chitn synthase ChsB and synaptobrevin SynA. (Modified from Dimou et al, 2020 -102 )
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 10 Figure 10 -Fungal EVs content GSL: glycosphingolipids ; ERG: ergosterol (Modified from Joffe et al., 2016 -133 )
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 11 Figure 11 -Speculative EVs (exosomes) production in a plant-pathogenic fungus at the plant-fungal interface
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 12 Figure 12 -Localization of transporters in Aspergillus nidulans Localization of GFP functionnally-tagged UapA and AzgA transporters (Modified from Dimou et al, 2020 -102 )
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 13 Figure 13 -Secretory vesicle biogenesis model in yeastProteins destined to the plasma membrane (PM) traffic from Golgi to the cell surface by either lowdensity secretory vesicles (LDSVs) carrying the H+-ATPase Pma1, or high-density secretory vesicles (HDSVs) that carry invertase and acid phosphatase. The biogenesis of HDSVs requires either PEP12, CHC1, or VPS1 and HDSVs transit via the endosome (PVC). The biogenesis of LDSVs is CHC1, VPS1 and PEP12 independent and LDSVs bypass the endosome. (Modified fromGurunathan et al., 2002 -149 ) 

Figure 14 -

 14 Figure 14 -3D structure of a clathrin triskelion and clathrin coats Clathrin triskelion made of three clathrin heavy chain (blue) and three clathrin chains (yellow). Segments of the heavy chain are labelled. B) in-vitro clathrin coats structures of several coat shapes. Schematic representation of a clathrin triskelion (in blue) within the hexagonal barrel. C) Image reconstruction of a hexagonal barrel made of 36 clathrin triskelions (Modified from Fotin et al., 2004 -154 )
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  clathrin cage is a lot smaller. Brain-derived CCVs have external diameters of 70-90 nm while internal vesicle diameter ranges between 34 nm and 45 nm 162 . Based on these observations, McMahon and Boucrot (2011) suggested that, in yeast or plants, where CCVs have an external diameter of 35-60 nm, the internal vesicle would measure 15-25 nm, which would be too small to package large cargos or a large number of cargos.
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 15 Figure 15 -Electron micrograph of clathrin-coated vesicles in various species (from McMahon and Boucrot, 2011)

Figure 16 -

 16 Figure 16 -Formation of clathrin coated vesicles Schema of the four main steps of clathrin-coated vesicles formation. (Modified from McMahon and Boucrot, 2011 -157 )

Figure 17 -

 17 Figure 17 -Multimeric and monomeric clathrin adaptor proteins. Adaptor proteins located in the cytoplasm (C) select transmembrane cargos and sorting receptors located in Golgi/Endosomes lumen. (Modified from Robinson and Pimpl, 2014 -166 )

(

  GGA1-GGA3), while the yeast Saccharomyces cerevisiae has only two GGAs. Like APs, they select cargos and bind to clathrin. They regulate the traffic of cargos such as sortilin and Mannose 6-phosphate Receptors (MPRs) from the TGN to endosomes175,176 . It is suggested they regulate anterograde trafficking from the TGN in coordination with AP-1. Some accessory proteins, such as Epsins, control membrane curvature. Epsins are monomeric adaptors and contain the epsin N-terminal homology (ENTH) domain. This domain of roughly 150 amino acids binds to the phospholipid phosphoinositide (PI) and helps membrane invagination177,178 . Epsins recognize clathrin via multiple binding sites at the C-terminus and connect clathrin to the vesicle membrane.Membrane trafficking is initiated by activated small protein G ADP ribosylation factor proteins (Arf). Once they have been activated by Guanine nucleotide exchange factors (GEFs), Arf associate with the membrane and recruit cargo adaptors179,180 . Arf can also induce the conformational change of cytoplasmic APs. Adaptor proteins need to open their conformation to recognize cargos 181 (Figure18).

Figure 18 -

 18 Figure 18 -Cargo sorting at the TGN A) Activated Arf1 opens the conformation of AP-1. Opened AP-1 is then able to recognize sorting signals and sort cargos at the TGN. B) Recruited AP-1s recruit clathrin via the hinge-ear on the β-subunit -(Modified from Anson Tan and Gleeson, 2019 -170 )

Figure 19 -

 19 Figure 19 -Dynamin involvement in vesicle scissionRepresentation of dynamin dimers and the polymerization process leading to vesicle scission. The electron micrograph shows in-vitro dynamin polymerization which lead to the formation of a tubular structure on a liposome (fromFerguson and Camilli, 2012 -188 ) 
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 20 Figure 20 -Proposed model of the role of actin and molecular motors in clathrin-coated vesicle scission The (+)-end motor myosin 1E, which attaches to Clathrin through Dab2, pulls the dynamin ring in the direction of the cell surface while the (-)-end motor myosin VI pulls the coated bud into the cytoplasm. (from Ungewickell and Hinrichsen, 2007 -192 )
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 21 Figure 21 -Schematisation of clathrin coat uncoating A) Auxilin interacts with clathrin heavy chain, B) Recruitment of Hsc70:ATP and interaction of Hsc70:ATP with auxilin. C) Recruitment of two additional Hsc70:ATP, D) Dissociation of clathrin triskelion and uncoating. (Modified from Rothnie et al., 2011 -193 )
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 22 Figure 22 -Microtubule transport of vesicles Kinesins mediate the transport of vesicles along microtubule toward the (+) end, while dyneins transport vesicles toward the (-) end. (Modified from Hey et al., 2022 -197 )
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 24 Figure 24 -The Spitzenkörper (Spk) and the apical vesicle crescent (AVC) at hyphal tip Top panels: Neurospora crassa -bottom: Mucor indicus -a) Phase-contrast microscopy (scale bar, top: 3 μm, bottom : 1 μm) ; b) transmission electron microscopy (scale bars 1 μm); c) Spk and AVC organization (Modified from Riquelme et al., 2016 -219 )
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 25 Figure 25 -The Spitzenkörper of Botrytis cinerea visualized by transmission electron microscopy Apical vesicles (white arrows); microvesicles (white arrowheads); central core (asterisk); Microtubules (black arrows), Actin microfilaments (small black arrows); plasma membrane at sites of exocytosis (black arrowheads); ribosomes (small white arrows); cell wall (CW); cell wall inclusions (black asterisks). Scale bar, 200 nm (Modified from Roberson et al., 2010 -222 )

  70 to 100 nm. In 2015, Sanchez-Leon and Riquelme further supported this finding: the GFP-tagged glucan synthase FKS1 accumulated at the outer layer of the Spk. Later, chitin synthases CHS-1, CHS-2, CHS-3, CHS-4, CHS-5 and CHS-6 were all found to localize at the Spk core in N. crassa 140,229 .

Figure 26 -

 26 Figure 26 -Spk vesicles is made with GS containing macrovesicles and chitosomes GS-1-GFP and CHS-1-mCherry spatial relationship. GS-1 is located at the peripheral Spk while CHS-1 is mainly located in the Spk core -scale bar = 5 µm. (Modified from Verdin et al., 2009 -228 )

Figure 27 -Table 2 -

 272 Figure 27 -RabGTPases localization in the Spitzenkörper in Neurospora crassa Distribution of Rab GTPases at the Spk. Macrovesicles are shown in pink and are presumably associated the glucan synthase GS-1, two Rab GTPases: YPT-31 and SEC-4. The chitin synthase CHS-1 and the Rab GTPase YPT-1 were found in microvesicles (blue). Note that YPT-1 was also found in CHS pull downs experiments (CHS-1, CHS-4 and CHS-5). (Modified from Sanchez-Léon et al., 2015 -232 )

Figure 28 -

 28 Figure 28 -Stratification of the Spk in Aspergillus nidulans Model of Spk organization. Secretory vesicles (blue and yellow circles) travel to the fungal apex along microtubules (black lines). DnfA and glucan synthase subunit GsaA vesicles (blue) accumulate at the periphery of the Spitzenkörper, while DnfB vesicles (gold) accumulate at the Spk core. Arrows represent membrane flow out of (exocytosis) and into (endocytosis) the cell. (Modified from Schultzhaus, Yan and Shaw, 2015 -235 )

  and Harris et al. (2005) 241 , the Spitzenkörper can be regarded as a transfer station from microtubules to actin microfilaments (Figure29).

Figure 29 -

 29 Figure 29 -Neurospora crassa hyphal tip and Spitzenkörper organization (Modified from Steinberg et al., 2017 -91 )

Figure 30 -

 30 Figure 30 -Vesicle supply center (VSC) model VSC model proposed by Bartnicki-Garcia et al. 1989. Pink vesicles: macrovesicles; blue vesicles: microvesicles (Modified from Sanchez-Léon et al., 2015 -232 ) Equation defining both the shape and diameter of hyphae with V the rate of linear displacement of the VSC and N the number of wall-destined vesicles released from the VSC.

Figure 31 -

 31 Figure 31 -Saccharomyces cerevisiae exocyst is divided in two sub-complexes Most of the exocyst subunits associate with secretory vesicles before Sec3p binding at the bud tip. Exo70p ride vesicles to the sites of exocytosis and interacts with Rho3p at the bud tip. (Modified from Boyd et al., 2004 -265 )

  Scale bar = 3 μm. (Modified from Hayakawa et al., 2011 -276 )
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  endosomes through a complex and partially characterized machinery involving clathrin and adaptor proteins such as AP-1. This adaptor protein is known to recruit clathrin and to sort cargo proteins. In filamentous fungi, data on the molecular mechanisms controlling the secretion process are still scarce. Using a mutant underexpressing the clathrin heavy chain encoding gene, we have previously demonstrated the essential role of clathrin in the secretion of proteins contributing to the virulence of the phytopathogenic fungus Botrytis cinerea. Due to the several roles of clathrin in the biology of the cell, these observations needed to be further addressed to ensure that they were related to a disruption of secretory vesicles biogenesis. A conditional mutant of the β-subunit of the heterotetrameric AP-1 clathrin adaptor complex was therefore constructed. Characterization of the mutant revealed a strong alteration in radial growth, hyphal morphology, and a chitin content defect associated with a mis-localization of the chitin synthase BcCHSIIIa. Finally, this AP-1 mutant is affected in plant-penetration, infection cushions formation, acidification and secretion of hydrolytic enzymes leading to a defect in pathogenecity. This study demonstrates the essential role of the clathrin adaptor AP-1 in both cell wall integrity maintenance and the infectious process of the plant-pathogen B. cinerea. It confirms the importance of the AP1/clathrin machinery in the secretory pathway of B. cinerea.

  down-accumulated (up to 167-fold) and 8 members up-accumulated (up to 16.4-fold).Protein degradation represented the most altered functional category, with 21 proteases down-accumulated, only 4 up-accumulated and the acid protease BcAP8 (Bcin12p02040.1) being one of the most down-accumulated proteins (500-fold) found in the mutant exoproteome. The plant cell wall degrading enzymes category (PCWDEs) was also much altered, with 31 proteins down-accumulated, among which 14 pectin-associated enzymes that include the virulence factor BcPG2 27 (Bcin14p00610.1 -48-fold down) and the pectinmethyl esterase BcPME2 (Bcin03p03830.1 -6-fold down). Five pectin-related proteins strongly up-accumulated, including the pectate-lyase Bcin03p05820.1 (107-fold up) and the virulence factor BcPGA1 28 (Bcin14p00850.1 -33-fold up). Finally, hemicellulose, hemicellulose-pectin (HP) and cellulose related PCWDEs were also strongly downaccumulated, except for the endo-α-1,5-arabinase Bcin04p06990.1 and the sialidase Bcin02p08380.1 which up-accumulated 16-fold, and 13-fold respectively. Another impacted category was 'other CAZy' with 16 members down-accumulated, among which the mannosidase (Bcin01p05680.1-500-fold down), and 3 members up-accumulated, among which the α-glycosidase (Bcin11p06440.1 -100-fold up). Finally, 'oxidoreduction' and 'lipid metabolism' were the last 2 categories much altered by the mutation. All 12 proteins related to lipid metabolism and 14 of the 17 proteins related to oxidoreduction were down-accumulated, with a strong negative ratio for the laccases BcLCC8 (Bcin01p00800.1 -25-fold down) and BcLCC2 (Bcin14p02510.1 -500-fold down).

  atypical hyphal tip structures in three different mutants associated with vesicular trafficking suggests a link between hyphal tip swelling and the disruption of the traffic of cell wall synthases towards the hyphal apex, leading to the incompletion of the cell wall at the hyphal tip. Indeed, the localization of the class III chitin synthase BcCHSIIIa-GFP in the AP-1 cond mutant of B.cinerea confirms an abnormal localization of secretory vesicles.

  p-value correspond to the output of the EDcomp( ) based of a F-test on the residual sum of squares. All data shown in the results were based on 3 biological replicates with 4 technical replicates per condition.

4. 7

 7 Chitin quantificationA total of 5.10 6 spores were cultured for three days at 21°C under 110 rpm in 50 ml of liquid MMII (inducible condition). Mycelia from liquid culture were harvested by filtration on 11 μm sterile nylon filters before deep-freezing in liquid nitrogen and storage at -80°C. Lyophilization of frozen mycelia was performed in a CHRIST Alpha 1-2 LD Plus at -50°C and <0.005 mbar for 3 days. Mycelia were physically ground three times using the TissueLyser II (QIAGEN) for 30 seconds at 30 frequencies per second. Approximately 13 mg of ground mycelia were placed in three glass test tubes per strain. The weight of mycelium per tube was precisely measured. 5 ml of HCl 6 N were added to each tube before incubation at 100°C for six hours. The acidic reaction was neutralized by placing tubes on ice and by the addition of 5 N NaOH until a pH of 6.0 to 7.0 was reached. The volume of each tube was measured. Glucosamine was quantified using the following Elson and Morgan method31 . A volume of 100 μl of the acidic reaction was placed in a new glass test tube before the addition of 650 μl of water and 250 μl of a solution containing 1.25 N Na2CO3 with 4% acetylacetone. Tubes were placed at 90°C for an hour before the addition of 1.25 ml of absolute EtOH. After five minutes, 250 μl of reagent containing DMAB, HCl 12 N and EtOH was added before incubation at room temperature in the dark for an hour.

  Precipated proteins were collected by centrifugation (14 000g, 4°C, 20 min), and washed two times with cold acetone. The pellet was air-dried for 30 minutes and resuspended in Laemlli-DTT buffer (Tris 50mM, pH 6.8; EDTA 5 mM; Glycerol 10%; SDS 1%; bromothymol blue 0.02%; DTT 50 mM). Solubilized proteins were heated (98°C, 4 min) and stored at -20°C until proteomic preparation of the samples. Proteins (5 µg) were loaded onto a 10% acrylamide SDS-PAGE gel and visualized by Colloidal Blue staining. Migration was stopped when samples had just entered the resolving gel and the unresolved region of the gel was cut into only one segment. The steps of sample preparation and protein digestion by trypsin were performed as previ-ously described(Rascle et al., 2018).NanoLC-MS/MS analysis were performed using an Ultimate 3000 RSLC Nano-UPHLC system (Thermo Scientific, USA) coupled to a nan-ospray Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Sci-entific, California, USA). Each peptide extracts was loaded onto a 300 µm ID x 5 mm PepMap C18 pre-column (Thermo Scientific, USA) at a flow rate of 10 µL/min. After a 3 min desalting step, peptides were separated on a 50 cm EasySpray column (75 µm ID, 2 µm C18 beads, 100 Å pore size, ES903, Thermo Fisher Scientific) with a 4-40% linear gradient of solvent B (0.1% formic acid in 80% ACN) in 91 min. The separation flow rate was set at 300 nL/min. The mass spectrometer operated in positive ion mode at a 1.9 kV needle voltage. Data were acquired using Xcalibur 4.4 software in a data-dependent mode. MS scans (m/z 375-1500) were recorded at a resolution of R = 120000 (@ m/z 200), a standard AGC target and an injection time in automatic mode, followed by a top speed duty cycle of up to 3 seconds for MS/MS acquisition. Precursor ions (2 to 7 charge states) were isolated in the quadrupole with a mass window of 1.6 Th and fragmented with HCD@28% normalized collision energy. MS/MS data was acquired in the Orbitrap cell with a resolution of R=30000 (@m/z 200), a standard AGC target and a maximum injection time in automatic mode. Selected precursors were excluded for 60 seconds. Protein identification and Label-Free Quantification (LFQ) were done in Proteome Discoverer 2.5. The MS Amanda 2.0, Sequest HT and Mascot 2.5 algorithms were used for protein identification in batch mode by searching against the ENSEMBL B. cinerea ASL83294v1 database (13749 entries, release 53). Two missed enzyme cleav-ages were allowed for trypsin. Mass tolerances in MS and MS/MS were set to 10 ppm and 0.02 Da. Oxidation (M) and acetylation (K) were searched as dynamic modifications and carbamidomethylation (C) as static modification. Peptide validation was performed using the Percolator algorithm and only "high confidence"

( 1 ) 7 )

 17 Unique peptides, (2) Precursor abundance based on intensity, (3) Normalization mode: total peptide amount, (4) Protein abundance calculation: summed abundances, (5) Protein ratio calculation: pairwise ratio based, (6) Imputation mode: Low abundance resampling and (Hypothesis test: t-test (background based). Quantitative data were considered for master proteins, quantified by a minimum of 2 unique peptides, a fold changes above 2 and an abundance ratio (for each biological replicate) seen 4 times with the same trend. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier (PXD037180).

The 5 '

 5 flanking region of bcap1b (983 pb -fragment A), and the 3' flanking region of bcap1b (1316 pb -fragment C) were amplified from Botrytis cinerea genomic DNA (50 ng), using the primer pairs 1/2, and 5/6 respectively, while the hygromycine resistance cassette hph (1363 pb -fragment B) was amplified from P7-SDH vector using primer pair 3/4. Primer 2 contained a sequence homologous to the 5' end if the hph fragment for efficient fusion between fragments A and B, and primer 5 contained a sequence homologous to the 3' end of hph fragment for efficient fusion between fragments B and C. Purified A, B and C fragments were combined and amplified together to form the ABC fragment using primer pair 7/8 to form the ΔBcap1b cassette. Primers 7 and 8 were flanked with BamHI and EcoRI restriction sites, respectively. The gene replacement cassette ΔBcap1b and the p7 vector were digested with BamHI and EcoRI, at 37°C for 1h30. Ligation was carried out 4h at 25°C, using the T4 DNA Ligase to produce the p7-ΔBcap1b plasmid. E. coli chemicomptent cells (OneShot™ TOP10, Invitrogen) were transformed with the ligation mixture and selected on LB-agar plates supplemented with kanamycin (50 µg.ml -1 ).Plasmids were collected from E. coli, screened by restriction enzyme digestion (HindIII, 37°C) and then verified by sequencing.Agrobacterium tumefaciens mediated transformation (AtMT) was used for the transformation of Botrytis cinerea using the protocol described by: (Rolland, Jobic, Fevre, & Burel, 2003). Basically, Agrobacterium tumefaciens (LBA1126) was transformed with p7-ΔBcap1b and selected on kanamycin (50 µg.ml -1 ) and spectinomycin (250 µg.ml -1 ). A. tumefaciens containing p7-ΔBcap1b were cultured with B. cinerea conidia on cellophane-covered agar plates for 2 days, 21°C. Then, cellophane sheets were transferred to selective media (Tanaka medium, hygromycin B -70 µg.ml -1 ) to select B. cinerea transformants for 5-7 days at 21°C.Diagnostic PCR was performed to confirm that hygromycin-B-resistant transformants carried hph using primer pair 9/10. Homologous recombination was also detected by diagnostic PCR on hygromycin B-resistant transformants using primer pairs 11/12 (left flanking region Fig.S1Bleft) and 13/14, respectively. Transformants with additional (i.e.

  .A), four DNA fragments were first amplified. The 5' flanking region of bcap1b (1008 bp, fragment A), the niaD promoter (1475 pb, fragment B), and the 3' flanking region of bcap1b corresponding to the 5' end of bcap1b coding sequence (1022 pb, fragment D) were amplified from Botrytis cinerea genomic DNA (50 ng), using the primer pairs 17/18, 21/22 and 23/24 respectively. The hph fragment (C) containing the hygromycine-phosophotransferase gene under the control of the TrpC promoter was amplified from the p7-SDH vector suing primer pair 19/20. Primer 2 contained a sequence homologous to the hph fragment for efficient fusion between fragments A and B. Purified A and B fragments were combined and amplified together to form the AB fragment using primer pair 25/26. The CD fragment was obtained by combination and amplification of fragments C and D with the use of the primer pair 27/28. Primer 26 contained a sequence homologous to the CD fragment for efficient fusion between fragments AB and CD, using primer pair 29/30. Primers 29 and 30 were flanked with BamHI and SbfI restriction sites, respectively.The gene replacement cassette pBcap1b-hph-pNiad::bcap1b and the p7 vector were digested with BamHI and SbfI, at 37°C for 1h30. Ligation was carried out 4h at 25°C, using the T4 DNA Ligase to produce the p7-pNiaD::bcap1b plasmid. E. coli chemicomptent cells (OneShot™ TOP10, Invitrogen) were transformed with the ligation mixture and selected on LB-agar plates supplemented with kanamycin (50 µg.ml -1 ). Plasmids were collected from E. coli, screened by restriction enzyme digestion (HindIII, 37°C) and then verified by sequencing.Agrobacterium tumefaciens mediated transformation (AtMT) was used for the transformation of Botrytis cinerea. Agrobacterium tumefaciens (LBA1126) was transformed with p7-pNiaD::bcap1b and selected on kanamycin (50 µg.ml -1 ) and 123 spectinomycin (250 µg.ml -1 ). A. tumefaciens containing p7-pNiaD::bcap1b were cultured with B. cinerea conidia on cellophane-covered agar plates for 2 days, 21°C. Then, cellophane sheets were transferred to selective media (Tanaka medium, hygromycin B -70 µg.ml -1 ) to select B. cinerea transformants for 5-7 days at 21°C. Diagnostic PCR was performed to confirm that hygromycin-B-resistant transformants carried hph using primer pair 31/32 (884 pb, Fig. S2C left). Homologous recombination was also detected by diagnostic PCR on hygromycin B-resistant transformants using primer pairs 33/34 and 35/36, respectively. Transformants with additional (i.e. ectopic) integration of the T-DNA were detected by PCR using the primer pairs 37/38 (1.5 kb, Fig. S2C bottom left) Fig and eliminated. Homokaryotic lines of transformants were obtained by several rounds of single-spore isolation on MMII minimal medium (2 g/L, NaNO3) containing hygromycin-B (70 µg.ml -1 ). Absence of Bcap1b parental locus and detection of pNiaD::bcap1b insertion at the targeted locus was verified by PCR and performed using primers pair 39/40 (parental locus: 2 kb; pNiaD::bcap1b insertion: 5 kb -Fig. S2C middle).

  pOliC::bcap1b cassette was also constructed by double-joint PCR. Two fragments were first amplified to construct the pOliC::bcap1b-term cassette. The OliC promoter (900 bp, fragment A') was amplified from pBht2(Mullins, et al., 2001) using primer pair 41/42. The bcap1b coding sequence and terminator (4500 bp, fragment B') were amplified from Botrytis cinerea genomic DNA (50 ng), using the primer pair 43/44. Primer 42 contained a sequence homologous to fragment B' for efficient fusion between fragments A' and B'. Purified A' and B' fragments were combined and amplified together to form the A'B' fragment (pOliC::bcap1b cassette) using primer pair 45/46. Primers 45/46 were flanked with 21 bp overlap sequences for In Vivo Assembly (García-Nafría, Watson, & Greger, 2016), IVA cloning in the p7-nptII vector. Plasmids were collected from E. coli, screened by restriction enzyme digestion (PvuI, 37°C) and verified by sequencing.

5 'Fusion 5 ' 5 ' 3 '

 5553 construction of the conditionnal cassette pNiaD::bcap1b and gene replacement analysis of the AP-1 cond mutant Primers used for complementation cassette AP-1 cond /C (= pOliC::bcap1b) construct and integration analysis Primers used for qRT-PCR analysis Bcap1b amplicon = A pNiaD amplicon = C hph amplicon = B Bcap1b amplicon = D pOliC::Bcap1b-term amplicon = A'B' 5' Bcp1b-hph-pNiaD::Bcap1b amplicon (=ABCD) Hyrgromicyn(+) screening Left flanking region integration Right flanking region integration Bcap1b parental locus and detection of pNiaD::bcap1b insertion Ectopic integration (Left Border) Bcap1b-hph amplicon (=AB) with pNiaD::Bcap1b amplicon (=CD) pOliC amplicon = A' Bcap1b+term amplicon = B' Nourseothticin(+) screening Left flanking region integration Right flanking region integration Bcap1b parental locus G418(+)/neomycin screening Primers used for BcchsIIIa-eGFP translationnal fusion and gene replacement analysis 3' CDS Bcchs3a amplicon = A'' eGFP-tNiaD-NatR amplicon = B'' 3' UTR Bcchs3a-term amplicon = C'' 3' CDS Bcchs3a-eGFP-tNiaD-NatR-3'UTR-Bcchs3a-term = A"B"C" Right flanking region Primers used for ΔBcap1b cassette construction and gene replacement analysis Hyrgromicyn(+) screening Ectopic integration (Left Border) BcAp1b amplicon = A hph amplicon = B Bcap1b amplicon = C Amplification of the fused ABC cassette Left flanking region
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 212122232425313233363738391 Preliminary-work: Identification of putative proteins interacting with the clathrin adaptor AP-Introduction ............................................................................................................ Results and discussion .......................................................................................... Construction of the BcAPM1:3×HA strain and validation of the immunoprecipitation technique ............................................................................ Identification of proteins involved in vesicular trafficking potentially interacting with AP-1 ............................................................................................... Identification of putative AP-1 transmembrane cargos .......................... Identification of putative AP-1 soluble cargos .......................................... Limitations of the immunocapture-based method and perspectives ... Materials and methods .......................................................................................... Strains and culture conditions ..................................................................... Molecular biology ............................................................................................ Transformation of Botrytis cinerea .............................................................. 3.4 Immunoprecipitation...................................................................................... 3.5 SDS-PAGE and western blot ......................................................................... Sample preparation for proteomics ............................................................. Mass spectrometry analysis .......................................................................... Database search and results processing ..................................................... Label-Free Quantitative Data Analysis ....................................................... 4 References................................................................................................... Supplementary data ................................................................................. During the biogenesis process of clathrin-coated vesicles (CCVs) at the Golgi apparatus, the AP-1 complex loads transmembrane cargo proteins into CCVs 1 . Three of the four subunits of the AP-1 complex are involved in cargos sorting. The µ1-subunit recognizes the tyrosine motif Yxx[FILMV] located in cytoplasmic ends or loops of transmembrane proteins 2 , while the hemicomplex 1-σ1 sorts transmembrane proteins by recognizing the di-leucine motif [DE]xxx[LI] in cytoplasmic domains of transmembrane cargos 3 . The fourth subunit: β, is involved in clathrin recruitment.

Four independent biological replicates

  were used to perform co-immunoprecipitation (Co-IP) of the AP-1 protein and its interactants, and control conditions for these enrichments. Samples were sent to the proteomic platform (Plateforme Protéome, Université de Bordeaux) for subsequent treatment. Proteins were loaded on a 10% acrylamide SDS-PAGE gel and proteins were visualized by Colloidal Blue staining. Migration was stopped when samples had just entered the resolving gel and the unresolved region of the gel was cut into only one segment. Each SDS-PAGE band was cut into 1 mm x 1 mm gel pieces. Gel pieces were destained in 25 mM ammonium bicarbonate (NH4HCO3), 50% Acetonitrile (ACN) and shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room temperature. Proteins were first reduced in 10 mM dithiothreitol, 100 mM NH4HCO3 for 60 min at 56°C then alkylated in 100 mM iodoacetamide, 100 mM NH4HCO3 for 60 min at room temperature and shrunk in ACN for 10 min. After ACN removal, gel pieces were rehydrated with 50 mM NH4HCO3 for 10 min at room temperature. Before protein digestion, gel pieces were shrunk in ACN for 10 min and dried at room temperature. Proteins were digested by incubating each gel slice with 10 ng/µl of trypsin (V5111, Promega) in 40 mM NH4HCO3, rehydrated at 4°C for 10 min, and finally incubated overnight at 37°C. The resulting peptides were extracted from the gel by three steps: a first incubation in 40 mM NH4HCO3 for 15 min at room temperature and two incubations in 47.5% ACN, 5% formic acid for 15 min at room temperature. The three collected extractions were pooled with the initial digestion supernatant, dried in a SpeedVac, and resuspended with 40 µL of 0.1% formic acid.

Chapter 2 -

 2 Minora feature detector node (Label Free Quantification) was used along with the feature mapper and precursor ions quantifier. The quantification parameters were selected as follows: (1) Unique peptides (2) Precursor abundance based on intensity (3) Normalization mode: no normalization was applied (4) Protein abundance calculation: summed abundances (5) Protein ratio calculation: pairwise ratio based (6) Imputation mode: Low abundance resampling and (7) Hypothesis test: ttest (background based). Quantitative data were considered for master proteins, quantified by a minimum of 2 unique peptides, a fold changes above 10 and an abundance ratio (for each biological replicate) seen 3 times with the same trend, with an abundance ratio p-value < 0.4. Strategies to isolate fungal secretory vesicles1 Introduction

A volume of 5

 5 L of isolated vesicles was deposited on a TEM-Copper-Formvar grid (75 meshs) and left decanted for 30 second. Excess liquid was absorbed with Whatman paper and the grid was flipped over a drop of 2% uranyl acetate (UA) for 30 seconds. UA was removed and the grid was washed with distilled water. The grid was then placed into the chamber of a transmission electron microscope JEOL 1400 Flash at the Centre Technologique des Microstructures -Université Claude Bernard Lyon 1. The different roles of the clathrin adaptor AP-1 in B. cinerea ........................ AP-1: a role in polar growth .......................................................................... AP-1: a role in cell-wall integrity maintenance ............................................ AP-1: a virulence determinant involved in the formation of penetration structures and the conventional protein secretion of hydrolytic enzymes .. Are the cargos selected by the AP-1/Clathrin machinery involved in virulence and the establishment of the fungal cell wall? ................................................. Is the AP-1/Clathrin machinery involved in the biogenesis process of a subset of apical secretory vesicles? ............................................................................... What could the pursuit of this work bring to the fungal community, and beyond? ............................................................................................................... References..............................................................................................................Vesicular trafficking has been under-explored in filamentous fungi: so far, only a few studies focused on the role of secretion mechanisms biology and pathogenicity in fungal plant pathogens. In the lab, we have previously identified that clathrin plays a major role in fungal virulence through the delivery of hydrolytic enzymes and virulence factors in the plant-pathogen B. cinerea. Additionally, clathrin seems to be more important to the exocytic process than endocytosis1 . In the yeast S. cerevisiae, clathrin is involved in the biogenesis process of secretory vesicles 2 . In the fruit fly D. melanogaster and in mouse corcicotrope tumor cells, clathrin acts in the formation of secretory granules together with the clathrin adaptor AP-13,4 , a heterotetrameric complex involved in cargo selection and clathrin recruitment. In the protist pathogen Toxoplasma gondii, AP-1 mediates the biogenesis of the Rhoptry secretory organelle5 . Finally, in the filamentous fungus A.

  using co-localization, co-immunoprecipitation, and membrane-based two-hybrid system experiments. If the hypothesis were to be validated, it would open a new and undescribed mechanism of AP-1-dependent cargo selection.

(Bcin09p02090. 1 )

 1 as bait for SVs immunoisolation (collaboration with Adrien Hamandjian). Another interesting and challenging experiment would be to perform in-planta confocal microscopy on the BcCHSIIIa-eGFP strain to determine if B. cinerea produces a Spitzenkörper at hyphal apex during plant infection. To our knowledge, the observation of a Spk during plant-infection has not been reported yet. Infection cushions (ICs) being important secretory organs produced by B. cinerea during the infection process 12 , it would also be relevant to use electron microscopy to visualize intracellular vesicles in ICs, to capture the establishment of vesicular trafficking during host interactions. What could the pursuit of this work bring to the fungal community, and beyond? Despite being of significant importance, the description of the molecular processes underlying secretory cargo selection and fungal secretion remain largely unknown. In this work, we have characterized new mechanisms regarding fungal secretion: we have enlightened several roles of the conventional secretion mechanisms in the biology of B. cinerea. From now on, we need to find answers to other important questions: what are the other molecular actors driving conventional protein secretion in B. cinerea? Do they impact fungal pathogenicity? If so, then how? What about the unconventional secretory pathway?Is there a link between the AP-1/Clathrin machinery and the production of extracellular vesicles? Answering these questions is paramount to decipher fungal secretion(s). This work could also contribute to the identification of new and promising antifungal targets. Future antifungals could either target unconserved domains of proteins from the AP-1/Clathrin machinery or specific AP-1 cargos. This could enable the development of species-specific fungicides with reduced ecotoxicological impact than currently used antifungals. It could also lead to the development of antifungal medicines. Deciphering secretion mechanisms in fungi could also drive the development of new genetic tools that could boost the industrial bioproduction of enzymes such as lignocellulose-degrading enzymes which are required for biofuel production23 .
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  Fusarium graminarum125 , Zymoseptoria tritici 126 , Ustilago maydis 127 , Ustilago maydis EVs carry mRNAs. Among these mRNAs, some encoded effectors and other proteins linked to virulence 127 . Kwon et al.127 , proposed that EV-associated mRNAs may participate in plant-pathogens interactions.

	Cell-wall related proteins were also found in EVs from Alternaria infectoria 119 , Fusarium
	graminearum 125 , Colletotrichum higginsianum 128 and B. cinerea (de Vallée et al., 2023
	submitted).
	Recently, it was shown that
	Extracellular vesicles (EVs) are an
	example of the unconventional secretory pathway. EVs are found across all kingdoms of
	life 111-114 and have been isolated in several fungal species such as the pathogenic yeasts
	Candida albicans, Cryptoccoccus neoformans, Histoplasma capstulatum, Cryptococcus
	gattii 115-118 . In filamentous fungi, EVs were first discovered in Alternaria infectoria 119 , a
	ubiquitous fungus that spoils food crops and causes human infections. Since 2014, EVs
	have been identified in a growing list of filamentous fungi: Aspergillus fumigatus,
	Trichoderma reesei 122 , Penicilium chrysogenum 123 and the hemibiotrophs Fusarium
	oxysporum 124 , Colletotrichum higginsianum 128 .
	EVs are bilayer-lipid vesicles containing proteins, nucleic acids and polysaccharides 129
	(Figure 10). These vesicles with a diameter ranging from 50-1000 nm deliver virulence-
	associated-molecules, including some virulence factors, such as Cryptococcus neoformans
	glucuronoxylomannan (GXM) 117 . Proteins involved in fungal virulence were also found in
	the pathogenic filamentous fungus A. fumigatus 130 . In plant-pathogenic fungi, EVs from
	Fusarium oxysporum induced a phytotoxic response in cotton leaves 124 . More recently,
	protein effectors were found in F. graminarum EVs during corn infection 125 . EVs found in
	phytopathogenic fungi also carry hydrolytic enzymes required for plant cell wall
	degradation 119,122,124,126 . These recent findings suggest EVs play a very important role in
	fungal virulence.
	Involvement of EVs in cell wall remodeling 131 is another interesting component of EVs
	role in fungal biology. In A. fumigatus, proteins related to the biosynthesis of the cell wall
	as well as monosaccharides required for the production of the extracellular matrix were
	found in EVs 132 .
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  in the fraction corresponding to the 25/50% interphase. Indeed, IVs could be found in these two fractions observed with an electron microscope. Thus, the density gradient method is suitable for IVs enrichment in Botrytis cinerea. This technique enabled enrichment of a subset of IVs characterized with a small diameter (36 nm) in the interphase I25/50%. Isolated IVs from this interphase have the size of chitosomes5,7,24 . However, the predicted density (1.16 ≤ d ≤ 1.27) is more similar to the density described for macrovesicles (70 to 100 nm) in Neurospora crassa7 . This interesting finding may suggest that IVs physical properties might differ in Botrytis cinerea. In this fungus, small IVs have high densities, while larger IVs have low densities. The high densities found in enriched small IVs may suggest that they carry more protein cargos than the larger. Fortunately, pectinhydrolase, an enzyme secreted by Botrytis cinerea, was detected in the enriched IVs. This result strongly suggests that secretory vesicles might be found among the enriched IVs.

12 ⩽ d ⩽ 1.16) in one fraction (interphase 16/25%), and enrich vesicles with high-densities (1.16 ⩽ d ⩽ 1.27)
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Results and discussion

Construction of the BcAPM1:3×HA strain and validation of the immunoprecipitation technique

To construct the BcAPM1:3×HA strain, we created a genetic cassette where Bcapm1 is placed under the control of the strong constitutive promoter pOliC (Fig. 1A). We inserted the GGG-3×HA-GGG tag at a specific site on the BcAPM1 protein sequence to prevent the addition of the tag from disrupting the AP-1 complex. The tag was inserted just after the 229 th amino acid of BcAPM1 (Bcin04p03770 -226 TRGK^A 230 ; Fig. 1B). In epithelial cells, the insertion of the HA-epitope at this site does not interfere with the incorporation of µ1-HA into AP-1 complexes 18 , and this site has also been used to introduce 3×HA tag in Arabidopsis thaliana 19 . The BcAPM1:3×HA strain was obtained by Agrobacterium tumefaciens mediated transformation of the parental strain B05.10 with the pBht2-pOliC::

BcAPM1:3×HA vector, and the BcAPM1:3×HA strain did not display any obvious defect (growth, conidiation, virulence) (data not shown).

To validate the immunoprecipitation technique, we first verified that, BcAPM1:3×HA was present among eluted proteins by western-blot (Fig. 2A ,2B). Then, we ensured that the immunocapture-based method successfully enriched proteins by SDS-PAGE. Indeed, when eluted proteins from the three biological replicates were deposited on a SDS-PAGE gel before trypsin digestion of in-gel proteins, we confirmed that the three BcAPM1:3×HA elutions enriched a lot more proteins when compared to the migration profiles of eluted proteins from the control B05.10 strain (Fig 2C).

Identification of proteins involved in vesicular trafficking potentially interacting with AP-1

We focused our analysis on 209 proteins detected in three independent biological replicates, with a minimum of two unique and specific peptide, which displayed the same trend three times and were enriched at least ten times (abundance ratio > 10, abundance ratio p-value < 0.4; Fig. 3). Among these proteins, seven proteins were related to vesicular trafficking (Table 1). Three of the four subunits of the AP-1 protein complex were detected (1, 1 and 1) proving the efficacy of the immunocapture method. BcAPM1 (1) was found in the dataset but was not significantly enriched (BcAPM1 -Ratio: 15.7, p-value: 0.88).

The variant µ chain µ2/Bcapm2 of AP-1R, an AP-1 Related complex dispensable for many clathrin dependent sorting events in yeast 20 , was also significantly enriched.

Interestingly, the ARF GTPase ARL1 was significantly enriched in our dataset (BcARL1- 1985)]: agar 15 g.L -1 , glucose 10 g.L -1 , yeast extract 2 g.L -1 , NaNO3 2 g.L -1 , KH2PO4 2 g.L - 1 , MgSO4•7H2O, 500 mg.L -1 , CaCl2•2H2O, 100 mg.L -1 , FeSO4•7H2O 4 mg.L -1 , microelements as in Tanaka-B, nourseothricin 70 μg.mL -1 , pH 5.5.

Strains and culture conditions

Botrytis cinerea strain B05.10 [teleomorph Botryotinia fuckeliana (de Bary) Whetzel] was used as for all experiments unless otherwise stated. Conidia were collected after 14 days of culture on Malt Sporulation medium at 21°C under near-UV light. Spores were suspended in water and then counted using Thoma cell counting chambers and stored on ice before use or suspended in glycerol (20%) for conservation at -80°C.

For submerged liquid cultures, conidia were inoculated (2.10 5 conidia.ml -1 ) in PDB1/4 for 72h, at 21°C, under agitation (110 rpm).

For BcCHSIIIa-eGFP mutant construction, see Chapter 1. eGFP was fused to the Cterminal end of BcCHSVa using a gene replacement strategy (Fig. S1A). The genetic cassette Bcchs5a3'cds-egfp-tniaD-nat R -Bcchs5a3'UTR-term was amplified from the pCR4Blunt-TOPO-CHS5a-GFP plasmid using primers P1 and P2 (Table S1). nat R includes the nat1 gene placed under the control of the OliC promoter and confers resistance to nourseothricin. Primers P1 and P2 were flanked with 21 bp overlap sequences for IVA cloning in the p7 vector to produce p7-BcCHSVa-GFP. Plasmids were collected from E. coli, screened by restriction enzyme digestion (EcoRI, 37°C) and then verified by sequencing. A. tumefaciens transformed with p7-BcCHSVa-GFP vector were used for AtMT of the parental strain B05.10 to produce BcCHSVa-GFP. B. cinerea transformants were selected using nourseothricin (70 µg.ml -1 ). Homologous recombination was detected by diagnostic PCR on nourseothricin resistant transformants using primer pairs S1/S2 and S3/S4.

Cell fractionation

Three-days-old mycelia from submerged cultures were first filtered using a 100 m Nylon cloth. All following steps were performed at +4°C unless otherwise stated. Mycelia was Discussion and perspectives AP-1: a role in cell-wall integrity maintenance

An important observation made during this study is perhaps the function of AP-1 in cellwall integrity maintenance. Indeed, the AP-1 mutant is hypersensitive to cell-wall stresses such as hyperosmotic shock and cell-wall synthase inhibitors, which demonstrates that AP-1 is involved in cell-wall homeostasis. Interestingly, the clathrin mutant underexpressing the clathrin heavy chain encoding gene also displays similar phenotypes 7 , which suggests that the whole AP-1/Clathrin machinery is involved in cellwall formation or maintenance. More importantly, AP-1 is required for efficient chitin synthesis, likely via a role in the traffic of the chitin synthase BcCHSIIIa. We confirmed that the BcCHSIIIa localizes at the Spitzenkörper in fast growing hyphae and forms a vesicular crescent in slow growing hyphae in the parental strain B05.10. In contrast, in the AP-1 mutant, BcCHSIIIa does not localizes at the hyphal apex but accumulates in small puncta beneath the plasma-membrane in sub-apical regions. Thus, the traffic of the BcCHSIIIa is AP-1 dependent in B. cinerea. In A. nidulans, BcCHSIIIa ortholog ChsB was also mis-localized in AP-1 mutants 6 which suggests that the role of AP-1 in the class III chitin synthase traffic might be conserved in filamentous fungi. Based on the prediction of tyrosine motifs in the cytoplasmic tail of BcCHSIIIa, we hypothesize that this protein could be a transmembrane cargo sorted by AP-1 during AP-1/Clathrin vesicles biogenesis.

Interestingly, in the yeast S. cerevisiae, the class IVa chitin synthase Chs3p is an AP-1 transmembrane cargo 8 . Thus AP-1 might be involved in the sorting of several chitin synthase across the fungal kingdom. The assumption that AP-1 could transport several chitin synthases in the same organism could explain why we observed a severe cell wellwall defect in the AP-1 mutant. More work is still required to address this possibility. The interactome performed on the HA-tagged BcAPM1:3×HA strain, which aimed at addressing this eventuality, did not provide any information on the sorting of the different chitin synthases in Botrytis. However, this approach identified YEA4 a transporter of the chitin substrate uridine diphosphate-N-acetylglucosamine. Thus, AP-1 could be involved in the biogenesis process of chitosomes, which are vesicles involved in chitin synthesis.

AP-1: a virulence determinant involved in the formation of penetration structures and the conventional protein secretion of hydrolytic enzymes Few studies have focused on the role of AP-1 in infectious strategies developed by eukaryotic pathogens: AP-1 is a virulence determinant in the protists T. cruzi 9 , T. gondii 10 and Leishmania 11 . To our knowledge, there are currently no study on the putative role of AP-1 in virulence mechanisms adopted by pathogenic fungi. In B. cinerea, AP-1 seems to Appendix Plant pathogenic fungi represent an increasing threat to global food security which is increased by climate change. Understanding the mechanisms of pathogenesis is therefore essential to limit the development of fungal diseases in plants. The virulence of these fungi is largely based on the secretion of various proteins capable of degrading the host plant's constituents. Before being released into the extracellular environment, these proteins pass through the endoplasmic reticulum, the Golgi apparatus and sometimes the endosome, and are transported from one cellular compartment to another in intracellular vesicles. Today, the mechanisms of secretion, and more particularly of the biogenesis of these vesicles, are very little studied in fungi, despite being essential for the comprehension of pathogenesis. To better understand these mechanisms, we have created an under-expression mutant of a gene encoding for a subunit of the clathrin adaptor AP-1 in the necrotrophic fungus Botrytis cinerea. This adapter is involved in the biogenesis of secretory granules in Drosophila and humans. Characterization of the AP-1 mutant revealed that the complex was involved in polarized growth, fungal cell-wall synthesis, and the secretion of hydrolytic enzymes essential for fungal nutrition and virulence. To better understand the putative role of this adaptor in vesicle biogenesis, we also undertook the enrichment of intracellular vesicles, and we propose a strategy to isolate secretory vesicles. Our study shows for the first time the importance of the clathrin adaptor AP-1 in secretion mechanisms in a plant pathogenic fungus.

MOTS-CLÉS : Vesicular trafficking, Secretion, vesicles, Adaptor-protein