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Fungal plant pathogens are major threats to food security worldwide. Sclerotinia sclerotiorum and Botrytis cinerea are closely related Ascomycete plant pathogens causing mold diseases on hundreds of plant species. There is no genetic source of complete plant resistance to these broad host range pathogens known to date. Instead, natural plant populations show a continuum of resistance levels controlled by multiple genes, a phenotype designated as quantitative disease resistance. Little is known about the molecular mechanisms controlling the interaction between plants and S. sclerotiorum and B. cinerea but significant advances were made on this topic in the last years. This minireview highlights a selection of nine themes that emerged in recent research reports on the molecular bases of plant-S. sclerotiorum and plant-B. cinerea interactions. On the fungal side, this includes progress on understanding the role of oxalic acid, on the study of fungal small secreted proteins. Next, we discuss the exchanges of small RNA between organisms and the control of cell death in plant and fungi during pathogenic interactions. Finally on the plant side, we highlight defense priming by mechanical signals, the characterization of plant Receptor-like proteins and the hormone abscisic acid in the response to B. cinerea and S. sclerotiorum, the role of plant general transcription machinery and plant small bioactive peptides. These represent nine trends we selected as remarkable in our understanding of fungal molecules causing disease and plant mechanisms associated with disease resistance to two devastating broad host range fungi.

Résumé [FR]

Les interactions entre plantes et agents pathogènes sont fréquentes dans la nature, mais conduisent rarement à une maladie. En effet, les plantes ont un système immunitaire efficace capable de faire face à la plupart des attaques microbiennes. Les agents pathogènes fongiques représentent néanmoins une menace majeure pour la sécurité alimentaire dans le monde. Sclerotinia sclerotiorum est un champignon pathogène de la famille des Ascomycetes responsable de la maladie de la pourriture blanche sur des centaines d'espèce de plantes. Il n'y a aucune source génétique de résistance complète à ce pathogène connue et les moyens de lutte reposent essentiellement sur l'utilisation de fongicides. Mieux comprendre les bases moléculaires de l'interaction entre S. sclerotiorum et ses plantes hôtes est indispensable à l'amélioration des cultures végétales. La résistance à S. sclerotiorum se caractérise par un continuum de symptômes dans les populations végétales naturelles. Cette observation suggère que la résistance est contrôlée par de multiples gènes, un phénotype appelé résistance quantitative (QDR).

Mon projet de thèse a consisté dans une première partie à identifier les mécanismes moléculaires sous-jacents à la QDR vis-à-vis de S. sclerotiorum dans des accessions naturelles de la plante modèle Arabidopsis thaliana. Une analyse de génétique d'association à l'échelle du génome (GWA) m'a permis d'associer la variabilité génétique avec le niveau résistance à S. sclerotiorum et d'identifier trois loci potentiellement impliqués dans la QDR à S. sclerotiorum. J'ai effectué l'analyse fonctionnelle des gènes candidats et étudié la diversité génétique à ces différents loci. Mes résultats ont révélé qu'une prolyl-oligopeptidase (POQR) et une protéine reliée au complexe d'actine (ARPC4) sont impliqués dans la résistance quantitative à S. sclerotiorum. L'étude du réseau d'actine par microscopie confocale a révélé le rôle des filaments d'actine dans la réponse immunitaire à S. sclerotiorum. Je montre par ailleurs que l'allèle de POQR conférant résistance à S. sclerotiorum a évolué de façon convergente chez plusieurs espèces de plantes, suggérant que certains mécanismes de la QDR sont communs à différentes espèces végétales.

Alors que de nombreux champignons pathogènes ne sont capables d'infecter que quelques génotypes de plantes, S. sclerotiorum est un agent pathogène dit généraliste, c'est-à-dire capable d'infecter de nombreuses espèces d'hôtes. Dans la deuxième partie du projet, je me suis intéressé aux propriétés du génome de S. sclerotiorum associées à son caractère généraliste. La théorie prédit que le généralisme est coûteux énergétiquement, si bien qu'il doit engendrer d'importants compromis avec d'autres traits. Au niveau génétique, certains codons (triplets de nucléotides) permettent une traduction plus efficace que leurs synonymes. En effet, le code génétique décryptant ADN/ARN en protéines est redondant, plusieurs codons pouvant coder pour le même acide aminé. Optimiser l'usage de codons au niveau du génome permet ainsi de réduire les coûts liés à la production de protéines. J'ai analysé l'usage de codons chez les 45 espèces fongiques et révélé que les séquences codantes chez les espèces de pathogènes généralistes étaient fortement optimisées. Par ailleurs, je montre que les codons adaptés sont sous sélection purifiante dans une population naturelle de S. sclerotiorum, suggérant que l'optimisation de l'usage de codons est une adaptation évolutive au généralisme chez les champignons parasites.

Abstract [EN] In nature, plant pathogen interactions are frequent but disease is not the most prevalent outcome. Indeed, plants evolved an efficient immune system able to face multiple pathogen attacks. Getting insights into plant microbe interactions at multiple levels will improve our understanding of how plants defend against pathogens and help building sustainable agronomy. Fungal plant pathogens are major threats to food security worldwide. Sclerotinia sclerotiorum is an Ascomycete generalist plant pathogen causing mold diseases on hundreds of plant species. There is no genetic source of complete plant resistance to this generalist pathogen known to date. Instead, natural plant populations show a continuum of resistance levels controlled by multiple genes, a phenotype designated as quantitative disease resistance (QDR). Little is known about the molecular mechanisms controlling the interaction between plants and S. sclerotiorum, and more generally which are the molecular bases underlying QDR in plants.

My thesis project consisted in a first part in identifying molecular mechanisms underlying QDR to S. sclerotiorum in natural accessions of the model plant Arabidopsis thaliana. A Genome wide association study (GWAS) allowed me to associate genetic variation with disease resistance to S. sclerotiorum. The analysis pinpointed three genes in A. thaliana genome as putative candidates involved in QDR to S. sclerotiorum. I led the functional characterization of these genes and investigated natural diversity at these loci. The results revealed that a prolyl-oligopeptidase (POQR) and an actin-related protein complex member (ARPC4) are associated with QDR against S. sclerotiorum. The analysis of actin filament networks highlighted their role in response to S. sclerotiorum. Furthermore, I showed that POQR alleles evolved convergently in different plant lineages, suggesting that some QDR molecular mechanisms are conserved across plants.

Among fungal parasites, some like S. sclerotiorum are able to infect multiple species while others are restricted to one or few hosts. In the second part of the project, I investigated the properties of S. sclerotiorum genome associated to its ability to infect hundreds of plant species. Theory predicts that generalism comes at a cost and may underlie important fitness trade-offs. At the genome level, some codons (nucleotide triplets) allow more efficient translation than their synonymous. Indeed, the genetic encoding of proteins is redundant with multiple codons specifying the same amino acid. The optimization of codon-usage is a mean to reduce the costs associated with protein production. I analysed codon-usage at the genome level in 45 fungal species to reveal that generalist parasites are highly codon optimized. Moreover, I showed that optimized codons are under purifying selection, suggesting that codon optimization is an adaptation to generalist parasitism in fungi.
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GENERAL INTRODUCTION 1. On the emergence of parasitism

In nature, the latest predictions of microbial diversity reached the number of 1 trillion species, covering every niche of the biosphere [START_REF] Locey | Scaling laws predict global microbial diversity[END_REF]. Few microbial species have evolved parasitic lifestyle, living at the expense of a host organism [START_REF] Barrett | Life history determines genetic structure and evolutionary potential of host-parasite interactions[END_REF][START_REF] Dobson | Colloquium paper: homage to Linnaeus: how many parasites? How many hosts?[END_REF]. Fungal pathogens are important threats for human health, biodiversity and food security worldwide (Fisher et al. 2012). Over the past 20 years, the overall number of disease outbreaks due to fungal parasites increased, threatening agriculture and food-security (Fisher et al. 2012;Gurr et al. 2017). For example, Phakopsora pachyrhizi known as the soybean rust pathogen costs Brazilian farmers about 60% yield losses and 2 billion dollars over the 2001 -2003 period [START_REF] Gurr | Emerging Fungal Threats to Plants and Animals Challenge Agriculture and Ecosystem Resilience[END_REF]. Across the kingdom Fungi, major clades include both pathogenic and non-pathogenic species [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF][START_REF] Martinů | Host generalists and specialists emerging side by side: an analysis of evolutionary patterns in the cosmopolitan chewing louse genus Menacanthus[END_REF]. Understanding the molecular bases of pathogenicity, the constrains and mechanisms governing the evolution of this trait remains a challenge for microbiologists [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF][START_REF] James | Reconstructing the early evolution of Fungi using a six-gene phylogeny[END_REF]. Conventional breeding and use of antifungal molecules has shown limits in impeding disease outbreaks [START_REF] Lasley | The limitation of conventional breeding programs and the need and promise of assisted reproduction in nondomestic species[END_REF][START_REF] Snyder | Limitations of Captive Breeding in Endangered Species Recovery[END_REF][START_REF] Sobel | Limitations of antifungal agents in the treatment of Candida vaginitis: future challenges[END_REF][START_REF] Kanafani | Resistance to Antifungal Agents: Mechanisms and Clinical Impact[END_REF]. Predicting how microbial diseases emerge and evolve is a major scientific concern [START_REF] Masuda | Predicting and controlling infectious disease epidemics using temporal networks[END_REF][START_REF] Guo | Towards high-resolution spatial modeling of infectious disease dynamics[END_REF]. Therefore, there is a need to identify the genetic determinants of parasitism, and study their evolution in relation with host species.

1.1 Molecular determinants of plant-pathogen interaction: the zig-zag model The plant immune system is often seen as a multi-layered defense system (Jones & Dangl 2006;Dodds & Rathjen 2010). The first layer is mediated by cell surface pattern recognition receptors (PRRs) that perceive conserved microbial elicitors, termed pathogen-or damage-associated molecular patterns (PAMPs or DAMPs) (Boller & Felix 2009) (Figure1). Perception of these conserved elicitors initiates cascades of signalling and transcription events known as PAMP-triggered immunity (PTI), sufficient to counteract many microbial infections [START_REF] Miya | CERK1, a LysM receptor kinase, is essential for chitin elicitor signaling in Arabidopsis[END_REF][START_REF] Roux | The Arabidopsis Leucine-Rich Repeat Receptor-Like Kinases BAK1/SERK3 and BKK1/SERK4 Are Required for Innate Immunity to Hemibiotrophic and Biotrophic Pathogens[END_REF]. Adapted pathogens secrete effector molecules able to suppress PTI, which may also be recognized by plant intracellular resistance proteins of the nucleotide-binding and leucine-rich repeat (NB-LRR) family [START_REF] Wu | How plants deploy effector-triggered immunity to combat pathogens[END_REF]. Perception of pathogen effectors initiates effector-triggered immunity (ETI), the second layer of plant defences (Jones & Dangl 2006). A major mechanism underlying ETI is the plant hypersensitive response (HR) characterized by rapid programmed cell death at the site of infection [START_REF] Cui | Effector-Triggered Immunity: From Pathogen Perception to Robust Defense[END_REF]. Upon Cladosporium fulvum infection, recognition of avr9 effector by Cf9 RLP induces HR and resistance in tomato plants. Introduction of avr9 effector in virulent isolates of C. fulvum is sufficient to induce HR and resistance of tomato plants carrying Cf9 resistance gene (Ackerveken [START_REF] Van De | Molecular analysis of the avirulence gene avr9 of the fungal tomato pathogen Cladosporium fulvum fully supports the gene-for-gene hypothesis[END_REF].

Figure1. Plant immunity layers depicted by the Zig-zag model (Jones & Dangl 2006) PAMPS = pathogen associated molecular pattern, PTI = PAMP triggered immunity, ETS = effector triggered susceptibility, Avr-R = avirulent effector -resistance protein couple, ETI = effector triggered immunity, HR = hypersensitive response Convergent studies on plant defense mechanisms and their manipulation by pathogens contributed to building this molecular model of plant pathogen interactions [START_REF] Macho | Plant PRRs and the Activation of Innate Immune Signaling[END_REF][START_REF] Wu | How plants deploy effector-triggered immunity to combat pathogens[END_REF][START_REF] Khan | Of guards, decoys, baits and traps: pathogen perception in plants by type III effector sensors[END_REF]. This model mainly relies on the interaction between one molecule of the pathogen and one molecule of the host (gene-for-gene model), placing the underlying genes under strong selective pressure by the presence of their interacting partner [START_REF] Stahl | Plant-pathogen arms races at the molecular level[END_REF]. This leads to an evolutionary arms-race between plants and pathogens, involving constant evolution of host and parasite genomes [START_REF] Anderson | Plants versus pathogens: an evolutionary arms race[END_REF]. Plant pathogen coevolution can therefore lead to successive fixation of beneficial alleles leading to loss of genetic diversity in the given population (selective sweeps) (Tellier et al. 2014) (Figure2A). Alternatively, coevolving loci can generate genetic diversity when the benefit from an allele relies on its low frequency among the population (trench warfare dynamic) [START_REF] Valen | A new evolutionary law[END_REF]Tellier et al. 2014) (Figure2B).

Figure2. Coevolutionary models of the arms race (A) and the trench warfare (B) shaping allele distribution in host-microbe populations [START_REF] Papkou | Host-parasite coevolution: why changing population size matters[END_REF] Evolution of allele's frequency in host (blue) and parasite (red) populations through time. In arms race model, host and pathogen alternative alleles (dashed or solid lines) sequentially appear and increase in frequency to reach fixation while in trench warfare model, alternative alleles coexist over time (H1/P1 and H2/P2) with antagonist frequency in both host and parasite populations.

Generalist and specialist parasites side by side

In plant pathogens, coevolution often results in increased virulence and increased resistance due to adaptation [START_REF] Ebert | Experimental evolution of parasites[END_REF][START_REF] Wickham | Virulence Is Positively Selected by Transmission Success between Mammalian Hosts[END_REF]). However, both virulence and resistance mechanisms are assumed to be costly [START_REF] Bahri | Tracking costs of virulence in natural populations of the wheat pathogen, Puccinia striiformis f.sp.tritici[END_REF][START_REF] Hasu | Differences in parasite susceptibility and costs of resistance between naturally exposed and unexposed host populations[END_REF]). In the gene-for-gene model, resistance and virulence often underlie fitness costs that could explain allele diversity in natural populations (Tian et al. 2003;[START_REF] Bahri | Tracking costs of virulence in natural populations of the wheat pathogen, Puccinia striiformis f.sp.tritici[END_REF][START_REF] Hasu | Differences in parasite susceptibility and costs of resistance between naturally exposed and unexposed host populations[END_REF]. In crop species, resistance is sometimes associated with yield penalties [START_REF] Brown | Yield penalties of disease resistance in crops[END_REF]. In parasites, extreme host adaptation can lead to the emergence of new species (speciation) [START_REF] Kohn | Mechanisms of Fungal Speciation[END_REF]. Alternatively, host pathogen coevolution can also drive specialization of virulence and metabolic pathways on single host species [START_REF] Brunner | Coevolution and Life Cycle Specialization of Plant Cell Wall Degrading Enzymes in a Hemibiotrophic Pathogen[END_REF][START_REF] Liao | Pathogen effectors and plant immunity determine specialization of the blast fungus to rice subspecies[END_REF]. In Europe, Zymoseptoria tritici is the most devastating wheat pathogen responsible for the septoria blot disease. Investigation of Zymoseptoria tritici virulence determinants on two wheat cultivars recently highlighted 25 loci, none of which was shared among the two host cultivars, suggesting host specialization of virulence mechanisms in this fungal pathogen (Hartmann & Croll 2017). Fungal species show variability in their metabolic capacities [START_REF] Grossetête | FUNGIpath: a tool to assess fungal metabolic pathways predicted by orthology[END_REF]. Study on Z. tritici shows that the pathogen underwent recent losses of gene families related to secondary metabolite production (Hartmann & Croll 2017). Specialization could therefore be a way pathogens achieve high levels of virulence and mitigate the associated costs [START_REF] Bruns | The jack of all trades is master of none: a pathogen's ability to infect a greater number of host genotypes comes at a cost of delayed reproduction[END_REF]. However, although some fungal parasites, designated as specialists, are able to infect one or few host species only, others often called generalists, or multi-host parasites, can infect a wide range of host species (Barrett et al. 2009;[START_REF] Baumler | Host Specificity of Bacterial Pathogens[END_REF][START_REF] Leggett | Generalism and the evolution of parasite virulence[END_REF]. The necrotrophic pathogen Botrytis cinerea is responsible for the grey mold disease on hundreds of plant species [START_REF] Williamson | Botrytis cinerea: the cause of grey mould disease[END_REF], while the rust Puccinia triticina for instance is an obligate biotroph pathogen of wheat [START_REF] Bolton | Wheat leaf rust caused by Puccinia triticina[END_REF]. The gene-forgene model often governs host specialist pathogen interaction (Barrett et al. 2009). Multiple resistance genes conferring full resistance to specialist pathogens has been identified [START_REF] Alfano | Roadmap for future research on plant pathogen effectors[END_REF][START_REF] De | Fungal effector proteins: past, present and future[END_REF][START_REF] Lo Presti | Fungal Effectors and Plant Susceptibility[END_REF]. However, despite the prevalence of generalist fungal pathogens and their significant economic impact, the molecular bases of plant resistance against generalist fungal pathogens remain poorly documented.

Molecular determinants of plant resistance to a generalist: quantitative disease resistance

In nature, the co-occurrence of necrotrophic and biotrophic fungal pathogens challenges host plant defense mechanisms. In plants, cell death triggered by the genefor-gene interaction provides effective protection against biotrophic pathogens but favors infection by necrotrophs as they feed on dead material (Lorang et al. 2007). Necrotrophic plant pathogens were shown to highjack the gene-for-gene model to their benefit, in a mechanism called effector triggered susceptibility. The necrotrophic pathogen of wheat Stagonospora nodurum produces the SnTox3 toxin, that when recognized by the wheat Snn3 protein, triggers host cell death and promotes disease (Liu et al. 2009). Absence of the cognate host susceptibility protein leads to avirulence, suggesting inverted but similar mechanisms as observed for biotrophic specialists. Other necrotrophic plant pathogens do not rely on a gene-for-gene interaction, and often are able to infect multiple host species (generalist) (Figure3). Interaction of plants with generalist pathogens generally results in a gradient of disease symptoms, ranging from fully resistant to fully infected hosts (Poland et al. 2009;Roux et al. 2014). This form of partial and polygenic resistance, called Quantitative Disease Resistance (QDR), is widely observed in nature and crop species [START_REF] St Clair | Quantitative disease resistance and quantitative resistance Loci in breeding[END_REF][START_REF] French | Mechanisms of quantitative disease resistance in plants[END_REF]Yang et al. 2017a). Current knowledge stands that QDR is often effective against multiple pathogens (broad-spectrum) and remains efficient over longer periods of time in the field (durable) (Kou & Wang 2010;[START_REF] Mundt | Durable resistance: A key to sustainable management of pathogens and pests[END_REF]. Nevertheless, the molecular mechanisms underlying QDR in plants still poorly investigated.

Figure3. Generalist parasitism and plant disease resistance

Plant leaves colors indicate different genotypes; arrows indicate compatible interaction between pathogen and host genotypes. Generalist pathogens are able to infect multiple host genotypes that show a gradient of disease resistance. Specialist pathogens able to infect one host genotype (arrowheads) produce disease, but not others (circle-head) leading to host resistance.

Quantitative variability in the outcome of interaction between hosts and generalist parasites suggests that multiple molecular determinants are governing this interaction [START_REF] Kassen | The experimental evolution of specialists, generalists, and the maintenance of diversity[END_REF]Barrett et al. 2009;Poland et al. 2009;Roux et al. 2014). Recently, a caffeoyl-CoA O-methyltranferase has been reported to confer resistance to several pathogens in maize together with two wall-associated kinases (Yang et al. 2017b) (see Table1). Similarly, a kinase and a putative ABC transporter confer enhanced resistance to stripe rust disease in wheat (Fu et al. 2009;Krattinger et al. 2009). Multiple genes, that each can show intraspecific allelic variation are controlling quantitative disease resistance. In nature, the combination of multiple QDR alleles is therefore expected to underlie the observed range of resistance. However, a single QDR allele often explains only a small percentage of total resistance (Roux et al. 2014). In the gene-for-gene model, resistance genes share the NB-LRR function, enabling their identification through genome scans, while QDR genes known to date have very diverse molecular functions (Table1). Identifying the allelic variations underlying QDR and their relative functions is therefore challenging. 

Table1. List of few QDR genes identified in plants

WRKY15

WRKY transcription factor Arabidopsis S. sclerotiorum [START_REF] Liu | Interactions of WRKY15 and WRKY33 transcription factors and their roles in the resistance of oilseed rape to Sclerotinia infection[END_REF] Most of plant QDR genes known to date were identified through association genetics (Table1). Before the advent of whole genome sequencing data, classical approach involved crossing two parental lines with contrasted phenotypes and following association of genetic markers with the phenotype of interest while backcrossing progeny with parental line, a method known as QTL mapping [START_REF] Mackay | The genetics of quantitative traits: challenges and prospects[END_REF]. QTL mapping only gives access to natural diversity of the initial two parental lines, but can allow identification of rare causative variants. Genetic approaches through QTL mapping are also often time costly and only define genetic region in association with phenotypic variability that can encompass hundreds of genes. With the advent of Next Generation Sequencing (NGS) technology, Genome Wide Association Studies (GWAS) allows to scan all genome positions of hundreds of plant variants looking for association with a phenotype [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF]. As compared to QTL mapping, GWA mapping gives access to a large panel of natural diversity that may underlie phenotypic variability and is therefore suitable for investigation of polygenic traits such as QDR. Moreover, GWA mapping often allows precise identification of the causative variants in association with phenotypic variability. Precisely mapping causative genetic variants is important to avoid linkage drag of deleterious agronomic traits that can be associated to QTL breeding programs [START_REF] Brown | Yield penalties of disease resistance in crops[END_REF]. Genome Wide Association studies are widely used to explore multiple agronomical traits such as yield or sugar content for crop breeding purposes [START_REF] Racedo | Genome-wide association mapping of quantitative traits in a breeding population of sugarcane[END_REF][START_REF] Spindel | Genome-wide prediction models that incorporate de novo GWAS are a powerful new tool for tropical rice improvement[END_REF][START_REF] Badouin | The sunflower genome provides insights into oil metabolism, flowering and Asterid evolution[END_REF][START_REF] Minamikawa | Genome-wide association study and genomic prediction in citrus: Potential of genomics-assisted breeding for fruit quality traits[END_REF]. Importantly, disease resistance loci often underlie pleiotropic effects on crop plants [START_REF] Brown | Fitness costs and trade-offs of disease resistance and their consequences for breeding arable crops[END_REF][START_REF] Summers | Constraints on breeding for disease resistance in commercially competitive wheat cultivars[END_REF]. Several QTL loci conferring disease resistance to plant pathogens has been shown to underlie important yield penalties and are difficult to account for in breeding strategies [START_REF] Prajapati | Molecular markers for resistance against infectious diseases of economic importance[END_REF]. In barley for instance, mlo locus controls resistance to powdery mildew and is associated with 4% grain yield loss [START_REF] Kjaer | Associations between three ml-o powdery mildew resistance genes and agronomic traits in barley[END_REF]. Moreover, over the past years it has been reported that fungal pathogens are able to rapidly bypass the genefor-gene resistance of elite cultivars and evolve fungicide tolerance [START_REF] Ayliffe | Durable resistance to wheat stem rust needed[END_REF][START_REF] Hahn | The rising threat of fungicide resistance in plant pathogenic fungi: Botrytis as a case study[END_REF]). However, QDR genes such as Lr34 and Sr2 providing increased resistance to multiple pathogens have been durable in fields for decades [START_REF] Mcintosh | Wheat rusts : an atlas of resistance genes[END_REF][START_REF] Kolmer | Analysis of the Rust Resistance Region in Wheat Germplasm[END_REF]. Breeding strategies consisting in pyramiding several QDR loci together with strong gene-for-gene resistance genes in elite cultivars is suggested to improve resistance spectra and durability in fields [START_REF] Ellis | The past, present and future of breeding rust resistant wheat[END_REF][START_REF] Jo | Development of late blight resistant potatoes by cisgene stacking[END_REF][START_REF] Fukuoka | Gene pyramiding enhances durable blast disease resistance in rice[END_REF]. There is therefore a constant need for the identification of novel QDR genes conferring resistance to crop damaging pathogens.

Sclerotinia sclerotiorum: a generalist plant pathogen

Infection by the generalist plant pathogen S. sclerotiorum can be initiated by mycelia growing from germinating melanised structures called sclerotia or by ascospores issue from apothecia structures emerging from sclerotia (Bolton et al. 2006). Among fungal parasites, Sclerotinia sclerotiorum is known as the causal agent of mold disease (white mold, stem mold, cottony rot, crown rot ...) on more than 60 plant families [START_REF] Purdy | Sclerotinia sclerotiorum : History, Diseases and Symptomatology, Host Range, Geographic Distribution, and Impact[END_REF]Bolton et al. 2006). S. sclerotiorum is member of the Sclerotiniaceae family, (Ascomycetes, Pezizomycotina), actively kills plant cells for feeding (necrotroph) and is closely related to Botrytis cinerea, another important generalist fungal pathogen responsible for the grey mold disease (Bolton et al. 2006;Amselem et al. 2011). Regarding to its life cycle, S. sclerotiorum is homothallic and able to self-reproduce both clonally and sexually (Figure4). Its genome contains four mating-type genes (MAT) at the same locus (Bolton et al. 2006;Amselem et al. 2011), however there is little information regarding to S. sclerotiorum sexual reproduction. Mating-type genes encode transcription factors that control recognition of mating partners, hyphal fusion (mycelial compatibility) and heterokaryon formation [START_REF] Chitrampalam | The Sclerotinia sclerotiorum Mating Type Locus (MAT) Contains a 3.6-kb Region That Is Inverted in Every Meiotic Generation[END_REF]. Characterization of S. sclerotiorum diversity in natural field populations identified mycelial compatibility groups (MCG) (Schafer & Kohn n.d.). Mycelial incompatibility occurs between genetically dissimilar isolates, restricting genetic exchanges and heterokaryon formation [START_REF] Caten | Vegetative Incompatibility and Cytoplasmic Infection in Fungi[END_REF]. S. sclerotiorum life style involves the production of melanised structures called sclerotia that enable survival in fields without host plants for decades [START_REF] Bourdôt | Risk Analysis of Sclerotinia sclerotiorum for Biological Control of Cirsium arvense in Pasture: Sclerotium Survival[END_REF]. Sclerotia are suggested to be able to undergo meiosis leading to the production of apothecia structures carrying the ascospores [START_REF] Kohn | Delimitation of the Economically Important Plant Pathogenic Sclerotinia Species[END_REF]Bolton et al. 2006). Yet, sexual reproduction has never been observed in S. sclerotiorum and mitotic asexual divisions is the most occurring reproduction mode, leading to clonal propagation [START_REF] Anderson | Clonality in Soilborne, Plant-Pathogenic Fungi[END_REF][START_REF] Kohli | Clonal dispersal and spatial mixing in populations of the plant pathogenic fungus, Sclerotinia sclerotiorum[END_REF]. However, several studies reported high genotypic diversity among S. sclerotiorum field populations, together with random association of alleles suggesting sexual recombination [START_REF] Gomes | Microsatellite Markers Reveal Genetic Variation within Sclerotinia sclerotiorum Populations in Irrigated Dry Bean Crops in Brazil[END_REF][START_REF] Attanayake | Inferring outcrossing in the homothallic fungus Sclerotinia sclerotiorum using linkage disequilibrium decay[END_REF].

During 2009 in the United-States S. sclerotiorum has been responsible for almost 60 billion yield losses on soybean (Peltier et al. 2012). Similarly, on important Brassica crop species such as rapeseed and mustard yield losses can reach up to 50 percent of the production [START_REF] Shukla | Estimation of yield losses to Indian mustard (Brassica juncea) due to Sclerotinia stem rot[END_REF]. Few studies investigated the molecular determinants of pathogenicity in S. sclerotiorum. Production of oxalic acid has been shown to be a major determinant of S. sclerotiorum virulence (Williams et al. 2011). Strains that are impaired in the production of oxalate are less virulent on host plants (Liang et al. 2015). Secretion of oxalate decrease environmental pH and might favours the activity of cell-wall degrading enzymes that are also important actors of S. sclerotiorum virulence. Acidifying environmental pH increases virulence of S. sclerotiorum OA defective strains, suggesting that acidification process is important for virulence [START_REF] Xu | pH dependency of sclerotial development and pathogenicity revealed by using genetically defined oxalate-minus mutants of Sclerotinia sclerotiorum[END_REF]. As a necrotroph, S. sclerotiorum also produces proteins that induce host-cell death and favours pathogenicity (Table2). Other proteins are secreted and inhibit host-cell defense mechanisms to promote disease (Table2). Nevertheless, little is known about the molecular determinants of infection in this devastating plant pathogen. More importantly, fungicides are the main control agent against S. sclerotiorum infection in fields as no major source of resistance has been described to date. Figure4. Sclerotinia sclerotiorum developmental life cycle (from http://www.sclero- tia.org/lifecycle/) Under limiting ressources, Sclerotinia sclerotiorum mycelia is able to aggregate and form dense melanized bodies called sclerotia. Sclerotia can survive on ground for multiple years. Under promoting conditions, sclerotia can germinate and start mycelial growth or alternatively grow apothecia carrying ascospores that further might start new mycelial growth.

Plant resistance to S. sclerotiorum is governed by multiple loci: what are the molecular determinants?

Resistance to S. sclerotiorum in crop species is governed by multiple loci underlying QDR genes [START_REF] Micic | QTL mapping of Sclerotinia midstalk-rot resistance in sunflower[END_REF]Wei et al. 2016b;[START_REF] Moellers | Main and epistatic loci studies in soybean for Sclerotinia sclerotiorum resistance reveal multiple modes of resistance in multi-environments[END_REF][START_REF] Vasconcellos | Meta-QTL for resistance to white mold in common bean[END_REF]. In oilseed rape, a recent time-course transcriptomic analysis infection revealed that the expression of more than 500 hundred genes is deregulated upon S. sclerotiorum infection. Accordingly, a recent GWAS conducted on 448 accessions identified 39 candidate QDR genes to S. sclerotiorum in Brassica napus [START_REF] Wu | Genome-wide Association Study Identifies New Loci for Resistance to Sclerotinia Stem Rot in Brassica napus[END_REF]). However, only few S. sclerotiorum QDR genes have been validated to date (Table1). In alfalfa fields, S. sclerotiorum is able to infect four different co-occurring weed species [START_REF] Morgan | A study of 4 weed hosts of Sclerotinia species in alfalfa fields[END_REF]. Interestingly, S. sclerotiorum also naturally infects Arabidopsis thaliana, a cosmopolite plant belonging to the Brassicaceae family (Wang et al. 2008). In the past decade, cooperative efforts made available to the scientific community more than 1 000 A. thaliana genomes together with numerous plant insertional mutants (1001 Genomes, SALK), making it an excellent model plant for pathology studies. Interestingly, A. thaliana accessions show high genetic diversity (Horton et al. 2012) and show a continuum of resistance levels to S. sclerotiorum, characteristic of a QDR response (Perchepied et al. 2010). Nevertheless, to date little is known about the molecular mechanisms controlling A. thaliana resistance to S. sclerotiorum, but also what are the major genes contributing to S. sclerotiorum virulence on A. thaliana.

Coevolution: considering host and parasite together

Population on Earth is expected to rise from the current 7.6 to 9.8 billion by year 2050, and millions of lives depend on the ability of crop genetic improvement to keep pace with the growing population, changing climate and degradation of environmental resources [START_REF] Watson | Catastrophic Declines in Wilderness Areas Undermine Global Environment Targets[END_REF]. A major route towards sustainable increase of yields is the reduction of crop losses due to pathogen attacks [START_REF] Ronald | Plant Genetics, Sustainable Agriculture and Global Food Security[END_REF]. The need for durable strategies to manage crop fungal diseases is therefore particularly pressing. Plant pathology studies are typically conducted with a focus either on the parasite or the host [START_REF] Yang | Isolation and characterization of a novel wheat cysteine-rich receptor-like kinase gene induced by Rhizoctonia cerealis[END_REF][START_REF] Zhu | BcXYG1, a Secreted Xyloglucanase from Botrytis cinerea , Triggers Both Cell Death and Plant Immune Responses[END_REF]. However, evolution of parasitism is tightly linked to evolution of host disease resistance and it is therefore crucial to account for both parasite and host genetic determinants [START_REF] Vera Cruz | Predicting durability of a disease resistance gene based on an assessment of the fitness loss and epidemiological consequences of avirulence gene mutation[END_REF][START_REF] Leach | Pathogen fitness penalty as a predictor of durability of disease resistance genes[END_REF]. In fungal parasites for instance, the study of the interaction between Botrytis cinerea isolates and Arabidopsis thaliana accessions revealed that genetics determinants of plant resistance were specific to some fungal isolates (Corwin et al. 2016a). Similarly, Arabidopsis thaliana accessions show natural variability in resistance to Sclerotinia sclerotiorum, the fungal pathogen responsible for white mold disease on plants (Perchepied et al. 2010). Those observations suggest that natural diversity among fungal species and plant species, both affects disease outcome. In particular, variation in plant resistance and pathogen virulence determinants are shaping host-parasite natural populations [START_REF] Thrall | Evolution of Virulence in a Plant Host-Pathogen Metapopulation[END_REF][START_REF] Barclay | Variation in host resistance could limit the spread of more broadly virulent pathogens[END_REF]. Accounting for intra-specific natural diversity in plant and pathogen populations can therefore help to get insights the determinants of their interaction. However, it remains challenging to connect plant and pathogen diversity, as diversity is driven by multiple environmental factors difficult to account for [START_REF] Crutsinger | Plant Genotypic Diversity Predicts Community Structure and Governs an Ecosystem Process[END_REF][START_REF] Hulshof | Intra-specific and inter-specific variation in specific leaf area reveal the importance of abiotic and biotic drivers of species diversity across elevation and latitude[END_REF].

Scientific questions and results

By investigating diversity in both A. thaliana and S. sclerotiorum populations, the aim of this work was to uncover genetic determinants governing A. thaliana -S. sclerotiorum interaction and study their evolution. In our system, both fungal virulence and plant resistance are polygenic traits governed by multiple genes of relative small effect, making their identification challenging [START_REF] Mackay | The genetics of quantitative traits: challenges and prospects[END_REF][START_REF] Solovieff | Pleiotropy in complex traits: challenges and strategies[END_REF]. Genomes availability has largely favoured dissection of complex traits through study of genomic variability within species, also called population genomics [START_REF] Plissonneau | Using Population and Comparative Genomics to Understand the Genetic Basis of Effector-Driven Fungal Pathogen Evolution[END_REF]. Few studies reported the identification of S. sclerotiorum genes involved in pathogenicity. However, our understanding about the evolution of these molecular determinants remains scarce. In the first part of the following introduction, I present recent discoveries regarding to the genomics of generalist fungal pathogens and the current knowledge on the molecular mechanisms governing virulence in fungal pathogens (general introduction -part I). Genome-wide approaches have helped unrevealing the genetics of complex traits in plant species [START_REF] Hirschhorn | Genome-wide association studies for common diseases and complex traits[END_REF][START_REF] Horton | Genome-wide association study of Arabidopsis thaliana leaf microbial community[END_REF][START_REF] Branham | Genome-Wide Association Study in Arabidopsis thaliana of Natural Variation in Seed Oil Melting Point: A Widespread Adaptive Trait in Plants[END_REF][START_REF] Plissonneau | Using Population and Comparative Genomics to Understand the Genetic Basis of Effector-Driven Fungal Pathogen Evolution[END_REF]. Recent GWA studies on oilseed rape reported multiple loci controlling resistance to S. sclerotiorum [START_REF] Wu | Genome-wide Association Study Identifies New Loci for Resistance to Sclerotinia Stem Rot in Brassica napus[END_REF][START_REF] Gyawali | Microsatellite markers used for genome-wide association mapping of partial resistance to Sclerotinia sclerotiorum in a world collection of Brassica napus[END_REF], suggesting that our current understanding of QDR is only the tip of the iceberg. In the second part of the introduction, I review our current understanding of plant QDR molecular mechanisms and the main challenges regarding to the identification and characterization of QDR genes (general introduction -part II).

Association studies have proven useful in mapping resistance loci in crop species but present limits when it comes to functional studies, making A. thaliana an adapted model. My PhD was embedded in a team project that started with the evaluation of Arabidopsis thaliana natural accession plants resistance to the fungus Sclerotinia sclerotiorum together with the genome sequencing of various Sclerotinia strains and species (Perchepied et al. 2010;Derbyshire et al. 2017). One major postulate in this study is that genetic diversity can help pinpointing putative defence and virulence related genes. In first chapter of this manuscript, I describe the genetic diversity of a S. sclerotiorum French population and highlight diversity and linkage among genomes (chapter I -part I) (Figure5). In a second part, I investigated the genetic diversity in Sclerotiniaceae family and report the identification of common protein signatures among secreted proteins of S. sclerotiorum, B. cinerea and Sclerotinia borealis, three fungal plant pathogens with contrasted lifestyles (chapter I -part II). Next, I present the finding that codon optimization is under natural selection in S. sclerotiorum and associates with generalist parasitism in fungi (chapter I -part III). The work conducted in this first chapter should help identifying new putative S. sclerotiorum virulence factors and provide insights on the mechanisms of S. sclerotiorum infection.

Previous studies from our group revealed that A. thaliana natural accessions displayed variation in resistance to S. sclerotiorum, ranging from highly resistant to fully susceptible accessions, suggesting variation in the genetic determinants of resistance (Perchepied et al. 2010). The second part of this thesis work aimed at identifying the molecular basis of plant resistance to this pathogen (chapter II). In this chapter, I report the identification of novel QDR genes by genome wide analysis of A. thaliana accessions resistance to S. sclerotiorum. Results highlighted three loci, underlying candidate QDR genes. First part describes the work conducted at the beginning of my thesis on CRK8, a cysteine-rich receptor-like kinase that associates with QDR to S. sclerotiorum (chapter II -part I). Second part reports the identification of POQR, a prolyl-oligopeptidase, resulting from a recent duplication event in A. thaliana and Solanum lycopersicum that confers resistance to S. sclerotiorum (chapter II -part II). Last part of this second chapter presents the identification of ARPC4, an actin-related protein complex involved in QDR to S. sclerotiorum in A. thaliana accessions, illustrating the role of actin filaments in response to fungal infection (chapter II -part III). To finish, I will discuss the implications of the discoveries reported in this work on the impact of fungal life style on generalist parasitism and its evolution, the trade-offs that may underlie plant immunity and the place of QDR in sustainable crop breeding strategies.

Figure5. Investigating the genetics of A. thaliana -S. sclerotiorum interaction

The scheme of this work is build around the parallel investigation of S. sclerotiorum and A. thaliana genome diversity (INTRO part1 and part2) with the aim of integrating both parts to get better understanding of their interaction (INTRO part3). Results provided on S. sclerotiorum in link with other generalist fungal pathogens, together with the identification of A. thaliana resistance genes to S. sclerotiorum helped building an overview of the molecular basis governing this interaction.

Material & Methods

Plant species, lines and accessions

Arabidopsis accessions and mutants from NASC DSI = Disease Score index 7 days after S. sclerotiorum infection Lon = longitude of origin Lat = latitude of origin For each accession, we give the allele variant at the top SNP position associated with disease resistance to S. sclerotiorum (_allele) for the three different genes presented in this work (ARPC4, POQR and CRK8) 

DNA extraction for PCR purposes

Leaves were collected at the center of the rosette of each plant and placed into a microtube containing glass beads for grinding. Leafs were grinded twice for 30 seconds at maximum frequency in a Retsch MM40 mixer. Then, 500µL of extraction buffer (Tris HCl pH8 200mM, NaCl 250mM, EDTA 25mM, SDS 0.5%) were added to the samples and the microtubes agitated by inversion. A first centrifugation was carried out for 10 minutes at 4000rpm, 250µL of supernatant were recovered and added to 250µL of cold isopropanol, and then mixed by pipetting up and down. The mix was leaved for 5-10 minutes at ambient temperature then centrifuged for 30 minutes at 4000rpm. The supernatant was removed and the pellet left at ambient T° for evaporation one hour under extractor hood. Pellet was re-suspended in 50µL of demineralized water. Extracted DNA was stored at 4°C overnight or -20°C for long term.

RNA extraction and reverse transcription

As for DNA extraction, collected samples (control and treated) were grinded twice for 30 seconds at maximum frequency in a Retsch MM40 mixer. Total RNA extraction was performed with Macherey-Nagel Nucleospin RNA extraction kit following the manufacturer's instructions. One µg of total RNA was used for cDNA synthesis in a 20-µL reaction according to Transcriptor Reverse Transcriptase Roche protocol, using 0.5 µL of SuperScript II reverse transcriptase (Invitrogen), 1 µg of oligo(dT), and 10 nmol of dNTP. cDNAs (diluted 1:10) were used as templates in RT-PCR and quantitative RT-PCR analysis. For RNA extraction of S. sclerotiorum infected A. thaliana leaves, samples were frozen on glass plates in liquid nitrogen and tissue at the border of infection zone (front zone = FRT, zone from ~1mm into necrotic area to ~1mm into healthy plant tissues) were isolated by cutting the leaves with sterile razor blade and non-inoculated leaves were sampled for controls.

Reverse Transcriptase Quantitative PCR

Quantitative RT-PCR (Q-RT-PCT) was performed using 2µL of 1:10 diluted cDNAs as template. Amplifications were carried with gene-specific primers (Primers table) on LightCycler 480 apparatus (Roche Diagnostics). Quantitative PCR reaction was performed using the SYBR GREEN I protocol (5 pmol of each primer and 5 µL of RT reaction product in a 7µL final reaction volume). The PCR conditions were 9 min at 95°C, followed by 45 cycles of 5 sec at 95°C, 10 sec at 65°C, and 20 sec at 72°C. Relative expression was calculated based on expression of At2g28390 housekeeping gene (Czechowski et al. 2005). Expression values are given as Ct ratios to gene expression of At2g28390.

Mutants validation

To isolate homozygous mutant lines, extracted DNA was genotyped by PCR with 36 cycles (2 min at 95°C, cycles of: 30 sec at 95°C, 30 sec at primers Tm, 45 sec at 72°C then 5 min at 72°C, using MasterCycler gradient Eppendorf or C100 Thermo cycler BioRad). F2 homozygous plants for the T-DNA insertion were selected by PCR in same conditions. The position of the T-DNA insertion was confirmed by sequencing PCR fragments obtained from genomic DNA, using T-DNA left border primers (T-DNA-LB and GABIo8489) together with gene-specific primers (Primers table). Relative transcript expression was controlled in each homozygous mutant line by qRT-PCR with gene-specific primers and compared to wild-type Col-0 expression level.

Inoculation procedures Paper disk inoculation:

For genome wide association mapping, inoculations and disease scoring were performed as in (Perchepied et al. 2010) on 6 to 16 plants per accessions in a randomized complete block design. Four-week-old plants leaves were inoculated with S. sclerotiorum strain S55 by placing fungus-colonized paper disks from a PDA culture at the tip of the leaves on their adaxial side. The trays containing the inoculated plants were saturated with humidity for the first 48hpi. Three independent experiments were performed for each mutant. At the indicated times, each inoculated plant was scored according to Perchepied et al. disease severity index.

Plug inoculation:

For Inoculations were performed on 4 weeks-old plant leaves. S. sclerotiorum strains were grown on PDA medium at 23°C four days prior infection assays. An agar plug (5mm in diameter) containing actively growing S. sclerotiorum mycelium was placed on the adaxial surface of leaves and plants were further maintained at high humidity in growth chamber at 80% humidity with a 9-hour light period at 120 μmol/m 2 /s light intensity (Percival AR-41L3). Fungal growth was assessed by measuring disease lesion size between 12 and 24h after inoculation (ImageJ software).

PCRs

For genotyping purposes, PCRs were performed with 5X Green GoTaq enzyme buffer and GoTaq DNA polymerase according to manufacturer's protocol in 15 µL final volume (M8291 -Promega). For sequencing purposes, PCRs were performed with Phusion High-Fidelity DNA Polymerase and 5X Phusion HF buffer according to manufacturer's instructions (M0530S -NEB). Reactions were carried on one or 2 µL of extracted DNA for 36 cycles (2 min at 95°C, cycles of: 30 sec at 95°C, 30 sec at primers Tm, (1 min per kb to amplify) at 72°C then 5 min at 72°C, using MasterCycler gradient Eppendorf or C100 Thermo cycler BioRad). 

Sequence analysis tools

Plant DNA PCR products were SANGER sequenced by GATC Biotech Company (LIGHTRUN technology). Sequence data was analysed with CLC genomics workbench tool provided by Qiagen. Multiple alignments were performed with MUSCLE algorithm [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF]. Homology was investigated using BLAST searches with indicated cut-off e-values.

Plant genomic resources

All this work benefited from publicly available genomic resources. The A. thaliana 1001 Genomes Project, The Arabidopsis Information Resource (TAIR), the Web Application for Genome-Wide Association Mapping in Arabidopsis (Seren et al. 2012) -GWAPP, the comparative platform for green plant genomics (Goodstein et al. 2012) -Phytozome, the Sol genomics network (Fernandez-Pozo et al. 2015) and InterPro. 

Fungal species and strains

Growth conditions

S. sclerotiorum sclerotia collected from infected rapeseed field near Blois in 2010 were provided by Bruno Grezes-Besset (Biogemma, Mondoville, France). Sclerotia were surface sterilized in bleach solution (1:10) and rinsed with sterile water before plating on potato dextrose agar (PDA, Fluka P2182) medium at 24°C (P2182 -Sigma). Growing mycelia from sclerotia has been re-inoculated on PDA plates at least three times successively. All isolates were kept on plate at 4°C and were re-inoculated on PDA plates at 23°C for 3 to 5 days prior use. For plant inoculation with paper disks, the fungus was grown on plates containing standardized paper disks saturated with potatodextrose broth (PDB, Fluka P6685) medium placed at equal distance from the inoculums. For plant treatment with agar plugs, the fungus was grown on minimal media plate (composition following) for 4 days prior inoculation. For DNA extraction and further sequencing, S. sclerotiorum mycelium was grown on potato dextrose broth (P6685 -Sigma) for 4 days at 24°C under shaking at 180 rpm.

Minimal media composition:

(pH adjusted to 6.5): Genome wide association mapping For CRK8 study, we performed genome-wide association mapping using the SNP database from Atwell et al. [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF], which documents over 214,000 SNPs (an average of 1 SNP/500 bp) in 100 different A. thaliana accessions from the wild. 205 540 genotyped SNPs were considered as polymorphic in at least one of 100 A. thaliana accessions considered for the analysis. Association was calculated for the 163 965 SNPs counting a minimum allele frequency > 0.1 in order to limit false positives (Seren et al. 2012). The analysis was conducted using the Accelerated Mixed Model (AMM) approach implemented in GWAPP (Seren et al. 2012). To account for multiple simultaneous tests we calculated genome-wide FDR (q-values) using qvalue R package.

Iron solution FeSO4, 7•H2O (18mM), Na2EDTA, 2•H2O (135mM)
Association mapping was performed using disease score index for each accession (listed in Arabidopsis accessions and mutants from NASC table) as phenotypic value.

Results highlighted four loci with log score value > 5 and MAF > 0.1, two at chromosome 1 and two at chromosome 4.

Phenotyping

Lesion size of necrotic tissues

To access a fully quantitative measure of disease severity, we monitored disease lesion size at the leaf scale. For that 4-weeks old plant leaves (three per plant) were plug inoculated with S. sclerotiorum mycelium and pictures (Canon camera) were rapidly taken before necrosis reach leaf borders (between 12 and 24 hours post inoculation). S. sclerotiorum disease severity was then assessed by measuring the surface of the brown water-soaked necrosis zone in each leaf using ImageJ software. Results are represented either as area in pixel or in millimetres.

Fungal growth in planta

Complementary to visible lesion surface, we monitored surface of fungal colonized tissues using a GFP tagged S. sclerotiorum strain (Table2). Inoculation procedures were carried as described for 1980 reference strain, with minimal media plugs containing growing mycelia. No in vitro growth defects were reported for the GFP tagged strain as compared to 1980. Pictures of infected leaves were taken with Axio Zoom.v16 (ZEISS) under bright field channel (high=0. [START_REF] Hofberger | A novel approach for multi-domain and multi-gene family identification provides insights into evolutionary dynamics of disease resistance genes in core eudicot plants[END_REF]gamma=0.45,bitcountrange=14,pixeltype Bgr48) and EGFP channel (high=0.25,bitcountrange=14,pixeltype Bgr48,dyemaxexcitation=48). Lesion area of visible symptoms and GFPtagged fungal surface were both measured with ImageJ software.

Fungal quantification in planta

Estimate of fungal DNA quantity within plant tissues was also tested. Whole A. thaliana infected leaves were sampled and DNA was extracted with Qiagen DNeasy Plant Mini Kit following manufacturer's instructions. For controls, S. sclerotiorum DNA was extracted from PDB growing cultures. Total DNA was diluted for four series at 1:10 (1, 1:10, 1:100, 1:1000, 1:10000) and quantification was carried by PCR using 2µL of diluted DNA sample as template. Amplifications were carried with S. sclerotiorum -specific primers (Sclerotinia sclerotiorum internal transcribed spacer 1; 5.8S ribosomal RNA gene and internal transcribed spacer 2; large subunit ribosomal RNA gene) on LightCycler 480 apparatus (Roche Diagnostics). Quantitative PCR reaction was performed using the SYBR GREEN I protocol (5 pmol of each primer and 5 µL of RT reaction product in a 7µL final reaction volume). The PCR conditions were 9 min at 95°C, followed by 45 cycles of 5 sec at 95°C, 10 sec at 65°C, and 20 sec at 72°C.

Callose deposition

For callose accumulation assays, three-week-old plants were wounded by cutting leaves with a sterile razor. After 3 to 6 hours, the leaves were detached and cleared twice with 50% ethanol. Cleared leaves were rinsed twice in 0.07 M phosphate buffer (pH 9.0) and rehydrated for 30 min in 0.07 M phosphate buffer (pH 9.0) at room temperature. The buffer was after replaced by 0.05% aniline blue solution (wt/vol in 0.07 M phosphate buffer) and leaves were left to incubate over-night in the dark. Callose deposits were then imaged under epifluorescence microscopy with a UV filter. Images were analyzed under the ImageJ software.

Actin filaments imaging

Plant tissues were observed with a Leica TCS SP8 MP confocal microscope using HCX PL APO 640/1.25-0.95 water objective. Visualization of actin filaments was performed on plants stably expressing GFP fused to fABD2 (fimbrin actin-binding domain 2) (Staiger et al. 2009). Col-0 and arpc4-t2 two-week old seedlings were used for this experiment. Seeds were grown on selective medium Murashige et Skoog (MS) supplemented with the antibiotic Kanamycin at 50nM final concentration to ensure that the seedlings do express the structure GFP:fABD2. For pathogen treatment, seedlings were inoculated with exudates and low-sized mycelium fragments from the fungal isolate S. sclerotiorum 1980. Output images are maximum projection of 15 stacked snapshots, taken in an acquisition frame of 5μm with a Z-step size of 0.35 nm. We targeted cells parts, with a zoom factor X9. GFP-derived fluorescence was monitored by excitation with an argon beam (ʎ=488 nm, intensity 19.84%) and the fluorescent signal was collected between 500nm and 525 nm. We quantified actin filaments array phenotype with the ImageJ-based plugin "FibrilTool" to calculate the anisotropy of actin filaments (Boudaoud et al. 2014).

CHAPTER 1: Evolution of multi host parasitism in fungi -Sclerotiniaceae family, a case study

Adaptation to multi host parasitism in fungi

In the Sclerotiniaceae family, S. sclerotiorum and its close related B. cinerea are able to infect more than 400 plant species (Farr, D.F., & Rossman n.d.). Both fungi have been causing important damages to agriculture since 19 th century [START_REF] Smith | Botrytis and Sclerotinia: Their Relation to Certain Plant Diseases and to Each Other on JSTOR[END_REF][START_REF] Fiume | Biological control of Botrytis gray mould and Sclerotinia drop in lettuce[END_REF]. Nevertheless, how these fungi evolved and maintained multihost parasitism is poorly understood. Interestingly, fungal parasites host range is very variable. During evolution some fungi gained the ability to successfully infect hundreds of host species while others specialized on a single host [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF]Barrett et al. 2009). In extreme cases, specialization occurred at the host subspecies level, as reported for isolates of the rice blast Magnaporthe oryzae that only infect Japonica or Indica rice varieties, while other isolates of the pathogen have ability to infect both rice cultivars [START_REF] Park | Rice blast fungus (Magnaporthe oryzae) infects Arabidopsis via a mechanism distinct from that required for the infection of rice[END_REF][START_REF] Liao | Pathogen effectors and plant immunity determine specialization of the blast fungus to rice subspecies[END_REF]. Getting insights on what shapes fungal host range is therefore crucial for better understanding disease dynamics and develop sustainable agro-ecology methods. Nevertheless, the genetic determinants of host range in fungal parasites are poorly documented. Getting insights on what are the evolutionary determinants of fungal multi-host parasitism is one of the important questions underlying this work. Several studies investigated the relation between host range variations and specialization in parasites (Futuyma & Moreno 1988;[START_REF] Sasal | Host-specialization and species diversity in fish parasites: phylogenetic conservatism?[END_REF]. Adaptation to narrow host ranges has been suggested to limit the costs associated with exploitation of broader host range (Futuyma & Moreno 1988). However, if host specialization can raise a benefit when host species are abundant, it may also increase the risk of extinction when important changes occur in host species population. Specialized parasites are therefore predicted to experience high extinction rates due to low adaptive potential to novel hosts (Futuyma & Moreno 1988). Recent work addressed the question whether specialization could represent an evolutionary dead-end (Day et al. 2016). For that, they investigated phylogenetic distributions of specialists and generalists across ten plant and animal clades, showing that specialist parasitic flies from Tachinidae clade have lower diversification rate than related generalists, while no difference is observed among specialists and generalists flatworms in Dactylogyrus clade. The mechanisms underlying these changes in the evolution of host range are not fully understood. However, the study highlight that in most cases specialisation had no effect on diversification rate, suggesting that evolution of specialization can follow distinct trajectories.

Phenotypic plasticity and generalist parasitism

The ability of generalists to express different phenotypes depending on environmental context, also referred to as plasticity, is predicted to contribute to host range dynamics [START_REF] Gervasi | The context of host competence: a role for plasticity in host-parasite dynamics[END_REF]. A study on butterflies highlights that plasticity of polyphagous species favours diversification and species richness [START_REF] Hardy | Specialization and generalization in the diversification of phytophagous insects: tests of the musical chairs and oscillation hypotheses[END_REF][START_REF] Nylin | Host plant utilization, host range oscillations and diversification in nymphalid butterflies: a phylogenetic investigation[END_REF]. Similar results were reported on fish parasites of Mediterranean see [START_REF] Sasal | Host-specialization and species diversity in fish parasites: phylogenetic conservatism?[END_REF]. Importantly, environmental heterogeneity is predicted to favour plasticity and thus diversification [START_REF] Kassen | The experimental evolution of specialists, generalists, and the maintenance of diversity[END_REF][START_REF] Gervasi | The context of host competence: a role for plasticity in host-parasite dynamics[END_REF]. Furthermore, in an experimental evolution of a bacteriophage parasite, Hesse and Buckling reported that environmental heterogeneity lowers host-parasite specialization [START_REF] Hesse | Host population bottlenecks drive parasite extinction during antagonistic coevolution[END_REF]). Alternatively, evolution experiments conducted on the insect fungal parasite Paranosema whitei and its natural host Tribolium castaneum resulted in highly virulent evolved parasites, suggesting parasitic adaptation to its host species [START_REF] Rafaluk | Rapid evolution of virulence leading to host extinction under host-parasite coevolution[END_REF]. Highly heterogeneous environments could therefore favor the emergence of generalism by increasing phenotypic plasticity while homogenous environments might favor host adaptation and specialization.

Variations of host range in the gene-for-gene model

Theory largely investigated evolutionary paths leading to host specialization [START_REF] Poulin | Parasite specialization from a phylogenetic perspective: a new index of host specificity[END_REF][START_REF] Huyse | Speciation in parasites: a population genetics approach[END_REF]. At the molecular level, specialization can rely on very few genetic determinants [START_REF] Schulze-Lefert | A molecular evolutionary concept connecting nonhost resistance, pathogen host range, and pathogen speciation[END_REF]McMullan et al. 2015). Host-parasite interactions can be restricted to one gene in the so-called gene-for-gene model (Jones & Dangl 2006;[START_REF] Schulze-Lefert | A molecular evolutionary concept connecting nonhost resistance, pathogen host range, and pathogen speciation[END_REF]). As a supporting example, Magnaporthe oryzae rice isolates gained the ability of infecting rice after loss of the single effector protein AVR-CO39 recognized by the NB-LRR resistance protein Pi-CO39 [START_REF] Couch | Origins of host-specific populations of the blast pathogen Magnaporthe oryzae in crop domestication with subsequent expansion of pandemic clones on rice and weeds of rice[END_REF]. Hence, parasitic success of a specialist can rely on a single gene the product of which is able to dampen host immunity. Alternatively, host jumps on non-adapted species can also lead to an increase of host range (Schulze-Lefert & Panstruga 2011; [START_REF] Araujo | Understanding Host-Switching by Ecological Fitting[END_REF][START_REF] Feis | Biological invasions and host-parasite coevolution: different coevolutionary trajectories along separate parasite invasion fronts[END_REF]. Thus, parasites host range can be modified through dispersal or changes in its ecological niche. Human activity all over the globe has been favoring host jumps and disease emergence, sometimes leading to important epidemics [START_REF] Stukenbrock | The Origins of Plant Pathogens in Agro-Ecosystems[END_REF][START_REF] Giraud | Linking the emergence of fungal plant diseases with ecological speciation[END_REF]. It is therefore important to understand what are the molecular determinants of parasitic host range to be able to infer disease dynamics. What are the constrains leading to the presence of both generalist and specialist parasites side by side remains under debate (Barrett et al. 2009;Best et al. 2010;[START_REF] Remold | Understanding specialism when the jack of all trades can be the master of all[END_REF]. More importantly, little is known regarding to the molecular determinants of generalist parasitism and how they evolve.

Genomics association with host range in fungi

Over the past decade, numerous genome wide studies has been investigating genetic diversity among fungal lineages [START_REF] Möller | Evolution and genome architecture in fungal plant pathogens[END_REF]. Overall, genome architecture of fungal parasites is very diverse. However, the fate of specialist fungal pathogens often relies on the gene-for-gene model. Compatible interaction is determined by the ability of the pathogen to avoid host recognition. In filamentous pathogens of the Phytophthora genus, genome compartmentalization into gene-sparse and TE rich, fast evolving regions is suggested to favour adaptation to host defences (Raffaele et al. 2010). In several fungal pathogens, these compartments enclose entire chromosomes, defined as accessory or dispensable chromosomes [START_REF] Croll | The Accessory Genome as a Cradle for Adaptive Evolution in Pathogens[END_REF]. By opposition to core chromosomes, accessory chromosomes are thought to bear higher mutation rates, recombination and transposon activity, supporting rapid adaptation. Transposable elements and outcrossing are proposed to be major actors of genetic diversity in fungal parasites. Recent work on the fungal specialist Zymoseptoria tritici highlighted the role of a segmental duplication event in loss of an effector gene and the escape from host recognition (Hartmann & Croll 2017). In their review, Möller and Stukenbrock focus on genomic architecture of specialist fungi with narrow host ranges. Yet, many generalist fungal parasites are considered as important threats for human food, health and ecosystem (Fisher et al. 2012;[START_REF] Gurr | Emerging Fungal Threats to Plants and Animals Challenge Agriculture and Ecosystem Resilience[END_REF]. There is therefore a need for a review gathering scientific knowledge on the genetic determinants of virulence in generalist fungal parasites and their diversity. Here is an attempt to summarize the major findings regarding to genome organisation and evolution of virulence genetic determinants in relation with host range among fungal parasites. Although there is no consensus on the genetic architecture of generalist fungal parasites, we report that i) genome clustering into fast evolving regions together with ii) specific gene family expansions with secondary metabolism functions are often associated with generalist parasitism in fungi. We also highlight that iii) genome adaptation for improved costeffectiveness of protein synthesis is an important genomic feature in generalist fungal parasites. Finally, iv) we report the recent discovery of small RNAs as important generalist fungal effectors and v) discuss the importance of host parasite populations dynamics in the evolution of host range.

Adaptation to multi-host parasitism in fungal genomes

In nature, microbes account for a large percentage of Earth biodiversity, able to thrive in every niche of the biosphere. Parasitic lifestyle emerged multiple times independently in fungal Kingdom (Barrett et al. 2009). Yet, phylogenetic studies report that major fungal clades share both parasitic and non-parasitic species. Understanding evolutionary trajectories towards parasitism remains challenging [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF][START_REF] James | Reconstructing the early evolution of Fungi using a six-gene phylogeny[END_REF]. Close relation between parasites and their hosts has been shown to lead to co-evolutionary constrains, shaping parasite genomes organization [START_REF] Möller | Evolution and genome architecture in fungal plant pathogens[END_REF]). In the fungal plant parasite Cladosporium fulvum for instance, the gene-for-gene mechanism depicts a molecular arms-race in which the parasite produces virulence factors dampening host fitness (Avr4, Avr9), while host plant develop resistance genes able to recognize and resist to parasite's virulence factors . This major genetic determinacy of host parasite interactions is often associated to specificity in the interaction as the parasite can only infect one or few host species. However, naturally occurring host-parasite interactions are not made of one single fungal parasite together with one single host [START_REF] Susi | Co-infection alters population dynamics of infectious disease[END_REF][START_REF] Vaumourin | The importance of multiparasitism: examining the consequences of co-infections for human and animal health[END_REF]. Scenarios that are more realistic would invoke more and less efficient fungal parasites fighting for resources within host communities. In such context, competition and host community complexity are expected to constrain evolution and ecology of disease [START_REF] May | Coinfection and the evolution of parasite virulence[END_REF][START_REF] Susi | Co-infection alters population dynamics of infectious disease[END_REF].

Generalist fungal parasites are able to infect multiple host species and emerged in major fungal lineages together with specialists (Hu et al. 2014). The Sclerotiniaceae family represents a compelling example of co-existence of generalist and specialist pathogens together with nonpathogenic saprotrophic species (Navaud et al. 2017). Theoretical models predicts that fitness costs and genetic trade-offs should limit parasite host range extension (Best et al. 2010;[START_REF] Ashby | Effects of epistasis on infectivity range during host-parasite coevolution[END_REF][START_REF] Bruns | The jack of all trades is master of none: a pathogen's ability to infect a greater number of host genotypes comes at a cost of delayed reproduction[END_REF]. Nevertheless, evolutionary constrains driving fungal multi-parasitism emergence remains poorly understood. In fact, little is known about the molecular determinants of fungal host range and more specifically, what drives fungal multi host parasitism. In recent years, comparative genomic studies have tried to uncover the molecular mechanisms leading to parasite specialization [START_REF] Menardo | Hybridization of powdery mildew strains gives raise to pathogens on novel agricultural crop species[END_REF][START_REF] Baroncelli | Gene family expansions and contractions are associated with host range in plant pathogens of the genus Colletotrichum[END_REF][START_REF] Qiu | Extensive horizontal gene transfers between plant pathogenic fungi[END_REF]. Genomic studies have also been widely explored to document host jumps moving specialism to generalism [START_REF] Alexander | Horizontally acquired genes in early-diverging pathogenic fungi enable the use of host nucleosides and nucleotides[END_REF][START_REF] Mctaggart | Host jumps shaped the diversity of extant rust fungi (Pucciniales)[END_REF]. In this short review, we report recent research outbreaks on fungal evolution towards generalist parasitism and discuss at the light of those results evolutionary trends that might move towards generalist parasitism in fungi.

Adapting to moving targets -polyspecialists versus generalist hypotheses

In parasitology, host range is defined as the number of species a parasite is able to infect [START_REF] Lymbery | Host specificity, host range and host preference[END_REF]). We call a specialist a parasite infecting only one host species. Conversely, a generalist or multi-host parasite infects up to hundreds different species. Generalism can refer to two different lifestyle strategies. We define as true generalist fungal species for which all individuals are able to infect multiple host species. Other fungal parasite species referred to as "polyspecialists" consist on multiple individuals that each specialized on different hosts [START_REF] Agosta | How Specialists Can Be Generalists: Resolving the "Parasite Paradox" and Implications for Emerging Infectious Disease[END_REF]. For instance, observations at the species level describe Albugo candida as a generalist fungal parasite able to perform infection on multiple Brassica species, while at the individual level A. candida consists on multiple races that each specialize in one Brassica species [START_REF] Petkowski | Molecular phylogenetic relationships between Albugo candida collections on the Brassicaceae in Australia[END_REF]. As described by McMullan et al., infection of host plants by A. candida adapted races enables co-occurring non-adapted races to further develop infection (McMullan et al. 2015). Such opportunistic infection process is suggested to favor inter-race genetic exchanges and evolution of new races expanding A. candida host range. However, high genomic similarity among races probably tends to restrict host range to one or close related host families. In dense host communities with low diversity, polyspecialism might underlie high adaptive potential, and represent potential epidemic treats (Barrett et al. 2009). However, fungal parasites also encompass species performing true broad range parasitism, one individual similarly infecting diverse host species.

1.4 How do multi-host pathogens emerge? Among phylogeny, specialist parasites arose from either non-parasitic or generalist ancestral species. Multi-host fungal pathogens also emerged from non-parasitic ancestral parasites in multiple fungal lineages [START_REF] Delaye | Comparative analysis of the predicted secretomes of Rosaceae scab pathogens Venturia inaequalis and V. pirina reveals expanded effector families and putative determinants of host range[END_REF][START_REF] James | Reconstructing the early evolution of Fungi using a six-gene phylogeny[END_REF].

Little is known about the evolutionary constrains shifting fungal lifestyle towards generalism. In natural populations, theory predicts intraspecific competition to promote genetic diversity and favor niche expansion but also speciation [START_REF] López-Villavicencio | Competition, cooperation among kin, and virulence in multiple infections[END_REF][START_REF] Bono | Competition and the origins of novelty: experimental evolution of niche-width expansion in a virus[END_REF][START_REF] Bashey | Within-host competitive interactions as a mechanism for the maintenance of parasite diversity[END_REF]. Generalists are able to growth on diverse substrates represented by their multiple host species, and have adapted metabolism capacities to feed on various hosts. Multiple studies reported important gene family expansions in enzymes related to carbon metabolism in generalist fungal parasites (Zhao et al. 2013;Kubicek et al. 2014). Conversely, specialist fungal parasites rely on small secreted effectors proteins able to dampen host immunity to develop disease [START_REF] Selin | Elucidating the Role of Effectors in Plant-Fungal Interactions: Progress and Challenges[END_REF]. Specialist fungal parasites have to constantly renew their set of effector proteins that get to be recognized by their host, also known as arms-race [START_REF] Anderson | Plants versus pathogens: an evolutionary arms race[END_REF]. Sexual reproduction and genome rearrangements are essential to increase species genetic diversity [START_REF] Chen | Sexual reproduction plays a major role in the genetic structure of populations of the fungus Mycosphaerella graminicola[END_REF][START_REF] Croll | The impact of recombination hotspots on genome evolution of a fungal plant pathogen[END_REF][START_REF] Möller | Evolution and genome architecture in fungal plant pathogens[END_REF]. Recent data on Blumeria species suggested that hybridization of two formae. speciale resulted in expanded host range as none of the parents' f. sp. were able to infect triticale. Various generalist parasites are known to develop through asexual growth [START_REF] Taylor | The evolution of a sexual fungi : Reproduction, Speciation and Classification[END_REF][START_REF] Menat | Lack of evidence for sexual reproduction in field populations of Colletotrichum lentis[END_REF]. High genetic diversity has been recently reported in Verticillium dahliae [START_REF] Faino | Transposons passively and actively contribute to evolution of the twospeed genome of a fungal pathogen[END_REF]. Despite its presumed asexuality, Faino et al. reported extensive chromosomal rearrangements among V. dahliae isolates. They show that gene and segmental duplications occurred near transposable elements (TE) in lineage-specific regions. Those lineage-specific TE rich regions in V. dahliae also appeared to be enriched in genes that are expressed in planta [START_REF] Faino | Transposons passively and actively contribute to evolution of the twospeed genome of a fungal pathogen[END_REF]. Genome clustering into fast evolving regions is known to drive parasite adaptation (Raffaele & Kamoun 2012;[START_REF] Faino | Transposons passively and actively contribute to evolution of the twospeed genome of a fungal pathogen[END_REF]. Accumulation of virulence related genes next to transposable elements (TE) in gene sparse genomic regions allows rapid parasite adaptation to changing environments [START_REF] Seidl | Sex or no sex: Evolutionary adaptation occurs regardless[END_REF], 2017). Interestingly, fungi evolved a defense mechanism impeding TE expansion over the genome called Repeat Induce Point mutation (RIP) (John Clutterbuck 2011). RIP has been reported to affect genes neighboring TE, a phenomenon known as RIP leakage, and drive effector diversification [START_REF] Rouxel | Effector diversification within compartments of the Leptosphaeria maculans genome affected by Repeat-Induced Point mutations[END_REF]. Hence, virulence genes clustering together with TE is predicted to allow high genetic variability in asexual reproducing fungal parasites [START_REF] Braumann | Repeat induced point mutation in two asexual fungi, Aspergillus niger and Penicillium chrysogenum[END_REF]).

Gene family expansion and contractions

Genome sequencing of divergent generalist fungal species has revealed important gene families' duplications, notably cell wall degrading enzymes (Zhao et al. 2013;[START_REF] Baroncelli | Gene family expansions and contractions are associated with host range in plant pathogens of the genus Colletotrichum[END_REF]. The generalist fungal parasite Rhizoctonia solani has the particularity of being divided in anastomosis groups (AGs) showing variability in virulence and host specialization [START_REF] Ogoshi | Ecology and Pathogenicity of Anastomosis and Intraspecific Groups of Rhizoctonia Solani Kuhn[END_REF]. Recent work on R. solani AG2-2IIIB isolate highly virulent on sugar beet revealed important number of isolate specific genes, with a significant increase in genes coding for carbohydrate enzymes (CAZymes) and secreted proteins (Zhao et al. 2013;Wibberg et al. 2016). The Colletotrichum genus is divided in 9 clades, which diverge in terms of plant host species. The graminicola clade for instance being specialized on monocot plants while the destructivum clade only infects dicots. Gan et al. recently investigated genomic features of the Colletotrichum incanum species, member of the spaethianum clade that has the particularity of infecting both monocots and dicots. They show that gene functions such as peptidase, ribonuclease and oxidoreductase activity are enriched in C. incanum as compared to Colletotrichum conserved orthologs. Conversely, they highlight important gene family losses in the graminicola clade. Accordingly, Baroncelli and coworkers also recently associated lineage specific CAZymes and proteases gene families' duplications/losses with host range in the Colletotrichum genus [START_REF] Baroncelli | Gene family expansions and contractions are associated with host range in plant pathogens of the genus Colletotrichum[END_REF]. Gene duplications between genomes of divergent species have been puzzling phylogenetic studies for a long time [START_REF] Zhaxybayeva | Genome mosaicism and organismal lineages[END_REF][START_REF] Boto | Horizontal gene transfer in evolution: facts and challenges[END_REF]. Today, this phenomenon is known as Horizontal Gene Transfer (HGT) and is accepted as an important driver of genetic versatility in bacteria, archaea and viruses [START_REF] Zhaxybayeva | Phylogenetic analyses of cyanobacterial genomes: Quantification of horizontal gene transfer events[END_REF][START_REF] Keeling | Horizontal gene transfer in eukaryotic evolution[END_REF][START_REF] Treangen | Horizontal Transfer, Not Duplication, Drives the Expansion of Protein Families in Prokaryotes[END_REF]. It is only more recently that HGT has been reported in several eukaryotic species including fungal parasites [START_REF] Qiu | Extensive horizontal gene transfers between plant pathogenic fungi[END_REF]. The genome wide analysis in the order of the Magnaporthales and the genus Colletotrichum revealed more than 90 HGT events between the two. In this study, various horizontally transferred genes were physically linked, suggesting that these HGT events probably occurred on genomic segments. Interestingly, HGT between those species involved many cell wall degrading enzymes, known to be important for host colonization of those specialist parasitic fungi.

Tradeoffs mitigation of expression-or metabolic costs (Figure6)

In nature, fungal parasites do not only have to adapt to their host but also to external environmental cues [START_REF] Sicard | The effect of Photorhabdus luminescens (Enterobacteriaceae) on the survival, development, reproduction and behaviour of Caenorhabditis elegans (Nematoda: Rhabditidae)[END_REF][START_REF] Giraud | Linking the emergence of fungal plant diseases with ecological speciation[END_REF]. Adaptation for host colonization can therefore be detrimental to other life traits and be negatively selected [START_REF] Sicard | The effect of Photorhabdus luminescens (Enterobacteriaceae) on the survival, development, reproduction and behaviour of Caenorhabditis elegans (Nematoda: Rhabditidae)[END_REF][START_REF] Laine | Epidemiological and evolutionary consequences of lifehistory trade-offs in pathogens[END_REF][START_REF] Susi | Pathogen life-history trade-offs revealed in allopatry[END_REF]. In bacterial parasites, fitness costs associated with virulence are well documented (Perrier et al. 2016;Peyraud et al. 2016), but little evidence exists for generalist fungal parasite [START_REF] Huang | Fitness Cost Associated with Loss of the AvrLm4 Avirulence Function in Leptosphaeria maculans (Phoma Stem Canker of Oilseed Rape)[END_REF]. However, in specialist fungal parasite Puccinia striiformis f.sp.tritici, production of effector proteins has been associated with fitness costs on competition experiments [START_REF] Bahri | Tracking costs of virulence in natural populations of the wheat pathogen, Puccinia striiformis f.sp.tritici[END_REF]. Also, studies on obligate fungal parasites report that genes losses in metabolic pathways are associated with host adaptation [START_REF] Baxter | Signatures of adaptation to obligate biotrophy in the Hyaloperonospora arabidopsidis genome[END_REF]Duplessis et al. 2011), further suggesting antagonistic interaction between cost of virulence and metabolism. In the generalist fungal parasite Botrytis cinerea resistance to dicarboximide antibiotic was associated with reduced slerotia survival [START_REF] Raposo | Fitness of Botrytis cinerea Associated with Dicarboximide Resistance[END_REF]. Similarly, in the human parasite Candida albicans, metabolic cost of resistance to Amphotericin B was in conflict with fungal virulence, limiting its emergence in clinical strains [START_REF] Vincent | Fitness Trade-offs Restrict the Evolution of Resistance to Amphotericin B[END_REF]). Costs associated with antagonist impact on fitness may therefore potentially restrict emergence of highly virulent variants and generalist parasitism. Gene expression and protein production are both mechanisms associated with important metabolic costs for the cell [START_REF] Akashi | Metabolic efficiency and amino acid composition in the proteomes of Escherichia coli and Bacillus subtilis[END_REF][START_REF] Wagner | Energy Constraints on the Evolution of Gene Expression[END_REF]Smith & Chapman 2010). In Saccharomyces cerevisiae for instance, cost of gene expression underlies a tradeoff between growth rate and mating [START_REF] Lang | The cost of gene expression underlies a fitness trade-off in yeast[END_REF]. Similarly, upon infection fungal parasites activate expression of virulence genes raising putative virulence-growth tradeoffs [START_REF] Bahri | Tracking costs of virulence in natural populations of the wheat pathogen, Puccinia striiformis f.sp.tritici[END_REF]. Genetic encoding redundancy allows different codons to encode for the same amino acid. Codon-usage bias in transcribed regions has been shown to modulate protein synthesis efficiency [START_REF] Gingold | Determinants of translation efficiency and accuracy[END_REF].

In fungal parasites, recent work showed that highly expressed genes were under selection for elevated intronic translational efficiency [START_REF] Zafrir | Selection for reduced translation costs at the intronic 5' end in fungi[END_REF]. The authors revealed that highly expressed transcripts were under selection for maintaining phased intronic STOP codons. They also highlight that intronic regions upstream phased intronic STOP codons were under selective pressure to enhance translational efficiency. Their results thus suggest that protein synthesis tradeoffs can be attenuated through optimization of protein machinery efficiency. Similarly, by modeling fungal growth with the varying parameters of protein length and translational efficiency, a recent study predicted that to support equal growth rates fungi with longer proteins should perform higher translational efficiency than fungi with smaller proteins. Genome scale codon bias analysis on 45 fungal species revealed that generalist parasites are highly codon optimized (Badet et al. 2017). In the Ascomycetes phyla, they highlight that the generalist fungal parasite S. sclerotiorum show patterns of non neutral selection for codon optimization. Conversely, selection patterns did not departs from neutral evolution in the fungal specialist Zymoseptoria tritici. Furthermore, genes encoding for secreted proteins are high codon optimized in generalists. Accordingly, CAZymes and other secreted enzymes were highly codon optimized in generalist fungal parasites compared to specialists. Altogether, these recent reports suggest that mitigation of costs associated with secretion of fungal virulence factors is achieved by genome wide codon optimization in generalist fungal parasites.

Figure6. Evolutionary forces shaping genome adaptation to generalist or specialist parasistism

At the population level, for generalist parasites to persist, they are in average more fit than cooccurring specialists ("Jack of all trades is the master of none" [START_REF] Bruns | The jack of all trades is master of none: a pathogen's ability to infect a greater number of host genotypes comes at a cost of delayed reproduction[END_REF]. On the evolutionary perspective, specialists adapat their effector repertoire to their host species, in order to escape recognition and promote disease. Generalists bear longer secreted proteins associated with higher metabolic costs. Biased polymorphism towards codon optimization lowers the metabolic costs associated with virulence and supports muti-parasitsm.

Molecular determinants of multi host parasitism in the Sclerotiniaceae family

Extensive work has been documenting the genetic determinants of virulence in bacterial parasites and their mode of action [START_REF] Burrack | Genomic approaches to understanding bacterial virulence[END_REF][START_REF] Anderson | Five Mechanisms of Manipulation by Bacterial Effectors: A Ubiquitous Theme[END_REF]. Many bacterial parasite species secrete proteins called effectors, which interact with host proteins to dampen immunity [START_REF] Webb | Bench-to-bedside review: Bacterial virulence and subversion of host defences[END_REF][START_REF] Galán | Common Themes in the Design and Function of Bacterial Effectors[END_REF][START_REF] Deslandes | Catch me if you can: bacterial effectors and plant targets[END_REF]. To deliver effector proteins, bacterial parasites evolved complex secretion systems [START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF]. The type 3 secretion system (T3SS) for instance, allows injection of effector proteins directly into the cytoplasm of host cells [START_REF] Buttner | Protein Export According to Schedule: Architecture, Assembly, and Regulation of Type III Secretion Systems from Plant-and Animal-Pathogenic Bacteria[END_REF]. Proteins delivered by T3SS share conserved N-terminal secretion signal residues that enable sequence-based identification of putative effector proteins (Arnold et al. 2009;[START_REF] Samudrala | Accurate Prediction of Secreted Substrates and Identification of a Conserved Putative Secretion Signal for Type III Secretion Systems[END_REF]. Effector proteins are also important determinants of virulence in fungal and oomycete parasites, targeting various host cell functions (Rovenich et al. 2014) (Figure7). Many fungal effectors has been reported to function inside host cell (cytoplasmic effectors), but the mechanism allowing their delivery into host cells remains poorly understood [START_REF] Schornack | Ancient class of translocated oomycete effectors targets the host nucleus[END_REF][START_REF] Anderson | Recent Progress in RXLR Effector Research[END_REF]. In oomycetes parasites, CRN and RXLR effector families are main drivers of virulence and share conserved residues that allow their identification through genome wide scans [START_REF] Schornack | Ancient class of translocated oomycete effectors targets the host nucleus[END_REF][START_REF] Anderson | Recent Progress in RXLR Effector Research[END_REF]. CRN and RXLR effectors are active in the cytoplasm of host cells by either suppressing host resistance (RXLR) or inducing host cell death (CRN). Nevertheless, various effectors are active in the apoplastic space (apoplastic effectors). Plant defenses involve the secretion of various enzymes and metabolites with antimicrobial activity. In fungi, many secreted effector proteins have an inhibitory or detoxifying function in the apoplast. Importantly, effector proteins are often involved in a gene-for-gene interaction (Jones & Dangl 2006). Effectors that are recognized by a resistance protein are referred to as avirulence genes, as they lead to host effector triggered immunity and pathogen avirulence (Senthil-Kumar & Mysore 2013; [START_REF] Stam | The role of effectors in nonhost resistance to filamentous plant pathogens[END_REF]. Effectors are therefore at the front line of arms race dynamic between host and pathogen. In adapted biotrophic pathogens, effector genes and avirulence genes tend to be under strong natural selection. In addition, in necrotrophic or hemibiotrophic fungal pathogens, recognized effectors that induce host effector triggered immunity can promote virulence (Wang et al. 2014). In a breeding perspective, it is therefore important to identify effectors and understanding the mechanisms by which they interfere with host defense.

Effectors in filamentous plant pathogens

Effector proteins are also involved in virulence of specialist fungal plant pathogens [START_REF] Rovenich | Filamentous pathogen effector functions: of pathogens, hosts and microbiomes[END_REF][START_REF] Franceschetti | Effectors of Filamentous Plant Pathogens: Commonalities amid Diversity[END_REF]. In Magnaporthe oryzae, the effector protein AvrPiz-t targets for degradation the two rice E3 ligases APIP6 and APIP10 to suppress PTI. Rice lines that carry the NB-LRR gene Piz-t are able to trigger defense responses and prevent infection [START_REF] Park | The E3 Ligase APIP10 Connects the Effector AvrPiz-t to the NLR Receptor Piz-t in Rice[END_REF]. Several fungal effector proteins have been reported to mediate avirulence in host species [START_REF] Alfano | Roadmap for future research on plant pathogen effectors[END_REF][START_REF] De | Fungal effector proteins: past, present and future[END_REF][START_REF] Lo Presti | Fungal Effectors and Plant Susceptibility[END_REF]. Generalist fungal pathogens also produce effector proteins to achieve infection. Production of phytotoxic proteins of the Necrosis and Ethylene Inducing Protein family (NEP) has been reported to mediate virulence in B. cinerea [START_REF] Schouten | Phytotoxic Nep1-like proteins from the necrotrophic fungus Botrytis cinerea associate with membranes and the nucleus of plant cells[END_REF]). In S. sclerotiorum SSITL, an integrin protein, suppress A. thaliana resistance probably by interfering with jasmonate and ethylene signaling pathways (Zhu et al. 2013) (Table2). Several necrotrophic fungal plant pathogens produce host-specific effector toxins that promote cell-death in a gene-for-gene model [START_REF] Friesen | Host-specific toxins: effectors of necrotrophic pathogenicity[END_REF]. In Stagonospora nodorum for instance, the toxin SnTox1 has been shown to only promote disease on wheat genotypes that carry Snn1 susceptibility gene (Liu et al. 2012). Two S. sclerotiorum NEPs have been characterized for their ability to induce cell-death in tobacco leaves (Table2). Secondary metabolites also act as necrotrophic toxins and play important role in virulence on multiple hosts [START_REF] Montemurro | Alternaria metabolites--chemical and biological data[END_REF][START_REF] Rotem | The genus Alternaria : biology, epidemiology, and pathogenicity[END_REF]. Virulence factors in generalist fungi such as S. sclerotiorum and B. cinerea involves secretion numerous cell-wall degrading enyzmes (CWDE) that is orchestrated by oxalic acid production and pH (Amselem et al. 2011). Most of the studies that identified molecular determinants of S. sclerotiorum virulence also highlighted severe developmental defects for the corresponding mutant isolates, suggesting pleiotropy (Table2). Remarkably, the S. sclerotiorum virulence genes identified to date have very broad functions and structures, departing from the typical small cysteine-rich secreted protein type (Table2). Identifying S. sclerotiorum effector molecules is therefore an important step towards the comprehension of virulence mechanisms in this generalist fungal pathogen. ). (C) In the absence of the effector, the pathogen may proliferate less ( ). (D) R gene-mediated effector-triggered immunity (ETI) results in incompatible interactions with obligate biotrophic or some hemibiotrophic fungal pathogens. Upon formation of an appressorium (A) to breach the cell wall (CW) and penetrate an epidermal cell, specific fungal effectors are secreted and delivered into the host cytoplasm, where recognition by corresponding nucleotidebinding site (NBS) leucine-rich repeat (LRR) receptors (NLRs) occurs. This recognition event triggers a rapid hypersensitive response that boosts host defence and usually results in host (■) and pathogen cell death ( ). (E) Compatible interactions lead to the formation of haustoria (H) or a biotrophic interfacial complex through plasma membrane (PM) invaginations. In this case, the host cells stay alive (□). The effector stimulates pathogen proliferation ( ). (F) In the absence of the effector that compromises basal plant defence responses, pathogen growth ( ) is slower. (G) Effector-triggered susceptibility (ETS) results in compatible interactions with necrotrophic fungal pathogens that secrete host-selective toxins (HSTs). Before entry through the leaf epidermis by means of penetration structures (P), HSTs are released to target specific host proteins that are sensitive to the toxin (some are R gene products) and trigger host cell death (■). Arrows indicate the final cellular destination of effectors of HSTs. Effectors are not injected into but taken up by the host cell. This leads to fungal proliferation ( ). Membrane invaginations do not occur. Entry into the leaf is also possible through stomata without development of penetration structures. (H) In incompatible interactions and absence of host cell death (□), the fungal pathogen attempts to penetrate but cannot invade leaves. The pathogen can grow and survive on the plant surface for several days before it dies when nutrients are exhausted ( ). (I) Presence or absence of HST or its target has no impact on superficial growth. Colour codes for molecules and domains, which are not drawn to scale: effector or HST ; LRR domains ; NBS ; coiled-coil or Toll/interleukin-1 receptor domains ; transmembrane domain . NLRs are colour-coded the same for ETI and ETS because the same receptor may confer resistance against a biotrophic pathogen and susceptibility to a necrotrophic pathogen.

Table2. Sclerotinia sclerotiorum proteins with a role in virulence

Effectors as tools for deciphering plant resistance mechanisms

The genome of the devastating oomycete pathogen Phytophthora infestans encodes for more than 300 putative RXLR effector proteins [START_REF] Jiang | RXLR effector reservoir in two Phytophthora species is dominated by a single rapidly evolving superfamily with more than 700 members[END_REF]. Screening for plant resistance in response to RXLR proteins has enabled the identification of strong resistance genes in potato [START_REF] Vleeshouwers | Effector genomics accelerates discovery and functional profiling of potato disease resistance and phytophthora infestans avirulence genes[END_REF]. Only few studies on generalist fungal plant pathogens identified effector proteins mediating suppression of host resistance or cell death (Zhu et al. 2013;[START_REF] Lyu | A Small Secreted Virulence-Related Protein Is Essential for the Necrotrophic Interactions of Sclerotinia sclerotiorum with Its Host Plants[END_REF][START_REF] Shao | Involvement of BcElp4 in vegetative development, various environmental stress response and virulence of Botrytis cinerea[END_REF]). In the following review, we focus on important molecular features associated with pathogenicity in S. sclerotiorum and B. cinerea and the underlying plant QDR mechanisms that have been recently described. In B. cinerea, production of small RNAs able to highjack host RNA interference machinery suppress expression of WRKY transcription factors and receptor-like kinases (Weiberg et al. 2013;[START_REF] Wang | Botrytis small RNA Bc -siR37 suppresses plant defense genes by cross-kingdom RNAi[END_REF]. Recent advances in inter-Kingdom RNA interference opened the way to technology-based silencing of pathogen virulence factors [START_REF] Younis | RNA Interference (RNAi) Induced Gene Silencing: A Promising Approach of Hi-Tech Plant Breeding[END_REF]. Accordingly, a recent work revealed that host-induced gene silencing of a chitin synthase by tobacco plants highly improved resistance to S. sclerotiorum [START_REF] Andrade | Hostinduced gene silencing in the necrotrophic fungal pathogen Sclerotinia sclerotiorum[END_REF]. Recent work also reported induction of ethylene production, oxidative burst and defense related genes in host plants upon recognition of generalist parasite effector proteins (Zhang et al. 2013;[START_REF] González | The Botrytis cinerea elicitor protein BcIEB1 interacts with the tobacco PR5-family protein osmotin and protects the fungus against its antifungal activity[END_REF][START_REF] Zhu | BcXYG1, a Secreted Xyloglucanase from Botrytis cinerea , Triggers Both Cell Death and Plant Immune Responses[END_REF]. For breeding strategies, the use of effectorbased screen for plant resistance has proved useful [START_REF] Gawehns | The potential of effector-target genes in breeding for plant innate immunity[END_REF][START_REF] Domazakis | Effectoromics-Based Identification of Cell Surface Receptors in Potato[END_REF][START_REF] Giesbers | Effector-mediated discovery of a novel resistance gene against Bremia lactucae in a nonhost lettuce species[END_REF]. Identification of generalist effector proteins provides therefore an interesting tool to unravel host disease resistance mechanisms and for the development of innovative crop management strategies. (Dean et al., 2012). Such interactions only represents a fraction of plant-fungal pathogen interactions encountered in nature and a number of broad host range fungal pathogens also are major threats for food security (Barrett et al., 2009;Dean et al., 2012). Understanding how broad host range pathogens successfully infect multiple plant lineages is a major challenge in plant pathology [START_REF] Dong | The two-speed genomes of filamentous pathogens: waltz with plants[END_REF]. Among Leotiomycete, the gray mold fungus Botrytis cinerea and the white mold fungus Sclerotinia sclerotiorum stand out for having a remarkably broad host range, encompassing over 200 species. Each of these pathogens causes yearly several 100 millions of US dollars crop losses worldwide (Bolton et al., 2006;Dean et al., 2012). They are considered as typical necrotrophs, secreting an arsenal of cell wall-degrading enzymes, and toxins to kill host cells and derive energy. Host plants typically exhibit quantitative disease resistance (QDR) to B. cinerea and S. sclerotiorum, leading to a reduction rather than absence of disease (Roux et al., 2014). How these broad host range fungal pathogens cause disease and what are the genetic bases of plant QDR is still poorly understood.

Molecular interactions between plants and broad host range fungal pathogens

In recent years, remarkable progress has been achieved in the characterization of fungal virulence factors and the dissection of plant response mechanisms. In this minireview, we chose to report on nine advances specifically related to pathosystems involving B. cinerea or S. sclerotiorum, concerning either the molecular bases of fungal virulence or plant QDR (summarized in Figure 1). The nine points presented hereafter are not meant to represent a complete overview of our current knowledge, and a number of significant discoveries could not be covered in this article. We selected nine trends based on convergent findings from multiple studies and as a source of inspiration for future studies on plant interactions with broad host range fungal pathogens.

PUTTING THE ROLE OF FUNGAL OXALATE SECRETION TO THE ACID TEST

Oxalic acid (OA) is considered as a major virulence factor in species of the Sclerotiniaceae [START_REF] Hegedus | Sclerotinia sclerotiorum: when "to be or not to be" a pathogen?[END_REF][START_REF] Andrew | Evidence for a common toolbox based on necrotrophy in a fungal lineage spanning necrotrophs, biotrophs, endophytes, host generalists and specialists[END_REF]. This central role of OA is further supported by the association of plant OA oxidase-related enzymes with disease resistance [START_REF] Foster | A previously unknown oxalyl-CoA synthetase is important for oxalate catabolism in Arabidopsis[END_REF][START_REF] Rietz | Members of the germin-like protein family in Brassica napus are candidates for the initiation of an oxidative burst that impedes pathogenesis of Sclerotinia sclerotiorum[END_REF]. The roles of OA secretion in S. sclerotiorum virulence are still a matter of debate and likely include the suppression of plant defenses [START_REF] Cessna | Oxalic acid, a pathogenicity factor for Sclerotinia sclerotiorum, suppresses the oxidative burst of the host plant[END_REF]Williams et al., 2011), the induction of plant programmed cell death (PCD; [START_REF] Kim | Oxalic acid is an elicitor of plant programmed cell death during Sclerotinia sclerotiorum disease development[END_REF], the deregulation of guard cells function [START_REF] Guimaraes | Oxalate production by Sclerotinia sclerotiorum deregulates guard cells during infection[END_REF], and calcium detoxification [START_REF] Heller | Oxalic acid has an additional, detoxifying function in Sclerotinia sclerotiorum pathogenesis[END_REF]. Evidences for several of these conclusions were obtained using a UV-induced OA-deficient mutant of S. sclerotiorum [START_REF] Godoy | Use of mutants to demonstrate the role of oxalic acid in pathogenicity of Sclerotinia sclerotiorum on Phaseolus vulgaris[END_REF]. Recently, Liang et al. (2015) generated disruptive mutants in the gene encoding oxaloacetate acetylhydrolase 1 (OAH1), an enzyme mediating OA biosynthesis [START_REF] Joosten | Identification of fungal oxaloacetate hydrolyase within the isocitrate lyase/PEP mutase enzyme superfamily using a sequence marker-based method[END_REF]. This oah1 mutant was completely abolished in OA synthesis and impaired in pathogenicity. Several phenotypic di erences were noted compared to the UV-induced OA-deficient mutants, prompting for a re-evaluation of OA function during host colonization (Liang et al., 2015). To this end, [START_REF] Xu | pH dependency of sclerotial development and pathogenicity revealed by using genetically defined oxalate-minus mutants of Sclerotinia sclerotiorum[END_REF] generated oah1 deletion mutants in another S. sclerotiorum strain and confirmed that their virulence varied with the pH of the host tissues. The virulence phenotype of oah1 mutants was restored by genetic complementation and partially restored by the exogenous acidification of host tissue (Liang et al., 2015;[START_REF] Xu | pH dependency of sclerotial development and pathogenicity revealed by using genetically defined oxalate-minus mutants of Sclerotinia sclerotiorum[END_REF], suggesting that low pH, rather than a specific acidic molecule, is required for S. sclerotiorum full virulence. Why acidification is mediated by OA and not another organic acid during S. sclerotiorum infection remains unclear. B. cinerea was proposed to rely primarily on the production of citrate and succinate during the colonization of sunflower. The production of di erent organic acids suggests that S. sclerotiorum and B. cinerea di er significantly in TCA cycle regulation [START_REF] Billon-Grand | pH modulation di ers during sunflower cotyledon colonization by the two closely related necrotrophic fungi Botrytis cinerea and Sclerotinia sclerotiorum[END_REF]. These findings call for investigations on metabolic organization in S. sclerotiorum and B. cinerea.

THE PLENTY AND HAZY FUNGAL SMALL SECRETED PROTEINS

Secondary metabolite toxins and cell wall-degrading enzymes are known to contribute to virulence of necrotrophic fungi (Choquer et al., 2007;[START_REF] Kabbage | Pathogenic attributes of Sclerotinia sclerotiorum: switching from a biotrophic to necrotrophic lifestyle[END_REF], but knowledge on the repertoires and mode of action of S. sclerotiorum and B. cinerea proteins secreted during host colonization remains limited. Mutant screens for pathogenicity defects in S. sclerotiorum have identified the secreted putative Ca 2+ -binding protein SsCAF1 and the secreted Cu/Zn superoxide dismutase SsSOD1 [START_REF] Xiao | Novel secretory protein Ss-Caf1 of the plant-pathogenic fungus Sclerotinia sclerotiorum is required for host penetration and normal sclerotial development[END_REF]Xiao et al., 2014). The analysis of genes downregulated in a hypovirulent S. sclerotiorum strain identified the secreted integrin-like gene SsITL as required for full virulence (Zhu et al., 2013). Genomic and transcriptomic approaches have revealed S. sclerotiorum cutinase SsCUT1 [START_REF] Zhang | A novel protein elicitor (SsCut) from Sclerotinia sclerotiorum induces multiple defense responses in plants[END_REF] and the secreted cyanovirin-N homolog SsCVNH [START_REF] Lyu | Comparative genomic and transcriptional analyses of the carbohydrate-active enzymes and secretomes of phytopathogenic fungi reveal their significant roles during infection and development[END_REF] to be associated with plant infection. Proteomic analyses of B. cinerea secretome and cell wall proteome led to the identification the cerato-platanin BcSPL1 required for full virulence [START_REF] Espino | The Botrytis cinerea early secretome[END_REF]Frías et al., 2011[START_REF] Frías | The phytotoxic activity of the cerato-platanin BcSpl1 resides in a two-peptide motif on the protein surface[END_REF]. SsCAF1, SsCUT1, and BcSPL1 elicited cell death in plants whereas SsITL was proposed to suppress plant resistance pathways, illustrating the diverse activities of fungal small secreted proteins. Given that mutations in SsCAF1, SsITL, and SsCVNH caused morphological defects in vitro, it is unclear whether these genes are directly linked to host interaction. Since the release of genome sequences for S. sclerotiorum and B. cinerea (Amselem et al., 2011), bioinformatics analyses aimed at systematically identifying candidate proteins associated with virulence. [START_REF] Aguileta | Genes under positive selection in a model plant pathogenic fungus, Botrytis[END_REF] (Guyon et al., 2014;Heard et al., 2015). Specific patterns of amino acid usage and conformation may also serve as a filter to classify virulence factor candidates (Badet et al., 2015). Such bioinformatics approaches remain nevertheless challenging in fungi (Sperschneider et al., 2015). Functional analyses, improved genome annotation and extensive gene expression analyses should prove useful in understanding the role of small secreted proteins in B. cinerea and S. sclerotiorum virulence.

HOST AND PATHOGEN CELL DEATH CONTROL

Pathogen recognition often triggers a hypersensitive response (HR), the rapid release of antimicrobial compounds and local PCD. The HR e ciently suppresses the growth of most biotrophic pathogens while facilitating plant colonization by B. cinerea and S. sclerotiorum (Govrin and Levine, 2000). The secretion of OA and cell death-eliciting proteins by B. cinerea and S. sclerotiorum were proposed to promote virulence by inducing host PCD [START_REF] Kim | Oxalic acid is an elicitor of plant programmed cell death during Sclerotinia sclerotiorum disease development[END_REF]Frías et al., 2011). The molecular mechanisms by which B. cinerea and S. sclerotiorum manipulate host PCD remain, however, elusive. The protease inhibitor AtSerpin1 limits cell death induction by OA and plant colonization by B. cinerea and S. sclerotiorum by modulating the activity of the cysteine protease RD21 (Lampl et al., 2013). In addition, Arabidopsis mutants impaired in autophagy, a form of PCD involving the degradation of cytoplasmic components, were more susceptible to B. cinerea [START_REF] Lai | A critical role of autophagy in plant resistance to necrotrophic fungal pathogens[END_REF]. Furthermore, S. sclerotiorum OA-deficient mutants trigger restricted autophagic cell death, suggesting that OA may suppress autophagy in host cells [START_REF] Mbengue | Cell death control: the interplay of apoptosis and autophagy in the pathogenicity of Sclerotinia sclerotiorum[END_REF]. In Arabidopsis acd5 mutant, ceramides were associated with autophagy and enhanced susceptibility to B. cinerea, but these two activities may be independent [START_REF] Bi | Loss of ceramide kinase in Arabidopsis impairs defenses and promotes ceramide accumulation and mitochondrial H2O2 bursts[END_REF][START_REF] Magnin-Robert | Modifications of sphingolipid content a ect tolerance to hemibiotrophic and necrotrophic pathogens by modulating plant defense responses in Arabidopsis[END_REF].

These findings indicate that certain mechanisms of host cell death may be favorable to necrotrophic fungi whereas others would be detrimental [START_REF] Dickman | Death be not proud -cell death control in plant fungal interactions[END_REF]. The control of PCD in fungal cells also plays a crucial role in pathogenicity. Massive fungal PCD was observed at the early stages of B. cinerea infection, and the anti-apoptotic protein BcBIR1 was found to positively contribute to B. cinerea virulence. These findings suggest that fungal PCD could be triggered by plant defense molecules, and that fungal anti-apoptotic machinery is required to prevent it [START_REF] Shlezinger | Anti-apoptotic machinery protects the necrotrophic fungus Botrytis cinerea from host-induced apoptotic-like cell death during plant infection[END_REF]. This places the control of host and fungal cell death programs at the center of the arms race taking place during plant interactions with necrotrophic fungi.

TWO-WAYS GENE SILENCING BY SMALL RNAs

In eukaryotic cells, small RNAs (sRNAs) regulate a large number of biological processes, from development to immunity and pathogen virulence. These sRNAs trigger multiple RNA interference (RNAi) pathways ultimately leading to gene silencing. Using Arabidopsis and tomato plants infected by B. cinerea, Weiberg et al. (2013) showed that fungal sRNAs silence specific host immunity genes. Mutants of plant and fungal RNAi components showed reduced silencing of host immunity genes and reduced disease symptoms, respectively, (Weiberg et al., 2013). Together these results support the action of sRNAs across the species and kingdom barrier (cross-kingdom RNAi) in plant-fungi interactions, mediated by a yet unclear transfer mechanism [START_REF] Sarkies | Small RNAs break out: the molecular cell biology of mobile small RNAs[END_REF]Weiberg et al., 2014[START_REF] Weiberg | Conversations between kingdoms: small RNAs[END_REF]. Several of these B. cinerea sRNA e ectors originate from loci within Boty transposable elements (TEs), a family of mobile genetic elements associated with virulence in B. cinerea natural populations [START_REF] Martinez | The role of saprotrophy and virulence in the population dynamics of Botrytis cinerea in vineyards[END_REF][START_REF] Weiberg | Conversations between kingdoms: small RNAs[END_REF]. This suggests that TEs may contribute to the rapid evolution of sRNA e ectors, similar to what has been observed for filamentous pathogen protein e ectors [START_REF] Ra Aele | Genome evolution following host jumps in the Irish potato famine pathogen lineage[END_REF][START_REF] Ra Aele | Genome evolution in filamentous plant pathogens: why bigger can be better[END_REF]. The genome of S. sclerotiorum experienced recent expansion of TEs (Amselem et al., 2011) and sRNAproducing loci have been experimentally identified in this fungus [START_REF] Zhou | Identification of microRNA-like RNAs in a plant pathogenic fungus Sclerotinia sclerotiorum by high-throughput sequencing[END_REF]. Nevertheless, whether S. sclerotiorum uses sRNAs as e ectors and the extent to which they contribute to pathogenicity await analysis. Cross-kingdom RNAi has also been exploited to generate transgenic plants producing sRNAs that trigger fungal genes silencing [START_REF] Nowara | HIGS: host-induced gene silencing in the obligate biotrophic fungal pathogen Blumeria graminis[END_REF][START_REF] Nunes | Host-induced gene silencing: a tool for understanding fungal host interaction and for developing novel disease control strategies[END_REF][START_REF] Koch | Hostinduced gene silencing of cytochrome P450 lanosterol C14alpha-demethylaseencoding genes confers strong resistance to Fusarium species[END_REF]. This strategy of host-induced gene silencing (HIGS) has been tested in model plants and crops to silence genes of various fungal and oomycete species, providing a promising approach to control diseases and study gene function in non-transformable pathogen species [START_REF] Koch | New wind in the sails: improving the agronomic value of crop plants through RNAi-mediated gene silencing[END_REF][START_REF] Yin | Characterization of a tryptophan 2-monooxygenase gene from Puccinia graminis f. sp. tritici involved in auxin biosynthesis and rust pathogenicity[END_REF]. Whether HIGS occurs in natural plant-fungus interactions and whether it would provide an e cient way to control B. cinerea and S. sclerotiorum has not been reported yet.

DEFENSE PRIMING BY MECHANICAL SIGNALS

Defense priming consists in establishing a physiological state in which plants are able to mount defense responses more rapidly or more e ciently [START_REF] Conrath | Priming: getting ready for battle[END_REF]. Priming follows the perception of chemical and molecular signals linked to the presence of microbes interacting with plant cells, and also the perception of physical cues [START_REF] Conrath | Molecular aspects of defence priming[END_REF]. Plant cells can also perceive strains (mechanical deformation) caused by mechanical loads [START_REF] Moulia | Mechanosensitive control of plant growth: bearing the load, sensing, transducing, and responding[END_REF]. During their interaction with plants, and prior to plant tissue penetration or degradation, fungal pathogens develop important mechanical loads susceptible to emit mechanical signals (MS) and prime plant defense. Mechanical loads are due to the tremendous turgor pressure (up to 8 MPa) created by water in the vacuole of appressoria and fungal cell wall mechanical properties. This mechanical stress is generally su cient to penetrate plant cells [START_REF] Tariq | Appressorium formation by Sclerotinia sclerotiorum: scanning electron microscopy[END_REF][START_REF] Bastmeyer | Force exertion in fungal infection[END_REF][START_REF] Sanati Nezhad | The cellular mechanics of an invasive lifestyle[END_REF]. Mechanosensing occurs at the plant cell level and relies on the internal mechanical state of the cell [START_REF] Coutand | Mechanosensing and thigmomorphogenesis, a physiological and biomechanical point of view[END_REF][START_REF] Hamant | Widespread mechanosensing controls the structure behind the architecture in plants[END_REF][START_REF] Monshausen | A force of nature: molecular mechanisms of mechanoperception in plants[END_REF]. Mechanosensing is involved in many plant core functions including seed development, morphogenesis, gravitropism, proprioception, and interaction with symbiotic microbes [START_REF] Boudaoud | An introduction to the mechanics of morphogenesis for plant biologists[END_REF][START_REF] Hamant | The mechanics behind plant development[END_REF][START_REF] Bastien | Unifying model of shoot gravitropism reveals proprioception as a central feature of posture control in plants[END_REF][START_REF] Jayaraman | Staying in touch: mechanical signals in plant-microbe interactions[END_REF][START_REF] Cre | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF][START_REF] Landrein | Mechanical stress contributes to the expression of the STM homeobox gene in Arabidopsis shoot meristems[END_REF]. Recent studies demonstrated the link between mechanosensing and plant immune response to B. cinerea in Arabidopsis thaliana: plants submitted to MS exhibited higher resistance to fungal infection suggesting a priming e ect operated by sterile mechanosensing [START_REF] Chehab | Arabidopsis touch-induced morphogenesis is jasmonate mediated and protects against pests[END_REF][START_REF] Benikhlef | Perception of soft mechanical stress in Arabidopsis leaves activates disease resistance[END_REF]. Relations between mechanosensing and immune response pathways are mediated by calcium [START_REF] Chehab | Mechanical force responses of plant cells and plants[END_REF][START_REF] Beneloujaephajri | Production of reactive oxygen species and wound-induced resistance fpls-07-00422 March[END_REF], reactive oxygen species (ROS; [START_REF] Chehab | Arabidopsis touch-induced morphogenesis is jasmonate mediated and protects against pests[END_REF][START_REF] Benikhlef | Perception of soft mechanical stress in Arabidopsis leaves activates disease resistance[END_REF] and are jasmonic acid (JA)-independent [START_REF] Benikhlef | Perception of soft mechanical stress in Arabidopsis leaves activates disease resistance[END_REF]. Future work should aim at addressing whether mechanosensing for fungal contact or penetration per se, in addition to PAMP perception, leads to enhanced plant immunity. Quantifying the MS intensity perceived by the plant will be required to this end. Quantitative biomechanical plant cell models [START_REF] Barbacci | Another brick in the cell wall: biosynthesis dependent growth model[END_REF][START_REF] Ali | Physical models of plant development[END_REF] are required first milestones toward a better understanding of the molecular mechanisms underlying plant resistance priming by MS. (Boller and Felix, 2009). It relies on plasma membrane resident pattern recognition receptors (PRRs) able to perceive pathogen signatures in the apoplastic space and to activate a downstream signaling through their kinase domain [START_REF] Monaghan | Plant pattern recognition receptor complexes at the plasma membrane[END_REF]. In plants, early detection of fungal pathogens occurs mainly through PRRs-mediated perception of chitin [START_REF] Sanchez-Vallet | The battle for chitin recognition in plant-microbe interactions[END_REF]. Peptide-mediated fungal perception is also becoming increasingly documented. S. sclerotiorum produces a protein elicitor (SCFE1) that triggers oxidative burst, ethylene production, mitogen-activated protein kinase activation and gene induction (Zhang et al., 2013). Natural variation among Arabidopsis accessions and mutants identified RLP30 as required for all SCFE1 responses. RLP30 encodes for a PRR devoid of a kinase domain, suggesting the involvement of co-regulators for intracellular signaling. In a similar approach [START_REF] Albert | An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity[END_REF] screened for Arabidopsis mutants and natural accessions unresponsive to nlp20, a 20 amino acid conserved peptide derived from a class of necrosis inducing proteins found in bacteria, oomycetes and fungi [START_REF] Albert | An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity[END_REF]. Upon nlp20 binding, the RLP23 receptor forms a ternary complex required for signaling with two other kinase-containing co-receptors, BAK1 and SOBIR1 [START_REF] Albert | An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity[END_REF]. Finally, the Arabidopsis RLP42 gene is required for Arabidopsis responses to exogenous application of B. cinerea polygalacturonase 3 (Zhang L. et al., 2014). Given that RLP30, RLP42, and RLP23 are homologs, it is reasonable to hypothesize that all use BAK1 or SOBIR1 as coreceptors. Because SCFE1-responsive plants included Arabidopsis accessions with various levels of resistance, Zhang et al. (2013) proposed that redundant elicitor perception systems involve other PRRs in addition to RLP30. This is consistent with several perception and response mechanisms acting simultaneously to trigger QDR (Roux et al., 2014). The discoveries of RLP23, RLP42, and soybean RLPs identified through quantitative trait loci mapping strengthen this view (Zhang L. et al., 2014;[START_REF] Albert | An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity[END_REF][START_REF] Zhao | Loci and candidate gene identification for resistance to Sclerotinia sclerotiorum in soybean (Glycine max L. Merr.) via association and linkage maps[END_REF]. Pyramiding several PRRs into plants would likely yield increased and long-lived resistance to devastating pathogens.

PERCEPTION OF FUNGI BY PLANT RECEPTOR LIKE PROTEINS

CONTRASTED IMPACTS OF ABSCISIC ACID ON QDR

Plant hormones classically associated with resistance to necrotrophic pathogens are JA and ethylene (ET), whereas salicylic acid is associated with stimulation of resistance against biotrophic pathogens (Glazebrook, 2005). Abscisic acid (ABA) has roles in plant development and response to abiotic stress, and has also contrasted impact on plant diseases, depending notably on the pathogen infection strategy [START_REF] Robert-Seilaniantz | Hormone crosstalk in plant disease and defense: more than just jasmonate-salicylate antagonism[END_REF]. ABA was shown to promote susceptibility to B. cinerea in tomato through alterations of the plant cuticle and C:N metabolism [START_REF] Audenaert | Abscisic acid determines basal susceptibility of tomato to Botrytis cinerea and suppresses salicylic acid-dependent signaling mechanisms[END_REF][START_REF] Curvers | Abscisic acid deficiency causes changes in cuticle permeability and pectin composition that influence tomato resistance to Botrytis cinerea[END_REF][START_REF] Seifi | Concurrent overactivation of the cytosolic glutamine synthetase and the GABA shunt in the ABA-deficient sitiens mutant of tomato leads to resistance against Botrytis cinerea[END_REF]. In A. thaliana, Liu et al. (2015) revealed that loss of WRKY33 results in elevated ABA levels and high susceptibility to B. cinerea. WRKY33 limits ABA accumulation in B. cinereachallenged plants by binding to the ABA biosynthesis genes NCED3 and NCED5 to suppress their expression. Consistently, the transmembrane receptor-like kinase AtLYK3 was proposed to act as a positive regulator of late responses to ABA and negative regulator of defenses to B. cinerea [START_REF] Paparella | The Arabidopsis LYSIN MOTIF-CONTAINING RECEPTOR-LIKE KINASE3 regulates the cross talk between immunity and abscisic acid responses[END_REF]. By contrast, inoculation of A. thaliana mutants revealed that ABA contributes to resistance to S. sclerotiorum, although it remains unclear whether ABA synthesis or perception is required for resistance [START_REF] Guimaraes | Oxalate production by Sclerotinia sclerotiorum deregulates guard cells during infection[END_REF]Perchepied et al., 2010). OA secreted by S. sclerotiorum was proposed to favor infection by inhibiting ABA-mediated stomatal closure [START_REF] Guimaraes | Oxalate production by Sclerotinia sclerotiorum deregulates guard cells during infection[END_REF]. Zhou et al. (2015) showed that pH modulation by S. sclerotiorum correlates with increased synthesis of photoprotective compounds of the xanthophyll cycle that serve as precursors for ABA synthesis. Depletion in ABA precursors was suggested to account for reduced ABA levels in S. sclerotiorum-infected leaves and plant susceptibility (Zhou et al., 2015). Di erences in the dynamics of OA secretion [START_REF] Billon-Grand | pH modulation di ers during sunflower cotyledon colonization by the two closely related necrotrophic fungi Botrytis cinerea and Sclerotinia sclerotiorum[END_REF]) may contribute to the contrasting impact of ABA on resistance toward S. sclerotiorum and B. cinerea. Furthermore, B. cinerea, but not S. sclerotiorum, synthesizes ABA [START_REF] Siewers | The P450 monooxygenase BcABA1 is essential for abscisic acid biosynthesis in Botrytis cinerea[END_REF]. Further studies will be required to fully understand how plants and fungi interfere with ABA pathways to modulate the outcome of infection.

INTERACTIONS WITH FUNGI SHED LIGHT ON HOST GENERAL TRANSCRIPTION MACHINERY

Host transcriptional reprogramming after pathogen challenge is paramount in the establishment of plant defense. The general transcription machinery relies on the mediator complex, a multiprotein co-activator sca old acting as a bridge between RNA polymerase II (RNAPII) and transcription factors [START_REF] Samanta | Importance of Mediator complex in the regulation and integration of diverse signaling pathways in plants[END_REF]. Plants mutated in some mediator subunits show compromised resistance to both bacterial and fungal pathogens (Zhang et al., 2012). Further, the mediator complex is a target of the HaRL44 downy mildew e ector [START_REF] Caillaud | A downy mildew e ector attenuates salicylic acid-triggered immunity in Arabidopsis by interacting with the host mediator complex[END_REF], highlighting its relevance in plant defense. Mutations in MED25 or MED16 subunits abolished the induction of JAresponsive genes and reduced resistance to B. cinerea [START_REF] Kidd | The mediator complex subunit PFT1 is a key regulator of jasmonate-dependent defense in Arabidopsis[END_REF]Zhang et al., 2012). MED16 physically associates with the plant defense regulator WRKY33 to recruit RNAPII and activate plant genes involved in JA/ET cross-talks (Wang et al., 2015b). By contrast, mutation in the CDK8 mediator subunit caused enhanced resistance to B. cinerea via the regulation of the biosynthesis of cuticular waxes and secondary metabolites [START_REF] Zhu | CYCLIN-DEPENDENT KINASE8 di erentially regulates plant immunity to fungal pathogens through kinase-dependent and -independent functions in Arabidopsis[END_REF]. The Elongator is another RNAP II-interacting complex required for the induction of JA/ET defense pathways and resistance to B. cinerea. The Elongator subunit ELP2 is required for histone acetylation and the induction of WRKY33 and defensin genes, suggesting that Elongator-mediated histone acetylation may be required for full activation of transcriptional responses to B. cinerea (Wang et al., 2015a,b). HUB1 encodes a RING E3 ligase that monoubiquitinates histone H2B, interacts with mediator subunit MED21, and positively controls resistance to B. cinerea in an ET-dependent manner [START_REF] Dhawan | HISTONE MONOUBIQUITINATION1 interacts with a subunit of the mediator complex and regulates defense against necrotrophic fungal pathogens in Arabidopsis[END_REF]. Consistently, silencing of HUB1 orthologs in tomato increased susceptibility to B. cinerea and downregulated JA/ET pathway genes [START_REF] Zhang | Tomato histone H2B monoubiquitination enzymes SlHUB1 and SlHUB2 contribute to disease resistance against Botrytis cinerea through modulating the balance between SA-and JA/ET-mediated signaling pathways[END_REF]. Pathogen responses helped deciphering the function of general transcription complexes in plants but whether B. cinerea and S. sclerotiorum are able to manipulate these complexes or associated epigenetic processes is not known.

PLANT SMALL BIOACTIVE PEPTIDES

Small bioactive peptides are defined as proteins of about 100 amino acids (aa) with roles in plant development, reproduction or interaction with the environment (Tavormina et al., 2015). They can exhibit a direct antifungal activity in the extracellular space, such as the Brassicaceae-specific ARACIN1 and 2. These ⇠80 aa peptides display antifungal activity in vitro [START_REF] Neukermans | ARACINs, Brassicaceae-specific peptides exhibiting antifungal activities against necrotrophic pathogens in Arabidopsis[END_REF]. Ectopic expression of ARACIN1 in Arabidopsis reduced infection by B. cinerea. Antifungal activity against S. sclerotiorum and B. cinerea has also been shown in vitro for the Brassica napus 35 aa proline-rich peptide BnPRP1. The BnPRP1 gene is induced upon S. sclerotiorum inoculation in susceptible but not in resistant plants [START_REF] Cao | Identification of a novel proline-rich antimicrobial peptide from Brassica napus[END_REF]. Small bioactive peptides can also serve as intra-or intercellular signals modulating plant defense signaling pathways. In tomato, systemin-mediated activation of the JA signaling pathways is required for resistance against B. cinerea [START_REF] El Oirdi | Botrytis cinerea manipulates the antagonistic e ects between immune pathways to promote disease development in tomato[END_REF]. Systemin is a Solanaceae-specific 18 aa peptide derived from the prosystemin precursor released into the vascular system at sites of cell damage [START_REF] Pearce | Production of multiple plant hormones from a single polyprotein precursor[END_REF]. Overexpression of prosystemin increased resistance to B. cinerea suggesting that systemin may serve as damage signal during fungal infection [START_REF] Coppola | Prosystemin overexpression in tomato enhances resistance to di erent biotic stresses by activating genes of multiple signaling pathways[END_REF]. [START_REF] Dobon | Novel disease susceptibility factors for fungal necrotrophic pathogens in Arabidopsis[END_REF] identified four transcription factors that confer enhanced resistance to B. cinerea and found 77 genes up-regulated in the four corresponding mutants. Among these were several small signaling peptides (such as devil/rotundifolia peptide DVL3) and 13 small predicted secreted proteins of unknown function of 34-123 aa, named PROVIR1 to 13. Most of these small peptide genes were induced upon fungal infection and their over-expression caused enhanced susceptibility to necrotrophic fungi [START_REF] Dobon | Novel disease susceptibility factors for fungal necrotrophic pathogens in Arabidopsis[END_REF].

(

CONCLUDING STATEMENT

Due their phylogenetic proximity and similarities in lifestyle, B. cinerea and S. sclerotiorum are often used interchangeably as models of broad host range necrotrophic fungi. Recent progress has revealed commonalities in their virulence strategies and in the corresponding plant responses, but also di erences providing valuable insights into the diversity of the molecular bases of broad of host range pathogenicity and plant QDR.

Part I: Sclerotinia sclerotiorum French population shows genetic diversity but strong genetic linkage

In plant microbe interactions, both host and parasite population structures are predicted to affect evolutionary dynamics [START_REF] Papkou | Host-parasite coevolution: why changing population size matters[END_REF]. Indeed, host parasite co-evolution strongly affects genetic diversity among host-parasite populations [START_REF] Schulte | Host-parasite coevolution favours parasite genetic diversity and horizontal gene transfer[END_REF][START_REF] Speed | Coevolution can explain defensive secondary metabolite diversity in plants[END_REF]. In natural populations, arms race dynamic can lead to recurrent fixation of benefic alleles [START_REF] Buckling | Antagonistic coevolution between a bacterium and a bacteriophage[END_REF]. Alternatively, for alleles that are benefic only at low frequency, Red Queen dynamic predicts constant frequency oscillations in the population [START_REF] Decaestecker | Host-parasite "Red Queen" dynamics archived in pond sediment[END_REF]. In both evolutionary models of Red Queen and arms race dynamics, population genetics is expected to be the reflect of multiple life history events and spatial structure affecting population dynamics and epidemiology [START_REF] Barrett | Life history determines genetic structure and evolutionary potential of host-parasite interactions[END_REF][START_REF] Plissonneau | Using Population and Comparative Genomics to Understand the Genetic Basis of Effector-Driven Fungal Pathogen Evolution[END_REF]. Hence, reproduction mode, migration rate, lifestyle or population size are some of the factors expected to shape fungal parasite populations and evolution of virulence genetic determinants [START_REF] Möller | Evolution and genome architecture in fungal plant pathogens[END_REF]. In this sense, through long time scale, accumulation of events interfering with host-parasite population dynamics may impede or favor evolution of parasitism.

Investigation of genetic diversity among parasite populations can inform on ancestral population dynamics but also allow inferring appropriate disease management strategies [START_REF] Giglio | Evaluation of alternative management strategies for maintenance of genetic variation in wildlife populations[END_REF][START_REF] Lowe | Population Genetics and Demography Unite Ecology and Evolution[END_REF]. Sclerotinia sclerotiorum is a worldwide fungal parasite, able to infect hundreds of plant species. In France, S. sclerotiorum is particularly deleterious on oilseed rape production, being responsible for important yield losses every year (Koch et al. 2007;[START_REF] Derbyshire | The control of sclerotinia stem rot on oilseed rape ( Brassica napus ): current practices and future opportunities[END_REF]. One major agronomic concern is because S. sclerotiorum is able to develop resting bodies made of aggregated mycelia able to survive in fields for decades called sclerotia [START_REF] Bourdôt | Risk Analysis of Sclerotinia sclerotiorum for Biological Control of Cirsium arvense in Pasture: Sclerotium Survival[END_REF]. Nevertheless, little studies investigated S. sclerotiorum field population genome-wide structure.

In the team, collaboration with Biogemma Biotechnology Company supplied for multiple sclerotia samples, isolated in 2010 from oilseed rape fields, in Blois (center France). To investigate population structure of this fungal parasite, we isolated and sequenced 32 S. sclerotiorum strains from a French oilseed-rape field population collected near Blois in 2010. Genetic variation among those 32 isolates revealed 67 756 single-nucleotide polymorphism (SNPs) among 69 744 polymorphic positions (including indels), as compared to 1980 reference isolate. Number of polymorphic positions per chromosome range from 3 120 (chr11) to 6 475 (chr1), that according to chromosome size corresponds to a polymorphism every 1 074 and 610 base pair (chr11 and chr1 respectively) and goes up to a polymorphism every 329 base pair (chr8). Genetic differentiation among isolates was tested by principal component analysis (PCA). We computed components covariance using TASSEL software with the 32 S. sclerotiorum Blois 2010 isolates together with three Japanese outlier strains ( Ss_48 isolated on Abelmoschus esculentus in 2007, Ss_49 on Eschscholzia californica petiole in 1996 and Ss_50 on Triticum aestivum in 1991) (Figure8). The first two components PC1 and PC2 explained respectively 17.8% and 11.4% of the covariance among the 35 S. sclerotiorum isolates. The three Japanese isolates (Ss_48, Ss_49 and Ss_50) formed an out-group that differentiates according to PC1, while the 32 Blois isolates group together on PC1 but show some differentiation along PC2 (BloP244, P163, P37, A5, P5, P12 and A4 isolates). This preliminary analysis shows that S. sclerotiorum Japanese isolates are differentiated as compared to the French population we analysed. Whether those genetic differences are due to isolation by distance or host adaptation remains to be investigated. Interestingly, we highlight some genetic differentiation within the S. sclerotiorum French population, suggesting that local adaptation may also play a role in genome evolution of this fungal pathogen.

Linkage Disequilibrium or LD is a measure of genetic loci association within a population. Measuring the LD gives an idea of the non-randomness association of polymorphism at different loci. To further investigate genetic structure in S. sclerotiorum isolates, we computed linkage disequilibrium (LD) among the 16 chromosomes of S. sclerotiorum. Single polymorphic positions show strong linkage in the 32 isolates with an average R2 value of 0.71. Linkage disequilibrium between SNPs within a 20kb window decreases from 1 to 0.5 within 17.7kb (Figure9). To assess whether the 16 S. sclerotiorum chromosomes had similar patterns of LD, we investigated LD pattern chromosome by chromosome (Figure10). Single-chromosome average LD values range from 0.64 to 0.76. Blocks of strong association between SNPs in a 50kb sliding window were found along the 16 chromosomes (Figure10). Chromosome 7 has the lowest average R2 value (0.44) followed by chromosome 2 (0.46), with small blocks of strong linkage. On the other hand, chromosomes 16 and 11 show the strongest R2 values (0.64 and 0.59 respectively) with large blocks of high association found along the entire chromosomes. Altogether, these preliminary results suggest that despite strong linkage between SNPs, few chromosomes might undergo some recombination that may favour differentiation between isolates. Addressing the contribution of high LD regions/chromosomes on differentiation between S. sclerotiorum isolates would provide interesting information on the genetics of intra-population diversity. Previous study investigating S. sclerotiorum population structure in the UK highlighted multiclonal population structure [START_REF] Clarkson | Population structure of Sclerotinia sclerotiorum in crop and wild hosts in the UK[END_REF]. Nevertheless, phenotypic diversity has been reported between populations from China and US [START_REF] Attanayake | Inferring outcrossing in the homothallic fungus Sclerotinia sclerotiorum using linkage disequilibrium decay[END_REF]. Moreover, recombination has been detected within S. sclerotiorum populations and previous work suggested that S. sclerotiorum isolates from different fields and hosts in Western Australia delineated pathotypes with different ranges of aggressiveness according to host genotype and/or species [START_REF] Tian Ge | Delineation of Sclerotinia sclerotiorum pathotypes using differential resistance responses on Brassica napus and B. juncea genotypes enables identification of resistance to prevailing pathotypes[END_REF]. Another study on S. sclerotiorum populations from North Central United States highlighted stronger genetic diversity within populations from the same host, suggesting little divergence among host species [START_REF] Aldrich-Wolfe | Genetic Variation of Sclerotinia sclerotiorum from Multiple Crops in the North Central United States[END_REF]. Altogether, these results show that despite prevalent clonal reproduction, S. sclerotiorum populations show low population structure together with genetic and phenotypic diversity. Here we did not investigate variability in virulence among S. sclerotiorum Blois isolates. Association genetics in fungal pathogens have proved their potential in mapping the genetic determinants of virulence. In fungal parasites, effector proteins are often clustered in highly polymorphic genetic regions next to transposable elements [START_REF] Faino | Transposons passively and actively contribute to evolution of the twospeed genome of a fungal pathogen[END_REF]). Predicted effectors candidate distributes randomly across the 16 S. sclerotiorum chromosomes. Two-speed genome organisation has not been reported in S. sclerotiorum, but we do not exclude the possibility that highly polymorphic regions may exist and drive pathogen adaptation to its environment. In our study, we highlight genetic diversity within a S. sclerotiorum Blois French population. Phenotypic variability among those isolates has not investigated yet, and could provide valuable information for future association studies. Over the past year, several virulence proteins has been identified in the close related generalist fungal pathogen B. cinerea [START_REF] González | The Botrytis cinerea elicitor protein BcIEB1 interacts with the tobacco PR5-family protein osmotin and protects the fungus against its antifungal activity[END_REF][START_REF] Shao | Involvement of BcElp4 in vegetative development, various environmental stress response and virulence of Botrytis cinerea[END_REF][START_REF] Zhu | BcXYG1, a Secreted Xyloglucanase from Botrytis cinerea , Triggers Both Cell Death and Plant Immune Responses[END_REF]. Recent work revealed important genetic and phenotypic variability among B. cinerea isolates (Corwin et al. 2016a, b). Interestingly, genetic variability in B. cinerea is associated with contrasted camalexin production and disease resistance in A. thaliana plants, suggesting that there is diversity in the virulence mechanisms in B. cinerea populations (Corwin et al. 2016a, b). Field populations of both S. sclerotiorum and B. cinerea show high genetic diversity. Genetic diversity among B. cinerea populations is lower than intra-populations diversity and is attributed to ongoing sexual recombination [START_REF] Alfonso | Genetic diversity in Botrytis cinerea populations on vegetable crops in greenhouses in south-eastern Spain[END_REF][START_REF] Asadollahi | Comparison of Botrytis cinerea populations isolated from two open-field cultivated host plants[END_REF][START_REF] Kumari | Analyses of genetic and pathogenic variability among Botrytis cinerea isolates[END_REF]. Alternatively, sexual recombination only occurs occasionally in S. sclerotiorum populations, and the drivers of genetic diversity remain poorly understood.

Part II: Generalist fungal parasites share common protein sequence signatures with cold adapted Sclerotinia borealis

Planet Earth's history has been marked by major climate changes influencing life evolution. Several glaciations occurred since emergence of Eukaryotic living organisms, and we are currently living within an ice age inter-glaciation period [START_REF] Hewitt | The genetic legacy of the Quaternary ice ages[END_REF][START_REF] Anderson | Progressive Cenozoic cooling and the demise of Antarctica's last refugium[END_REF]. Palaeontology studies revealed that temperature shifts has been supported by important remodelling of animals, plants and microbes range on the planet [START_REF] Taberlet | Comparative phylogeography and postglacial colonization routes in Europe[END_REF][START_REF] Anderson | Progressive Cenozoic cooling and the demise of Antarctica's last refugium[END_REF]. A doubling of atmospheric CO2 concentration is today expected to raise Earth's average temperatures of 1.5 to up to 4.5°C [START_REF] Proistosescu | Slow climate mode reconciles historical and modelbased estimates of climate sensitivity[END_REF]. Such temperature increase is predicted to have tremendous impact on living organisms [START_REF] Parmesan | A globally coherent fingerprint of climate change impacts across natural systems[END_REF][START_REF] Lavergne | Biodiversity and Climate Change: Integrating Evolutionary and Ecological Responses of Species and Communities[END_REF]. However, the possible impacts on host parasite interactions are unclear [START_REF] Møller | Assessing the Effects of Climate on Host-Parasite Interactions: A Comparative Study of European Birds and Their Parasites[END_REF]. It is crucial to get better knowledge on the adaptation of parasites to extreme environments. Effector proteins and secondary metabolites are important molecules for colonization of fungal hosts. Effectors are also important determinants of host range. Recognition of fungal effectors by host immune system can lead nonhost resistance (Jones & Dangl 2006). Accumulation of effectors recognized by rice immune system controls Magnaporthe ozyzae host range [START_REF] Gallet | Evolution of Compatibility Range in the Rice-Magnaporthe oryzae System: An Uneven Distribution of R Genes Between Rice Subspecies[END_REF][START_REF] Liao | Pathogen effectors and plant immunity determine specialization of the blast fungus to rice subspecies[END_REF]. In specialist parasites, the gene-for-gene interaction between plant immunity and pathogen effectors has facilitated the identification of major virulence determinants. M. oryzae isolates show high degrees of host specificity, and association genetics led to the identification of multiple avirulence genes in rice blast [START_REF] Couch | Origins of host-specific populations of the blast pathogen Magnaporthe oryzae in crop domestication with subsequent expansion of pandemic clones on rice and weeds of rice[END_REF][START_REF] Yoshida | Association genetics reveals three novel avirulence genes from the rice blast fungal pathogen Magnaporthe oryzae[END_REF]. In a gene-for-gene context, effectors often undergo strong positive selection. Alternatively, effector genes that trigger host defenses and pathogen avirulence are often under balancing selection and subjected to presence/absence polymorphism in natural populations. The search for pattern of positive selection and for presence/absence polymorphism are widely used tools for the identification of fungal virulence genetic determinants (Sperschneider et al. 2015;Hartmann & Croll 2017). However, generalist fungal pathogens often show little evidence of positive selection.

In generalist pathogens, the occurrence of infection on one host depends on the surrounding alternative host species community leading to diffuse host interactions (Juenger & Bergelson 1998). Evolution under diffuse interaction thus may mitigate pattern of genetic selection and limit identification of virulence genetic determinants.

In oomycetes, another class of filamentous plant pathogens, conserved amino acid signatures associate with effectors proteins. In Phytophthora species, specific Nterminal motifs are required for targeting RXLR effectors into host cells. Genome wide survey for RXLR specific N-terminal amino acid pattern enabled identification of more than 300 putative effectors in P. sojae and P. ramorum [START_REF] Jiang | RXLR effector reservoir in two Phytophthora species is dominated by a single rapidly evolving superfamily with more than 700 members[END_REF]. Genomes availability has led to the identification of several conserved motifs in fungal secreted proteins, enabling computational mining of effector candidates [START_REF] Sonah | Computational Prediction of Effector Proteins in Fungi: Opportunities and Challenges[END_REF]. Moreover, in planta transcriptomic analysis has been largely used to investigate virulence mechanisms and delineate effector candidates. Heterologous expression in N. benthamina of fungal proteins also proved useful in testing functional relevance of candidate virulence factors [START_REF] Petre | Heterologous Expression Screens in Nicotiana benthamiana Identify a Candidate Effector of the Wheat Yellow Rust Pathogen that Associates with Processing Bodies[END_REF]). In the Sclerotiniaceae family, few plant pathogens are known as broad generalists and are thought to evolve under diffuse interaction with their multiple host species. Nevertheless, little is known about the molecular mechanisms of virulence in this family, in particular about the putative role of effector proteins on pathogenicity. Recent update of S. sclerotiorum genome highlighted 70 putative effector candidates, 48 of which have no protein predicted domain (Derbyshire et al. 2017). Sclerotinia borealis is a cold adapted S. sclerotiorum closerelated species (psychrophilic) infecting various wheatgrasses and related crops in Arctic regions. Cold living organisms produce anti-freezing proteins and adapted enzymes that maintain catalytic activity at low temperatures [START_REF] Robinson | Cold adaptation in artic and antartic fungi[END_REF]. In some cases, cold adaptation has been reported to underlie bias in amino acid usage (Methé et al. 2005). Similarly, high protein intrinsic disorder improves stability at cold temperatures and has been reported in psychrophilic enzymes (Feller 2007;Tantos et al. 2009). In oomycetes, RXLR effectors are more disordered than other secreted proteins [START_REF] Shen | Intrinsic disorder is a common structural characteristic of RxLR effectors in oomycete pathogens[END_REF]. Point modifications of RXLR protein disorder supressed cell-death induction in N. benthamiana, suggesting that intrinsic disorder is an important feature for RXLR effector activity. In poplar, intrinsic disorder of a small-secreted protein has been suggested to be important for cell adhesion and its antifungal activity on Melampsora larici-populina (Petre et al. 2016a). Whether S. borealis proteins show specific amino acid or disorder patterns has not been investigated, but could provide interesting insights pathogenicity at extreme cold temperatures.

In the following study, we investigated S. borealis amino acid bias and protein intrinsic disorder compared to its two close related generalist fungal parasites S. sclerotiorum and B. cinerea. We highlight protein signatures related to specific amino acid enrichment and depletion in orthologous S. borealis protein sequences together with lower intrinsic disorder in protein hotloops. We monitored an index (named sTEKhot index) accounting for these protein signatures towards specific amino acid and disorder patterns found in S. borealis orthologous protein sequences. We hypothesize that proteins displaying high sTEKhot index are important for colonization of S. borealis environment. Accordingly, we found that secreted proteins have significantly higher sTEKhot values than non-secreted. In addition, we report that a putative anti-freezing protein and secreted enzymes have high sTEKhot values in S. borealis. Interestingly, we show that secreted proteins from the two generalist fungal parasites show same protein signatures highlighted in the cold adapted S. borealis species. Furthermore, genes expressed during S. sclerotiorum plant infection are enriched for proteins with high sTEKhot values. These results suggest that proteins with high sTEKhot values might underpin important function for host colonization in Sclerotiniaceae family. These protein signatures could provide a new focus for the identification of host-colonization related proteins in S. sclerotiorum and B. cinerea, two important generalist fungal pathogens.
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Common protein sequence signatures associate with Sclerotinia borealis lifestyle and secretion in fungal pathogens of the Sclerotiniaceae Thomas Badet1,2 , Rémi Peyraud 1, 2 and Sylvain Raffaele 1, 2 * Fungal plant pathogens produce secreted proteins adapted to function outside fungal cells to facilitate colonization of their hosts. In many cases such as for fungi from the Sclerotiniaceae family the repertoire and function of secreted proteins remains elusive. In the Sclerotiniaceae, whereas Sclerotinia sclerotiorum and Botrytis cinerea are cosmopolitan broad host-range plant pathogens, Sclerotinia borealis has a psychrophilic lifestyle with a low optimal growth temperature, a narrow host range and geographic distribution. To spread successfully, S. borealis must synthesize proteins adapted to function in its specific environment. The search for signatures of adaptation to S. borealis lifestyle may therefore help revealing proteins critical for colonization of the environment by Sclerotiniaceae fungi. Here, we analyzed amino acids usage and intrinsic protein disorder in alignments of groups of orthologous proteins from the three Sclerotiniaceae species. We found that enrichment in Thr, depletion in Glu and Lys, and low disorder frequency in hot loops are significantly associated with S. borealis proteins. We designed an index to report bias in these properties and found that high index proteins were enriched among secreted proteins in the three Sclerotiniaceae fungi. High index proteins were also enriched in function associated with plant colonization in S. borealis, and in in planta-induced genes in S. sclerotiorum. We highlight a novel putative antifreeze protein and a novel putative lytic polysaccharide monooxygenase identified through our pipeline as candidate proteins involved in colonization of the environment. Our findings suggest that similar protein signatures associate with S. borealis lifestyle and with secretion in the Sclerotiniaceae. These signatures may be useful for identifying proteins of interest as targets for the management of plant diseases.

Introduction

Fungi from the Sclerotiniaceae family include several devastating plant pathogens with a broad host range. Among those are Botrytis cinerea, the causal agent of gray rot, and Sclerotinia sclerotiorum, causal agent of white and stem rot, each able to infect several hundreds of plant genera and causing multibillion dollar losses in agriculture every year (Figure 1A) (Bolton et al., 2006;Dean et al., 2012). The geographic distribution of these two fungi is also remarkably broad since they have been reported across five continents (Figure 1B). Sequencing of the genome of B. cinerea and S. sclerotiorum (Amselem et al., 2011) opened the way to systematic searches for the molecular bases of pathogenicity in these fungi (Guyon et al., 2014;Heard et al., 2015). However, the repertoire of molecules contributing to the ability of plant pathogenic fungi, such as fungi from the Sclerotiniaceae family, to colonize a wide range of hosts and environments remains elusive.

Fungal pathogens secrete diverse sets of degrading enzymes and toxins to facilitate colonization of their hosts [START_REF] Möbius | Fungal phytotoxins as mediators of virulence[END_REF]Kubicek et al., 2014). In addition, fungal pathogens use molecules designated as effectors to manipulate host cells and achieve successful infection. Their activities include the inactivation of plant defenses, interference with plant hormone balance, or dismantling of the plant cell. However, effectors may also trigger specific plant defense responses, leading to plant resistance, when recognized directly or indirectly by the plant immune system (Jones and Dangl, 2006). Typical effectors are small secreted proteins, but secondary metabolites and small RNAs can also play the role of effectors [START_REF] Schardl | Plant-symbiotic fungi as chemical engineers: multi-genome analysis of the clavicipitaceae reveals dynamics of alkaloid loci[END_REF]Weiberg et al., 2013). Although a subset of bacterial and oomycete protein effectors can be identified based on conserved N-terminal targeting signals and other sequence signatures [START_REF] Schornack | Ten things to know about oomycete effectors[END_REF][START_REF] Mcdermott | Computational prediction of type III and IV secreted effectors in gram-negative bacteria[END_REF][START_REF] Meyer | Searching algorithm for type IV secretion system effectors 1.0: a tool for predicting type IV effectors and exploring their genomic context[END_REF], this is not the case in fungi. Effector detection in fungal pathogens relies largely on specific host responses revealing effector recognition, and bioinformatics approaches based on whole genome sequences and deduced protein repertoires remain challenging (Sperschneider et al., 2015). Genes involved in host-parasite interactions such as pathogen effectors are often subject to strong balancing or directional selection. For example, oomycete effectors commonly evolve rapidly, and natural selection can maintain many different alleles in a population (Raffaele et al., 2010;[START_REF] Oliva | A recent expansion of the RXLR effector gene Avrblb2 is maintained in global populations of Phytophthora infestans indicating different contributions to virulence[END_REF]. Therefore, signatures of positive selection are frequent in effector genes and this property has been used to identify novel effector candidates [START_REF] Wicker | The wheat powdery mildew genome shows the unique evolution of an obligate biotroph[END_REF][START_REF] Rech | Natural selection on coding and noncoding DNA sequences is associated with virulence genes in a plant pathogenic fungus[END_REF][START_REF] Sperschneider | Diversifying selection in the wheat stem rust fungus acts predominantly on pathogen-associated gene families and reveals candidate effectors[END_REF]. However, most of our understanding of the molecular evolution of effector genes and genes involved in colonization of the environment comes from studies of the pairwise coevolution of a given pathogen with a single host plant. By contrast, fungal pathogens in the Sclerotiniaceae interact with a wide range of hosts in multiple environmental conditions and should therefore be considered as evolving under "diffuse" (or "generalized") interactions (Juenger and Bergelson, 1998). In the Ascomycete genus Metarhizium, signatures of positive selection were observed less frequently in the genome of fungal pathogens under diffuse co-evolution compared to Metarhizium acridum evolving under pairwise co-evolution (Hu et al., 2014). It is thus expected that in the Sclerotiniaceae, some genes important for colonization of environment, including fungal effectors involved in diffuse interactions, may escape detection by positive selection analysis, and additional detection criteria would be useful.

Compared to B. cinerea and S. sclerotiorum, the snow mold pathogen Sclerotinia borealis colonizes a reduced range of environments. Indeed, according to the Fungus-Host database of the U.S. Department of Agriculture [START_REF] Farr | Fungal Databases[END_REF], S. borealis has been reported to infect 14 plant genera only, compared to 332 and 469 for S. sclerotiorum and B. cinerea respectively (Figure 1A). S. borealis host plants include notably Agropyron, Agrostis, Elymus, and Festuca species that have not been reported as hosts for S. sclerotiorum or B. cinerea to date. S. borealis has an economic impact in countries with cold climates, where it causes snow mold on winter cereals and grasses [START_REF] Schneider | Snow mold diseases and their distribution on winter wheat in Ontario in 1982-84[END_REF]. Its geographic range is restricted to the Arctic Circle, including North of Japan, North America, Scandinavia, and Russia, whereas B. cinerea and S. sclerotiorum are cosmopolitan fungi found in arctic, temperate and tropical climates (Figure 1B). Consistently, S. borealis is a psychrophile, with an optimal growth temperature about 4-10 • C, whereas optimal growth temperature is ∼23 • C for B. cinerea and S. sclerotiorum (mesophiles) (Wu et al., 2008;Hoshino et al., 2010;Judet-Correia et al., 2010). To successfully thrive in cold environments, psychrophilic pathogens must synthesize enzymes and effectors that perform effectively at low temperatures. Cold-temperature environments present several challenges, in particular reduced reaction rates, increased viscosity, and phase changes of the surrounding medium. A draft genome sequence of S. borealis strain F-4128 has recently been released (Mardanov et al., 2014a,b) providing an opportunity to better understand its adaptation to its ecological niche and particularly to cold environment. The total size of the assembled genome of S. borealis is 39.3 Mb, with a G+C content of 42%, including 10,171 predicted protein coding sequences (Mardanov et al., 2014a). These characteristics are similar for the genomes of S. sclerotiorum 1980 and B. cinerea B05.10 with total sizes of 38.3 Mb and 42.3 Mb respectively, G+C content of 41.8 and 43.1% respectively, and 14,503 and 16,448 predicted protein coding genes respectively (Amselem et al., 2011).

Cellular adaptations to low temperatures and the underlying molecular mechanisms are not fully understood but include membrane fluidity, the production of cold-acclimation and antifreeze proteins and maintenance of enzyme-catalyzed reactions and protein-protein interactions involved in essential cellular processes [START_REF] Feller | Molecular adaptations to cold in psychrophilic enzymes[END_REF][START_REF] Casanueva | Molecular adaptations to psychrophily: the impact of "omic" technologies[END_REF]. Attempts to correlate protein thermal adaptation with sequence and structure derived features have accumulated with the multiplication of genomic sequencing programs. For instance, analysis of the complete predicted proteome of the psychrophilic bacterium Colwellia psychrerythraea supported the view that psychrophilic lifestyle probably involves specific sets of genes in addition to changes in the overall genome content and amino acid composition (Methé et al., 2005). Because microorganisms are at complete thermal equilibrium with their environment, it is indeed conceivable that adaptation to low temperature lead to global alterations of proteomes in psychrophiles. Comparative genomic and metagenomic analyses in prokaryotes demonstrated that the summed frequency of amino acids Ile, Val, Tyr, Trp, Arg, Glu, Leu (IVYWREL) correlates with optimal growth temperature [START_REF] Zeldovich | Protein and DNA sequence determinants of thermophilic adaptation[END_REF]. In another study on bacteria, Ala, Asp, Ser, and Thr were found preferred in the genome of psychrophiles compared to mesophiles, whereas Glu and Leu are less frequent [START_REF] Metpally | Comparative proteome analysis of psychrophilic versus mesophilic bacterial species: insights into the molecular basis of cold adaptation of proteins[END_REF]. The analysis of amino acid usage in thermophilic fungi showed that these species indeed have a higher total frequency of IVYWREL amino acids than their mesophilic relatives, but show also significant depletion in Gly and enrichment in Arg and Ala [START_REF] Van Noort | Consistent mutational paths predict eukaryotic thermostability[END_REF]. At the structural level, cold environments seem to release selective pressure for stable proteins, and increase selection for highly active heat-labile enzymes, relying on improved intrinsic disorder to maintain optimal conformation dynamics [START_REF] Feller | Molecular adaptations to cold in psychrophilic enzymes[END_REF](Feller, , 2007)). Besides these seemingly general principles and given the existence of psychrophiles in lineages across the tree of life, multiple mechanisms contributing to cold adaptation may exist.

For a fungal pathogen such as S. borealis, completion of its life cycle requires successful plant colonization, and a subset of secreted virulence factors is likely involved in essential cellular processes. Besides, secreted proteins in both yeasts and mammals were shown to evolve slightly faster than intracellular proteins [START_REF] Julenius | Protein evolution is faster outside the cell[END_REF][START_REF] Liao | Impact of extracellularity on the evolutionary rate of mammalian proteins[END_REF], suggesting that the search for signatures of adaptation to S. borealis lifestyle may help revealing proteins essential for host and environment colonization in the Sclerotiniaceae. In this work, we focused our analysis on adaptations to S. borealis environment that lead to alterations in core functions (genes and proteins) conserved in S. sclerotiorum and B. cinerea. We analyzed a set of 5531 groups of core orthologous proteins for amino acid usage and intrinsic protein disorder patterns specifically associated with S. borealis proteins. We highlight a novel putative antifreeze protein and a novel putative lytic polysaccharide monooxygenase identified through our pipeline as candidate proteins involved in colonization of the environment. Our findings suggest that similar protein signatures associate with S. borealis lifestyle and with secretion in the Sclerotiniaceae. These signatures may be useful for identifying proteins of interest as targets for the management of plant diseases and for the bio-conversion of plant biomass.

Results

A Pipeline to Reveal S. borealis Protein Sequence Signatures in Multiple Ortholog Alignments

Several studies reported specific amino acid usage patterns and intrinsic disorder frequency in proteins from psychrophilic bacteria as compared to related mesophilic bacteria (Methé et al., 2005;[START_REF] Metpally | Comparative proteome analysis of psychrophilic versus mesophilic bacterial species: insights into the molecular basis of cold adaptation of proteins[END_REF]. To test whether S. borealis proteins have a distinctive pattern of amino acid usage and disorder compared to S. sclerotiorum and B. cinerea proteins, we designed a bioinformatics pipeline to process complete proteomes deduced from the whole genome sequences of these three fungal pathogens (Figure 2) (Amselem et al., 2011;Mardanov et al., 2014a). To exclude patterns that may be due to factors unrelated to adaptation in S. borealis proteins, we focused our analysis on core groups of orthologous proteins with one member from each species. A total of 6717 core orthologous groups (COGs) were identified using two pairwise InParanoid proteome comparisons [START_REF] Oliva | A recent expansion of the RXLR effector gene Avrblb2 is maintained in global populations of Phytophthora infestans indicating different contributions to virulence[END_REF] as explained in material and methods section and presented in Figure 2, covering between ∼42% (B. cinerea) to ∼66% (S. borealis) of complete predicted proteomes. We used multiple alignments of the three proteins in each COG to select S. sclerotiorum protein regions conserved in S. borealis and B. cinerea. To retrieve core protein regions conserved in all three members of COGs, we ran another round of InParanoid pairwise comparisons using conserved regions of S. sclerotiorum proteins as input. Short alignments can artificially cause strong variations in amino acid proportions. To reduce this confounding effect, we excluded alignments producing a consensus sequence shorter than 200 amino acids. We obtained a total of 5531 COG alignments matching these criteria that were processed for amino acid frequency and intrinsic protein disorder analysis.

S. borealis Proteins Show Specific Intrinsic Disorder and Amino Acid Usage Patterns Compared to Their Sclerotiniaceae Orthologs

To document intrinsic protein disorder and amino acid usage in Sclerotiniaceae COGs, we calculated frequencies of each of the 20 amino acids in the aligned protein regions as well FIGURE 2 | Bioinformatics pipeline for the identification of S. borealis protein sequence signatures in multiple ortholog alignments. Our pipeline uses complete predicted proteomes of S. borealis, S. sclerotiorum, and B. cinerea as inputs. It identifies orthologous protein pairs in S. borealis and S. sclerotiorum; and in S. borealis and B. cinerea using Inparanoid. Using S. sclerotiorum proteins as a reference, it identifies non-redundant core ortholog groups (COG) and overlapping regions [START_REF] Dodds | Plant immunity: towards an integrated view of plant-pathogen interactions[END_REF]. A second Inparanoid run is then used to define the longest aligned region in all three genomes ("consensus") for each COG [START_REF] Takken | How to build a pathogen detector: structural basis of NB-LRR function[END_REF]. Next, protein sequence metrics (disorder probability and amino acid frequencies) are calculated for consensus regions of all proteins (3). Finally, Wilcoxon sum rank tests are performed to identify metrics significantly different in S. borealis proteins.

as their disorder frequencies. Determination of the disorder frequencies were obtained by assigning to each amino acid of the aligned protein regions their disorder probability obtain by submitting the full length protein to disEMBL analyses [START_REF] Linding | Protein disorder prediction: implications for structural proteomics[END_REF]. The disEMBL output contained three measures of intrinsic protein disorder designated as "Coils, " "Hot loops, " and "Remark465" corresponding to their probability to be involved in disorder region. To test whether any of these 20 amino acid frequencies plus 3 disorder metrics frequencies showed a significantly different distribution in S. borealis COG aligned regions compared to S. sclerotiorum and B. cinerea, we performed pairwise Wilcoxon sum rank tests to compare distributions of each of the 23 properties in S. borealis and S. sclerotiorum, in S. borealis and B. cinerea, and in S. sclerotiorum and B. cinerea (Table S1). We considered that a protein property was significantly associated with S. borealis COG aligned regions when Wilcoxon sum rank tests were significant (p < 0.05) for S. borealis-S. sclerotiorum and S. borealis-B. cinerea comparisons but not (p > 0.05) for S. sclerotiorum-B. cinerea comparison. The "hot loops" frequencies measure of intrinsic protein disorder was found significantly associated with S. borealis COG aligned regions, whereas "Coils" and "Remark465" were not (Figure 3A). "Hot loops, " corresponding to protein regions predicted not to adopt helix or strand secondary structure and having a high degree of flexibility, were found significantly depleted in S. borealis COG aligned regions. S. borealis proteins had a median hot loop frequency of 3.43% in COG aligned regions, vs. 3.67% in S. sclerotiorum and 3.71% in B. cinerea proteins. Regarding frequency of amino acids, three were found significantly associated with S. borealis aligned COG regions. Thr frequency was significantly enriched, representing 6.00% of amino acids in S. borealis instead of 5.93% in S. sclerotiorum . Amino acid frequencies and intrinsic disorder probabilities that fell in the shaded areas were considered significantly different between S. borealis and the other fungi (p < 0.05) but not between S. sclerotiorum and B. cinerea (p > 0.05). These properties were considered as associated with S. borealis lifestyle. and 5.91% in B. cinerea proteins. Lys and Glu were significantly depleted in S. borealis. Lysine represented 5.26% of amino acids in S. borealis instead of 5.41% in S. sclerotiorum and B. cinerea proteins; Glu represented 6.43% of amino acids in S. borealis instead of 6.54% in S. sclerotiorum and 6.57% in B. cinerea proteins (Figure 3B). These findings are consistent with the view that cold adaptation includes the directional adaptation of preexisting protein functions (intrinsic protein structure and amino acid composition) in addition to specific sets of genes conferring a psychrophilic lifestyle, such as previously reported in bacteria (Methé et al., 2005).

The Distribution of sTEKhot Index Is Biased in S. borealis Orthologous Proteins and Complete Predicted Proteome

Several studies reported biases in amino acid usage in the proteome of extremophiles and proposed indices able to discriminate proteins from extremophilic and related mesophilic organisms [START_REF] Suhre | Genomic correlates of hyperthermostability, an update[END_REF][START_REF] Zeldovich | Protein and DNA sequence determinants of thermophilic adaptation[END_REF][START_REF] Wang | Amino acid composition in endothermic vertebrates is biased in the same direction as in thermophilic prokaryotes[END_REF]. To analyze the degree to which intrinsic protein disorder and amino acid usage of individual proteins matches with specific patterns identified in S. borealis predicted proteome, we designed the S. borealis T (Thr), E (Glu), K (Lys), hot (hot loops) index as follows:

sTEKhot = T E + K + hot (1) 
where "T, " "E, " and "K" are the normalized frequencies of Thr, Glu and Lys respectively in a given protein sequence, and "hot" is the normalized frequency of hot loops in this sequence. We computed the sTEKhot index for each protein in the predicted At the whole proteome level, sTEKhot median was 0.366 in S. borealis, but only 0.314 in S. sclerotiorum and 0.313 in B. cinerea (Figure 4C, Table S2). The overall sTEKhot distributions were significantly different when comparing S. borealis to the two other species (p < 5.1.e -104 ) but not when comparing S. sclerotiorum to B. cinerea (p = 0.84). However, a subset of S. sclerotiorum and B. cinerea proteins appeared to have high sTEKhot values. Indeed, as mentioned previously, S. sclerotiorum and B. cinerea each account for the highest sTEKhot in ∼30% of the COGs. Furthermore, the proportion of proteins with a sTEKhot > 1 was 6.2% in S. borealis, 4.6% in S. sclerotiorum and 5.0% in B. cinerea. This suggests that the general pattern of intrinsic protein disorder and amino acid usage observed in S. borealis protein may be shared by a subset of S. sclerotiorum and B. cinerea predicted proteome.

To verify that the sTEKhot index was an optimized combination of intrinsic protein disorder and amino acid usage measures to discriminate the proteome of S. borealis from that of S. sclerotiorum and B. cinerea, we randomly shuffled the 23 measures for intrinsic protein disorder and amino acid usage in equation ( 1) and calculated the proteome median value for shuffled indices in S. borealis, S. sclerotiorum, and B. cinerea (Table S3). In 300 shuffling iterations, the p-value for difference between the distribution of shuffled index in S. borealis and S. sclerotiorum or B. cinerea was < 5.1.e -104 (highest observed pvalue) in only 6 instances. The median shuffled index value for S. borealis proteome was higher than the observed sTEKhot median in only 2 instances over 300 (0.6%). Wilcoxon ranking tests comparing random medians distribution to real sTEKhot median showed p < 4.72e -33 in the three species. The result of these simulations indicate that sTEKhot clearly departs from random in describing specific intrinsic protein disorder and amino acid usage patterns in S. borealis proteins.

Secreted Enzymes are Enriched among S. borealis Proteins with High sTEKhot

To identify protein functions important for adaptation to S. borealis environment, we analyzed annotations of proteins with a sTEKhot value higher than 1 in S. borealis proteome. Overall, 4794 (47%) S. borealis proteins had no Gene Ontology (GO) annotation assigned. There were 635 proteins with sTEKhot > 1, among which 349 (55%) had no GO annotation. We looked for GO term enrichment in the 635 S. borealis with sTEKhot > 1 compared to all annotated proteins. Forty two GO terms appeared significantly enriched (p < 0.05) among proteins with sTEKhot > 1, including 16 leaves (GO with no child term) of the GO network (Figure 5). GO terms for "cellular component" enriched in proteins with sTEKhot > 1 included extracellular and cell wall compartments. Consistently, enriched "biological processes" and "molecular functions" related to secreted enzymes involved in cell wall modification (glycosyl hydrolases and carboxylic ester hydrolases, among which are pectinesterases and cutinases) and binding to cellulose. Cellulose is a major component of plant cell walls that fungal pathogens are able to detect and bind. Also plants aerial parts are protected by a cuticle composed by cutin. Fungal pathogens are able to hydrolyze cutin through cutinases, thus facilitating host colonization. In addition, proteins involved in carbohydrate metabolism were enriched among proteins with sTEKhot > 1. These functions are associated with colonization of the environment, especially plantassociated environment. Similar enrichments where observed when looking at GO annotations for S. sclerotiorum and B. cinerea proteins harboring a sTEKhot > 1 (Figures S1,S2). In addition, copper ion binding GO was found to be enriched in S. sclerotiorum and B. cinerea.

Secreted Proteins Have Higher sTEKhot Than Non-secreted Proteins in the Three Sclerotiniaceae Species

The enrichment of extracellular proteins among proteins with sTEKhot > 1 prompted us to compare the distribution of sTEKhot for secreted and non-secreted protein in the Sclerotiniaceae. We considered as predicted secreted proteins those identified as secreted with SignalP 4.0 no-TM network and as extracellular by WoLF PSORT. This produced lists of 667, 661, and 748 predicted secreted proteins (secretome) for S. borealis, S. sclerotiorum, and B. cinerea respectively. In all three fungal species, secreted proteins had significantly higher sTEKhot values than non-secreted proteins, with median sTEKhot values for secreted proteins of 1.13 in S. borealis, 1.06 in S. sclerotiorum and 1.08 in B. cinerea (Figure 6A). The distribution of sTEKhot in secreted proteins was found significantly higher than its distribution in non-secreted proteins with p-value of 8.8e -239 in S. borealis, 9.1e -265 in S. sclerotiorum and 4.1e -275 in B. cinerea respectively. To evaluate the likelihood of obtaining such distributions with other intrinsic protein disorder and amino acid usage parameters, we randomly shuffled the 23 measures for intrinsic protein disorder and amino acid usage in Equation ( 1), and calculated shuffled indices for each protein in the predicted secretome in the three species. In 300 rounds of shuffling, the median secretome index was found higher than the observed median secretome sTEKhot in 3, 1 and 1 instance for S. borealis, S. sclerotiorum and B. cinerea respectively (Table S3).

Remarkably, although secreted proteins account for 6.5% of total proteome in S. borealis, 4.5% in S. sclerotiorum and 4.5% in B. cinerea, the proportion of secreted proteins among those with sTEKhot > 1.5 raised to 76.9% (206 out of 268) in S. borealis, 68.2% (182 out of 267) in S. sclerotiorum and 65.0% (206 out of 317) in B. cinerea, representing ∼13.6 fold enrichment in secreted proteins (Figure 6B). These results suggest that intrinsic protein disorder and amino acid usage patterns associated with S. borealis lifestyle and secretion are largely overlapping in the Sclerotiniaceae.

To independently validate this observation, we compared the distribution of all amino acid frequencies and the distribution of the three intrinsic protein disorder measures used previously in secreted and non-secreted proteins from the three fungal species. We considered that a protein property is associated with secretion when the null hypothesis of the Wilcoxon sum-rank test (distribution of property no different between secreted and non-secreted proteins) could be rejected with p < 0.05 for all three fungal species. Among the 23 measures for protein disorder and amino acid usage, 21 could be significantly associated with fungal secretomes, supporting the view that function outside the cell imposes specific constraints on amino acids usage in secreted proteins, such as evolution toward reduced synthetic cost of proteins (Smith and Chapman, 2010). Similar to patterns associated with S. borealis lifestyle, we found that enrichment in Thr, depletion in Glu and reduced frequency of hot loops disorder are among the properties most significantly associated with secretion (p-values ranging from 7.62e -3 to 2.67e -194 ) (Table S4).

We considered several hypotheses to explain the observed common signatures for S. borealis lifestyle and secretion. First, we envisaged that prevalence of secreted proteins in COGs may have biased signatures of S. borealis lifestyle toward properties associated with secretion. However, ratios of secreted proteins in COG sets were similar to those observed for total proteomes (7% in S. borealis, 6.7% in S. sclerotiorum and 6.4% in B. cinerea proteins from the set of 5531 COGs). Furthermore, we excluded COGs that comprised secreted proteins and tested whether amino acid usage patterns associated with S. borealis proteins as previously. Amino acids enriched in S. borealis proteins included Thr and amino acids depleted in S. borealis included Glu and Lys (p < 0.05), similar to what we found in our initial analysis taking all COGs into account. In addition, we also found His enriched in S. borealis sequences and Asn depleted (p < 0.05). We conclude that the detection of a bias in the usage of these amino acids in S. borealis proteins was not due to the abundance of secreted proteins in COGs (Table S5). Second, we hypothesized that intrinsic protein disorder and amino acid usage in secreted proteins might be due to signal peptide regions.

To test this, we analyzed protein properties associated with mature secreted proteins (signal peptide region removed). We found that mature secreted proteins had significantly higher sTEKhot than the rest of the proteome (p < 2.4.e -232 ), similar to what we found with full length secreted proteins (Figure S3). Therefore high sTEKhot in secretomes is not due to signal peptide sequence. Third, we considered that high sTEKhot in secretomes could arise if secretomes were be less divergent than the rest of the proteomes, leading to S. borealis signature being more conserved in secreted proteins of S. sclerotiorum and B. cinerea. To test this, we analyzed the distribution of similarity between S. borealis proteins and their closest homologs in S. sclerotiorum and B. cinerea. Whereas the average BLASTP score was 630.9 for S. borealis non-secreted proteins aligned with their closest homolog in S. sclerotiorum, this average score was 521.6 for S. borealis secreted proteins (Figure S4). This indicates that globally, S. borealis secretome is more divergent from S. sclerotiorum proteome than S. borealis non-secreted proteins. A similar tendency was observed when comparing S. borealis and B. cinerea proteomes. The high sTEKhot average observed in Sclerotiniaceae secretomes is therefore not due to higher similarity in secretomes compared to non-secreted proteins.

To test whether proteins with high sTEKhot could be enriched in other types of motifs, we predicted glycosylphosphatidylinositol (GPI) anchors, transmembrane (TM) domains and N-glycosylation sites in the proteome of S. borealis, S. sclerotiorum and B. cinerea. We found an average of 5.0% of proteins with GPI-anchors, 9.9% proteins with TM domains and 3.8% of proteins with >10 predicted N-glycosylation sites in the Sclerotiniaceae species (Table S6, Figure 6C). As compared to whole proteomes, the list of proteins with sTEKhot >1.5 showed an average 7.1-fold enrichment in proteins with GPI-anchors, 2.1-fold enrichment in proteins with >10 predicted N-glycosylation sites and no enrichment in proteins with TM domains (Figure 6C). Secreted proteins showed the strongest enrichment among proteins with sTEKhot >1.5. Overall these analyses suggest that a significant overlap exists between the constraints imposed on protein sequence by adaptation to S. borealis lifestyle and to secretion in the Sclerotiniaceae.

S. Sclerotiorum Genes Encoding Proteins with High sTEKhot are Enriched in Genes Induced in planta

To further support the association between high sTEKhot index and colonization of the environment, and particularly host plants, we analyzed the distribution of sTEKhot values in S. sclerotiorum genes differentially regulated in planta. For this, we took advantage of S. sclerotiorum microarray gene expression data generated by Amselem et al. from infected sunflower cotyledons (Amselem et al., 2011). In this dataset, out of 14 503 predicted protein coding genes, 615 were induced at least two-fold during infection of sunflower (4.31%) and 458 genes down-regulated at least two-fold (3.21%). The proportion of genes induced in planta reached 27.1% of S. sclerotiorum genes encoding proteins with sTEKhot ≥ 2, representing ∼6.3-fold enrichment (Figure 7). The proportion of genes down-regulated in planta reached 12.1% of S. sclerotiorum genes encoding proteins with sTEKhot ≥ 2, representing ∼3.8-fold enrichment. S. sclerotiorum proteins with sTEKhot > 1 include six proteins with CFEM domain, a Cys-rich domain with proposed role in fungal pathogenesis, two proteins with a cerato-platanin domain, one of which being the ortholog of B. cinerea pathogen associated molecular pattern BcSpl1 (Frías et al., 2011), 27 proteins with a pectin lyase fold found in Aspergillus virulence factors [START_REF] Mayans | Two crystal structures of pectin lyase A from Aspergillus reveal a pH driven conformational change and striking divergence in the substrate-binding clefts of pectin and pectate lyases[END_REF], and 29 out of 78 effector candidates proposed by Guyon et al. (2014). These findings are consistent with important role in the colonization of the host plant for some proteins with high sTEKhot values. In S. sclerotiorum complete genome (sTEKhot ≥ 0), the proportion of genes induced ≥2-fold in planta is ∼4.31%, whereas it reaches ∼27.1%.among proteins with sTEKhot ≥ 2 (dotted line).

High sTEKhot Index and Secretion Signal Reveal Candidate Proteins Associated with Colonization of the Environment

To illustrate the value of the sTEKhot index for the exploration of the proteome of fungi from the Sclerotiniaceae, we analyzed in detail the sequence of two proteins with high sTEKhot but with no assigned function. Over the three proteomes analyzed, S. borealis SBOR_9046 had the highest sTEKhot (10.01). In S. sclerotiorum, its ortholog is SS1G_10836 which ranked as the 5th highest sTEKhot in S. sclerotiorum (7.34). In B. cinerea, its ortholog is BC1G_03854 which ranked as the 23rd highest sTEKhot in B. cinerea (4.29). No interproscan domain or GO terms were associated with these proteins of 171 amino acids (except SS1G_10836 which is 173 amino acids long). To get insights into their putative function, we performed protein structure modeling and fold recognition using the I-TASSER server [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF]. The closest structural analog was the antifreeze protein Maxi from winter flounder (Pseudopleuronectes americanus) [START_REF] Sun | An antifreeze protein folds with an interior network of more than 400 semiclathrate waters[END_REF]. Although sequence similarity with Maxi was limited (from 15.2% identity for SBOR_9046 to 16.2% identity for SS1G_10836), superimposition of SS1G_10836 predicted structure with Maxi structure showed a Root Mean Square Deviation < 2.3Å and a TM-score of 0.875, indicating structural similarity deviating significantly from random (Figures 8A,B). Analysis of SBOR_9046, SS1G_10836 and BC1G_03854 sequence by TargetFreeze [START_REF] He | TargetFreeze: identifying antifreeze proteins via a combination of weights using sequence evolutionary information and pseudo amino acid composition[END_REF] supported the prediction as antifreeze proteins. The Sclerotiniaceae proteins contain four Cys residues located in the kink of predicted structures that may stabilize folding like, although these residues were not predicted to form disulfide bonds by Disulfind [START_REF] Ceroni | DISULFIND: a disulfide bonding state and cysteine connectivity prediction server[END_REF]. Antifreeze proteins have been reporting that rely on disulfide bonds for folding [START_REF] Basu | Flies expand the repertoire of protein structures that bind ice[END_REF] whereas others do not [START_REF] Kondo | Ice-binding site of snow mold fungus antifreeze protein deviates from structural regularity and high conservation[END_REF][START_REF] Sun | An antifreeze protein folds with an interior network of more than 400 semiclathrate waters[END_REF]. Like other known fungal antifreeze proteins [START_REF] Kondo | Ice-binding site of snow mold fungus antifreeze protein deviates from structural regularity and high conservation[END_REF], but unlike Maxi, SBOR_9046 and its orthologs are predicted to be secreted. A unique feature of Maxi among antifreeze proteins is the presence of ice-binding residues buried within the four-helix bundle instead of exposed on their surface [START_REF] Sun | An antifreeze protein folds with an interior network of more than 400 semiclathrate waters[END_REF]. A prediction of SS1G_10836 dimer structure supports the existence of rather hydrophilic pockets buried within the four-helix bundle, suggesting that the mechanism of ice binding of Maxi could be conserved in SS1G_10836 and its orthologs (Figure 8C). To get insights into SS1G_10836 function, we analyzed the expression of the corresponding gene in mycelium grown in Potato Dextrose Broth (PDB), during the colonization of Arabidopsis plants and in sclerotia by quantitative RT-PCR. This revealed a 3.3-fold induction (log2 = 1.7) specific to sclerotia (Figure 8F). Since sclerotia overwinter in the soil, putative antifreeze proteins may contribute to survival of these structures both in arctic and temperate climates.

The COG including SS1G_03146, BC1G_07573, and SBOR_1255 is remarkable for including three proteins with high (>1) but with very variable sTEKhot, ranging from 1.58 (SS1G_03146) to 7.07 (BC1G_07573). No interproscan domain or GO terms were associated with these proteins of 223 amino acids in average, but all three were predicted to include a N-terminal signal peptide for secretion. To get insights into their putative function, we performed protein structure modeling and fold recognition using the I-TASSER server [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF]. The closest structural analog was Aspergillus oryzae AA11 (AoAA11) Lytic Polysaccharide Monooxygenase (LPMO) [START_REF] Hemsworth | Discovery and characterization of a new family of lytic polysaccharide monooxygenases[END_REF]. Sequence similarity with AoAA11 was limited (from 9.6% identity for SBOR_1255 to 10.9% identity for SS1G_03146), superimposition of SS1G_03146 predicted structure with AoAA11 structure showed a Root Mean Square Deviation < 3.1Å and a TM-score of 0.677, indicating structural similarity deviating significantly from random (Figures 8D,E). Similar to the Sclerotiniaceae proteins, full length AoAA11 (accession number XM_001822611) harbors a N-terminal signal peptide. AoAA11, SBOR_1255, and BC1G_07573 feature two conserved predicted disulfide bonds, SS1G_03146 is predicted to contain only one (Figure 8D). The catalytic triad of AoAA11 appears nicely conserved in the Sclerotiniaceae proteins, with the exception of the catalytic Tyr replaced by a Ser in SS1G_03146 (Figure 8D). LPMOs are enzymes oxidizing recalcitrant polysaccharides such as cellulose, starch and chitin. They present excellent potential for use in biomass conversion and the production of biofuels. Aspergillus oryzae AA11 represents a new class of LPMOs that include a putative chitin-binding domain [START_REF] Hemsworth | Discovery and characterization of a new family of lytic polysaccharide monooxygenases[END_REF]. We analyzed the expression of the SS1G_03146 gene in mycelium grown in PDB, during the colonization of Arabidopsis plants and in sclerotia by quantitative RT-PCR. This revealed up to 9.5-fold induction (log2 = 3.25) during plant infection (Figure 8F). This suggests that SS1G_03146 may be involved in colonization of the plant, but functional analysis will be required to determine its actual role.

Based on these predicted functions, we propose that SS1G_10836 and SS1G_03146 have important functions in the colonization of the environment, the identification of which was facilitated by the implementation of the sTEKhot index. Functional studies will be required to test predicted functions of these proteins. Furthermore, these two proteins have predicted properties that may be exploited for biotechnology purposes.

Discussion

Understanding how fungal plant pathogens colonize their environment, including their host plants, is critical for food security and the sustainable management of ecosystems (Roux et al., 2014). In particular B. cinerea and S. sclerotiorum are threatening hundreds of plant species and important crop species in the majority of regions of the globe. Fungi also represent a remarkable reservoir of enzymes with very diverse catalytic abilities that are employed in industrial processes. We have conducted a comparative analysis of the proteome and secretome of fungal species from the Sclerotiniaceae revealing common principles of sequence optimization for secreted proteins.

In the present study we designed a bioinformatics pipeline aiming at identifying species-specific patterns of amino acid usage and intrinsic protein disorder in the proteome of closely related species. We applied this pipeline to agriculturally important fungal pathogens from Sclerotiniaceae family to reveal specific signatures associated with S. borealis lifestyle. Compared to S. sclerotiorum and B. cinerea orthologs, we observed in S. borealis proteins a significant increase in Thr usage and a significant decrease in Glu and Lys usage. To minimize the impact of phylogenetic distance on the definition of S. borealis sequence signature, we have restricted our analysis to species from the Sclerotiniaceae family and we discarded any sequence signature differing significantly between S. sclerotiorum and B. cinerea. It is also worth noting that S. borealis, S. sclerotiorum and B. cinerea have a very similar G+C content, so that G+C bias is not expected to have an impact on the differential usage of amino acids. Specific trends in amino acid composition have been reported to associate with protein stability at extreme temperatures. Given the diversity of ecological groups including psychrophiles, it has been challenging to identify universal trends in amino acids usage associated with cold adaptation [START_REF] Casanueva | Molecular adaptations to psychrophily: the impact of "omic" technologies[END_REF]. Enrichment in Thr has been reported in solvent-accessible areas of proteins from two cold-adapted Archaea [START_REF] Goodchild | A proteomic determination of cold adaptation in the Antarctic archaeon, Methanococcoides burtonii[END_REF] and in proteins from several psychrophilic bacteria [START_REF] Metpally | Comparative proteome analysis of psychrophilic versus mesophilic bacterial species: insights into the molecular basis of cold adaptation of proteins[END_REF]. This was proposed to reduce surface charge while minimizing risk of aggregation [START_REF] Goodchild | A proteomic determination of cold adaptation in the Antarctic archaeon, Methanococcoides burtonii[END_REF]. Frequent substitutions of Glutamate were observed in exposed sites of selected psychrophilic enzymes [START_REF] Gianese | Structural adaptation of enzymes to low temperatures[END_REF] and more generally in the proteome of the psychrophilic Archea Halorubrum lacusprofundi [START_REF] Dassarma | Amino acid substitutions in cold-adapted proteins from halorubrum lacusprofundi, an extremely halophilic microbe from antarctica[END_REF]. Glu is also part of a set of amino acids shown to correlate significantly with optimal growth temperature of prokaryotes [START_REF] Zeldovich | Protein and DNA sequence determinants of thermophilic adaptation[END_REF]. Specific signatures of amino acid usage we found in S. borealis are therefore consistent with some previous observations made for psychrophilic proteins. Nevertheless, our approach does not allow dissociating psychrophily and other specific life traits of S. borealis (specific host range, geographic habitat) as drivers of the observed protein signatures. We observed a reduction in the frequency of intrinsic disorder in hot loops in S. borealis proteins. By contrast, cold adapted enzymes were often reported to harbor low conformational stability to maintain high reaction rates at low temperature (Feller, 2007;[START_REF] Casanueva | Molecular adaptations to psychrophily: the impact of "omic" technologies[END_REF] and intrinsically disordered proteins were shown to be more resistant to cold than globular proteins (Tantos et al., 2009). A global study of intrinsic protein disorder in 332 prokaryotes showed however that psychrophilic bacteria have a lower level of intrinsic disorder than mesophiles, although this was proposed to be due to the loss of cellular functions relying on intrinsically disordered proteins [START_REF] Burra | Reduction in structural disorder and functional complexity in the thermal adaptation of prokaryotes[END_REF]. This analysis also supports the view that adaptations to S. borealis lifestyle include directional changes in the sequence of conserved proteins, in addition to possible gene gains and losses that have not been analyzed in this work.

Enrichment analyses revealed that signatures associated with S. borealis lifestyle are frequent in plant cell wall degrading enzymes, carbohydrate binding domain containing proteins and ion binding proteins. More generally, secreted proteins showed high sTEKhot values in S. borealis, S. sclerotiorum and B. cinerea. The proportion of predicted secreted proteins reaches over 75% of S. borealis proteins with sTEKhot > 1.5 and the proportion of proteins encoded by in-planta induced genes reaches over 27% of S. sclerotiorum proteins with sTEKhot > 2, suggesting that sTEKhot may be a useful criterion to identify proteins associated with environmental adaptation or potential virulence factors. More specifically, there were 117 proteins predicted to be secreted and harboring a sTEKhot > 1.5 with no annotation in S. sclerotiorum that could include uncharacterized virulence factors. Although some classes of protein effectors from bacteria and oomycete pathogens can be identified relatively easily thanks to conserved N-terminal sequence signals, this strategy has proven limited for fungal pathogens. Alternative bioinformatics approaches have been developed exploiting known effector properties for searching effector candidates in the secretome of fungal pathogens [START_REF] Saunders | Using hierarchical clustering of secreted protein families to classify and rank candidate effectors of rust fungi[END_REF]Guyon et al., 2014). Typical effector properties include the presence of a N-terminal secretion signal, small protein size, high Cys content, the absence of characterized protein domains, high rate of non-synonymous over synonymous substitutions [START_REF] Hacquard | A comprehensive analysis of genes encoding small secreted proteins identifies candidate effectors in Melampsora larici-populina (poplar leaf rust)[END_REF][START_REF] Saunders | Using hierarchical clustering of secreted protein families to classify and rank candidate effectors of rust fungi[END_REF][START_REF] Persoons | Patterns of genomic variation in the poplar rust fungus Melampsora larici-populina identify pathogenesis-related factors[END_REF][START_REF] Sperschneider | Diversifying selection in the wheat stem rust fungus acts predominantly on pathogen-associated gene families and reveals candidate effectors[END_REF]. However, validated virulence factors do not all comply with these properties, such as Verticillium dahlia isochorismatase VdIsc1 harboring an isochorismatase domain but no conventional secretion signal [START_REF] Liu | Unconventionally secreted effectors of two filamentous pathogens target plant salicylate biosynthesis[END_REF] or Melampsora lini AvrM that lacks any Cys [START_REF] Catanzariti | Haustorially expressed secreted proteins from flax rust are highly enriched for avirulence elicitors[END_REF].

Amino acid composition is a feature used to predict candidate bacterial effectors. Positive charge, richness in alkaline (H, R, K) amino acids and Glu in the 30 C-terminal amino acids is for instance a property often found in type IV secreted effectors [START_REF] Meyer | Searching algorithm for type IV secretion system effectors 1.0: a tool for predicting type IV effectors and exploring their genomic context[END_REF][START_REF] Zou | Accurate prediction of bacterial type IV secreted effectors using amino acid composition and PSSM profiles[END_REF]Wang et al., 2014). In Pseudomonas syringae, amino acid biases and patterns at the N-terminus were used to identify type III effector candidates. Enrichment in Thr and depletion in Leu is a characteristic of bacterial type III proteins secreted into animal and plant cells, although high sequence variability and high tolerance of mutations make these properties difficult to generalize (Arnold et al., 2009;[START_REF] Mcdermott | Computational prediction of type III and IV secreted effectors in gram-negative bacteria[END_REF][START_REF] Schechter | Functional and computational analysis of amino acid patterns predictive of type III secretion system substrates in Pseudomonas syringae[END_REF]. To identify novel effectors in Fusarium sp., Stagonospora nodorum, and Puccinia graminis f.sp. tritici fungi, Sperschneider et al. performed unsupervised clustering based on 35 sequence-derived features, including amino acid composition [START_REF] Sperschneider | A comparative hidden Markov model analysis pipeline identifies proteins characteristic of cereal-infecting fungi[END_REF][START_REF] Sperschneider | Diversifying selection in the wheat stem rust fungus acts predominantly on pathogen-associated gene families and reveals candidate effectors[END_REF]. Several clusters were characterized by strong biases in amino acid usage, such as the cluster including the three S. nodorum effectors SnToxA, SnTox1 and SnTox3 enriched in small and non-polar amino acids and the cluster including F. oxysporum f. sp. lycopersici SIX3 featuring high average positive protein charge and a significantly higher percentage of Pro, Ser and Thr [START_REF] Sperschneider | A comparative hidden Markov model analysis pipeline identifies proteins characteristic of cereal-infecting fungi[END_REF]. Similarly, secreted effectors of fungi from the Sclerotiniaceae family could be enriched in Thr and depleted in Glu and Lys compared to the rest of the proteome. This suggests that amino acid usage bias is a property that may be shared by sets of secreted proteins with unrelated function and from distant pathogen lineages. Consistent with Glu and Lys being disorder-promoting amino acids, we found that secreted proteins of Sclerotiniaceae species show lower disorder frequency in hot loops that the rest of the proteome. Effectors of bacterial pathogens were shown to be highly enriched in long disordered regions, presumably to facilitate effector translocation into the host cell, host function mimicry and evasion of the host immune system [START_REF] Marín | Intrinsic disorder in pathogen effectors: protein flexibility as an evolutionary hallmark in a molecular arms race[END_REF]. Intrinsic protein disorder was shown to promote high specificity and low affinity protein-ligand interactions [START_REF] Zhou | Intrinsic disorder: signaling via highly specific but short-lived association[END_REF][START_REF] Chu | Specificity and affinity quantification of flexible recognition from underlying energy landscape topography[END_REF]. While these properties could be advantageous for host-specific effectors of biotrophic pathogens, for which avoiding detection by the host is critical, opposite requirements may shape the evolution of effectors from broadrange necrotrophic pathogens. Indeed, a relatively low specificity may allow effectors to function during colonization of diverse host species. It is also believed that detection by the host would not be detrimental, and could even be beneficial, to some necrotrophic plant pathogens (Govrin and Levine, 2000). In that case, effectors with high affinity for their targets would not be counter-selected by the host immune system, and would instead favor Sclerotiniaceae fungi in the competition with other microbes for plant-derived resources.

Cross species comparative analysis has been successfully applied to the identification of novel and specialized virulence mechanisms on the one hand, and to the identification of optimization principles governing the evolution of proteins under given constraints on the other hand. In nature, S. borealis proteins have undergone optimization under specific environmental constraints, including cold, over an irreproducible time at the scale of human life. Comparative genomics approaches therefore have the potential to reveal protein specialization and optimization principles that are not easily accessible through experimental evolution experiments. Indeed, selecting optimized enzyme variants, especially for thermostability, through random mutagenesis often requires exploring a large library of mutants or experimental setups maintaining an appropriate pressure of selection to collect the optimized variants [START_REF] Kuchner | Directed evolution of enzyme catalysts[END_REF][START_REF] Lebbink | Improving low-temperature catalysis in the hyperthermostable Pyrococcus furiosus beta-glucosidase CelB by directed evolution[END_REF]. Comparative genomics can accelerate discoveries usually relying on time consuming screens [START_REF] Xiao | Improvement of the thermostability and activity of a pectate lyase by single amino acid substitutions, using a strategy based on melting-temperatureguided sequence alignment[END_REF]. The biochemical properties of cold-active proteins make them attractive in biochemical, bioremediation, and industrial processes for food, biofuels and pharmaceutical production notably [START_REF] Cavicchioli | Life and applications of extremophiles[END_REF]. Plant pathogenic fungi in particular present a vast reservoir of biopolymer degrading enzymes adapted to a wide range of temperatures and environments. Functional analyses will be required to test whether the activity of candidates highlighted in this work have applied potential. In the long term, the analysis of optimization principles governing the evolution of secreted proteins from important fungal pathogens may prove useful in improving plant health with the design of crops resistant to broad host range pathogens and to cold stress, and to develop novel strategies for the production of renewable energy relying on the bio-conversion of plant biomass.

Materials and Methods

Genome Sources

We retrieved three predicted proteomes (Sclerotinia sclerotiorum v1.0, Botrytis cinerea v1.0 and Sclerotinia borealis F-4157) from the Joint Genome Institute (http://jgi.doe.gov/) and NCBI (http://www.ncbi.nlm.nih.gov/) in fasta format. As a cautionary note: the proteome sequences that form the basis of our analyses had originally been predicted by various techniques and may thus be of varying quality and completeness. S. sclerotiorum gene expression data was obtained from http://urgi.versailles.inra.fr/ Data/.

Gene Ontology Annotation and Enrichment Analysis

The Gene Ontology was collected from the Gene Ontology Consortium website (http://geneontology.org/) in obo format. Assignment of the Gene Ontology annotation of the three sets of protein sequences was performed using InterProScan [START_REF] Jones | InterProScan 5: genome-scale protein function classification[END_REF]. GO enrichments analysis was performed using the Biological Networks Gene Ontology plug-in [START_REF] Maere | BiNGO: a Cytoscape plugin to assess overrepresentation of gene ontology categories in biological networks[END_REF] in Cytoscape 3.2.1 with the following parameters: a hypergeometric test for statistical analysis with a Bonferroni Family-Wise Error rate correction and a significance level of 0.05.

Ortholog Prediction

Ortholog prediction was performed with standalone InParanoid 4.0 (Ostlund et al., 2010) using all vs. all Basic Local Alignment Search Tool (BLAST) algorithms and the following parameters: the BLOSUM62 matrix, a score cut-off of 50 bits and a minimal sequence overlap area of 0.5 [START_REF] Altschul | Basic local alignment search tool[END_REF][START_REF] Remm | Automatic clustering of orthologs and in-paralogs from pairwise species comparisons[END_REF]. Two pairwise InParanoid comparisons (S. borealis vs. S. sclerotiorum and S. borealis vs. B. cinerea) were ran first on complete proteomes, leading to the identification 6717 COGs, then using only conserved regions of S. sclerotiorum proteins ("overlapping regions") as input (Figure 2). Finally alignments producing a consensus sequence shorter than 200 amino acids were excluded leading to 5531 COGs.

Pipeline for Collecting Multiple Ortholog Alignments

First, ortholog predictions were performed as described in previous section between one organism, called reference organism in the following (S. sclerotiorum), and each other organism included in the analysis (B. cinerea and S. borealis). Only core groups of orthologous proteins harboring one member from each species were retained. Then, the common overlapping sequences in the reference organism to the others organisms were selected according to BLAST begin and end alignment positions. The maximal begin and the minimal end were used to defined the overlapping sequences. Overlapping sequences with lower than 200 amino acids length were excluded. The obtained overlapping sequences in the reference organism were used to run a new round of ortholog prediction with each other organisms. The consensus sequences, or core ortholog groups alignments, in each organisms were selected accordingly to BLAST begin and end alignment positions using the minimal begin and the maximal end obtained through the all orthologs predicted. The consensus sequences with lower than 200 amino acids length were excluded.

Amino Acid and Disorder Analysis

Protein amino acid usage was assessed by calculating the frequency of each of 20 amino acids in protein sequences. Prediction of disorder probability of protein amino acid was performed with DisEMBL vs. 1.4 computational tool [START_REF] Linding | Protein disorder prediction: implications for structural proteomics[END_REF] on the full length proteins. In case of analysis of a protein sequence subset, like for the core ortholog groups alignments (see previous section), the disorder probability of each amino acid in the subset were taken from the disorder probability of this amino acid in the full length protein. This was done to avoid miss attribution of disorder probability in a subset of a sequence since surrounding of amino acid in the sequence are of importance to calculate its own disorder probability.

Secretome Prediction and Protein Motif Annotation

Analysis by SignalP4.1 was performed at http://www.cbs.dtu.dk using default parameters. Protein localization was predicted with PSORT II software using the WoLF PSORT extension [START_REF] Horton | WoLF PSORT: protein localization predictor[END_REF] for organism type "fungi." Proteins were defined as part of the secretome when containing both signal peptide and extracellular predicted localization and were excluded if they possess a trans-membrane region predicted by TMHMM [START_REF] Sonnhammer | A hidden Markov model for predicting transmembrane helices in protein sequences[END_REF]. Glycosylphosphatidylinositol anchored proteins were identified using Fraganchor [START_REF] Poisson | FragAnchor: a large-scale predictor of glycosylphosphatidylinositol anchors in eukaryote protein sequences by qualitative scoring[END_REF]; N-glycosylation sites were predicted using GlycoEP [START_REF] Chauhan | In silico platform for prediction of N-, O-and C-glycosites in eukaryotic protein sequences[END_REF].

Statistical Analysis and sTEKhot Index Determination

All statistical tests were computed with R.Studio software. Wilcoxon test was used for significance analysis. Difference was considered significant for p-values inferior to 0.05. Significantly enriched or depleted amino acids and disorder frequency in S. borealis common set of core ortholog groups' alignments compared to S. sclerotiorum and B. cinerea core ortholog groups alignments, but found to be not significantly different between S. sclerotiorum and B. cinerea, were further used for computing the environmental condition adaptation index (sTEKhot). Thr frequency (T f ) found to be over represented in S. borealis were added to the numerator of the index, whereas Lys (K f ), Glu (E f ) and hot loops (HotLOOP f ) frequencies found to be under represented were added to the denominator. Each metrics were normalized by their own median (X mf , where X is the considered metric) through the all set of proteome used in the analysis (S. borealis plus S. sclerotiorum plus B. cinerea). This normalization assures similar contribution of each metrics to the index.

sTEKhot = T f T mf K f K mf + E f E mf + HotLOOP f HotLOOP mf (2)
sTEKhot value was calculated for every protein of the three proteomes according to [START_REF] Takken | How to build a pathogen detector: structural basis of NB-LRR function[END_REF]. The list of proteins with the top 635 sTEKhot (>1) corresponded exactly to proteins with the top T f -(E f +K f +HotLOOP f ) values supporting the robustness of the arithmetic design of the sTEKhot index in this dataset.

Random Shuffling of sTEKhot

Random sTEKhot indexes were calculated by shuffling amino acid and hotloop frequencies in Equation ( 2) with any of the observed amino acid and hotloop frequencies for a given organism. The random index is therefore defined by Equation (3) in which W, X, Y, and Z are randomly selected observed frequencies.

RANDOMindex = X f X mf Y f Y mf + Z f Z mf + W f W mf (3) 
Indexes were calculated separately for the three proteomes and secretomes. Random sTEKhot medians and Wilcoxon ranking test p-values were extracted from 300 independent runs.

Protein Structure Modeling and Analysis

Protein structure modeling was performed with the I-TASSER server [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF] 

Gene Expression Analysis

One-centimeter long leaves were collected and grinded twice for 30 s at maximum frequency in a Retsch MM40 mixer. Total RNA extraction was performed with Macherey-Nagel Nucleospin RNA extraction kit following the manufacturer's instructions. One µg of total RNA was used for cDNA synthesis in a 20-µL reaction according to Roche Transcriptor Reverse Transcriptase protocol, using 0.5 µL of SuperScript II reverse transcriptase (Invitrogen), 1 µg of oligo(dT), and 10 nmol of dNTP. cDNAs (diluted 1:10) were used as templates in the quantitative RT-PCR analysis. Quantitative RT-PCR was performed using genespecific primers (Table S6) with LightCycler 480 apparatus (Roche Diagnostics). Quantitative PCR reaction was performed using the SYBR GREEN I protocol (5 pmol of each primer and 5 µL of RT reaction product in a 7 µL final reaction volume). The PCR conditions were 9 min at 95 

Part III: Codon optimization as a genomic adaptation in generalist fungal parasites

Fungal Kingdom is very diverse with more than 45 000 species described to date all over the continents [START_REF] Tedersoo | Global diversity and geography of soil fungi[END_REF]. Even if not all evolved parasitic lifestyle, most of the major fungal clades encompass both parasitic and non-parasitic species [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF]. Interestingly, important differences exist among fungal parasitic strategies [START_REF] Gardiner | Comparative Pathogenomics Reveals Horizontally Acquired Novel Virulence Genes in Fungi Infecting Cereal Hosts[END_REF]. Indeed, species like S. sclerotiorum are called necrotrophs as their lifestyle consists in killing host species for nutrition (Bolton et al. 2006). Alternatively, the close related Myriosclerotinia sulcatula species is called biotroph as it feeds on living sedge plants [START_REF] Schumacher | A monographic revision of the genus Myriosclerotinia[END_REF]. Other pathogens like the rice blast fungus, first develop through host living tissues (biotrophic phase) before switching to a necrotrophic phase for completion of its life cycle. Despite discrepancies regarding to lifestyle, fungal parasites also differ by the range of host species they can infect (Barrett et al. 2009). Indeed, some fungal parasites, called specialists, are restricted to one single host species while others called generalists are able to colonize up to hundreds of host species.

Significant work on fungal parasites enabled a better understanding on the genetics of specialisation in relation with host resistance [START_REF] Gladieux | Purifying selection after episodes of recurrent adaptive diversification in fungal pathogens[END_REF][START_REF] Gladieux | Fungal evolutionary genomics provides insight into the mechanisms of adaptive divergence in eukaryotes[END_REF]Hartmann et al. 2017). Clustering of virulence-related genes into fast evolving regions has been shown to promote rapid host adaptation in fungal parasites. In the fungal specialist Zymoseptoria tritici, entire accessory chromosomes are supposed to originate from fusions between sisters chromatids and drive rapid adaptation (Croll et al. 2013). In particular, mobile transposable elements are main drivers of genomic diversification and are therefore crucial for host adaptation. In Z. tritici always, a recent work shows that transposable elements mediated host specialization through independent effector gene losses in natural populations of the plant pathogen (Hartmann et al. 2017). Similarly, recent work on the evolution of wheat blast disease highlighted the importance of independent loss of function of PWT3 avirulence gene on host jumps and recent disease outbreak [START_REF] Inoue | Panicle blast 1 (Pb1) resistance is dependent on at least four QTLs in the rice genome[END_REF]. In some cases, gene family losses are associated to extreme specialization and obligate biotrophy, as reported in the wheat stem rust Puccinia graminis f. sp. tritici that lacks full nitrogen and sulfur assimilation pathways, or in Z. tritici that underwent recent losses in virulence and secondary metabolites family genes (Duplessis et al. 2011;Hartmann & Croll 2017). Specialization also often involves specific amino acid changes and strong positive selection at virulence proteins. In Z. tritici, three genes showing signatures of positive selection are involved in pathogen virulence and one of them is involved in host specificity [START_REF] Poppe | Rapidly Evolving Genes Are Key Players in Host Specialization and Virulence of the Fungal Wheat Pathogen Zymoseptoria tritici (Mycosphaerella graminicola)[END_REF].

Little is known about the genome evolution of generalist parasites. Important energetic costs are associated to virulence in parasites [START_REF] Bahri | Tracking costs of virulence in natural populations of the wheat pathogen, Puccinia striiformis f.sp.tritici[END_REF][START_REF] Montarry | Fitness costs associated with unnecessary virulence factors and life history traits: evolutionary insights from the potato late blight pathogen Phytophthora infestans[END_REF]Perrier et al. 2016). In addition, the ability to colonize multiple environments is predicted to underlie a cost [START_REF] Palaima | The fitness cost of generalization: present limitations and future possible solutions[END_REF]. How generalist parasites support infection of multiple hosts challenges this fitness tradeoff model [START_REF] Jones | Host switching in a generalist parasitoid: contrasting transient and transgenerational costs associated with novel and original host species[END_REF]. Importantly, protein production induces important metabolic cost in microorganisms [START_REF] Akashi | Metabolic efficiency and amino acid composition in the proteomes of Escherichia coli and Bacillus subtilis[END_REF][START_REF] Wagner | Energy Constraints on the Evolution of Gene Expression[END_REF]Smith & Chapman 2010). Protein encoding at the gene level consists in series of nucleotide triplets, called codons, which are translated into an amino acid. The translation of codons into amino acids is mediated by molecules called tRNAs. Interestingly, genetic encoding allows different codons (synonymous) to code for the same amino acid, there is redundancy in the genetic code. However, the use of synonymous codons, or codon usage, departs from random (Plotkin & Kudla 2011).

Several studies reported that biased use of synonymous codons could affect gene expression and reduce the metabolic cost associated with protein production [START_REF] Wagner | Energy Constraints on the Evolution of Gene Expression[END_REF]Plotkin & Kudla 2011) (Figure11). During protein synthesis, not all ribosomes successfully achieve translation of the entire mRNA [START_REF] Jørgensen | Processivity errors of gene expression in Escherichia coli[END_REF][START_REF] Kurland | Translational Accuracy and the Fitness of Bacteria[END_REF]. Partial peptides resulting from translational errors are often nonfunctional and need to be recycled by the cells. Translational errors are therefore though to underlie important energetic costs (Eyre-Walker 1996;[START_REF] Hooper | Gradients in nucleotide and codon usage along Escherichia coli genes[END_REF]. Biased pattern of codon usage in budding yeast can significantly enhance translational accuracy and efficiency [START_REF] Qian | Balanced codon usage optimizes eukaryotic translational efficiency[END_REF]Yang et al. 2014). By significantly improving protein synthesis accuracy and efficiency, codon usage is therefore though to mitigate the costs associated with incomplete peptides production and recycling. Synonymous codons correspond to the same amino acid and yet might differ from each other by their adaptation to the cellular tRNA pool and also by their contribution to the secondary structure and the stability of the transcript. The effect of each attribute on translation properties and the further consequences on gene expression is marked with pale blue (for codon-anticodon adaptation) or yellow (for mRNA folding).

Generalist fungal parasites are known to rely on massive secretion of proteins with enzymatic activity for virulence (Zhao et al. 2013;Kubicek et al. 2014). Furthermore, generalist fungal parasite species tend to encode longer proteins that related specialist (Badet et al. 2017). We therefore hypothesized that codon optimization could mitigate the costs of massive protein secretion and longer proteins production in generalist fungi. To test our hypothesis we conducted the analysis of codon usage in 45 species encompassing specialist and generalist parasites across fungal phylogeny. We show that the index of whole genome codon optimization correlates with host range in multiple fungal parasite lineages. In the Ascomycetes phyla, the generalist fungal parasite S. sclerotiorum show patterns of selection for codon optimization. Conversely, in the fungal specialist Zymoseptoria tritici synonymous codons did not departed from neutral evolution. Interestingly, genes encoding for secreted proteins are high codon optimized in generalists. Accordingly, we report that secreted enzymes are highly codon optimized in generalist fungal parasites compared to specialists. These results suggest that costs associated with multiple-hosts colonization in generalist fungal parasites is mitigated by evolution towards strong codon optimization. Importantly, these findings shed light on a new genomic adaptation mechanism in generalist fungal parasites.

Article: Codon optimization underpins generalist parasitism in fungi https://doi.org/10.7554/eLife.22472

Introduction

The host range of a parasite has a central influence on the emergence and spread of disease [START_REF] Woolhouse | Host range and emerging and reemerging pathogens[END_REF]. There is a clear demarcation between specialist parasites that can only infect one or a few closely related host species and generalists that can infect more than a hundred unrelated host species [START_REF] Woolhouse | Population biology of multihost pathogens[END_REF]Barrett et al., 2009). The host range is a trait constrained by ecological and physiological factors and determined by the evolutionary history of a parasite and its potential hosts [START_REF] Poulin | Host specificity under molecular and experimental scrutiny[END_REF]. Host specialization is a frequent pattern in living systems that was proposed to result from tradeoffs in performance on multiple hosts [START_REF] Joshi | Trade-offs and the evolution of host specialization[END_REF]. At the molecular level, optimization by natural selection of parasite proteins functioning in the interaction with a given host may be detrimental to their function in another species (Dodds and Rathjen, 2010;[START_REF] Dong | Effector specialization in a lineage of the irish potato famine pathogen[END_REF]. Nevertheless, generalists able to thrive on a broad range of hosts are found in most parasite lineages. The molecular mechanisms associated with the evolution of generalist parasitism remain, however, elusive. Notably, the extent to which interaction with multiple hosts affects the evolution of parasite genomes remains unknown.

Genomic analyses of obligate specialist parasites revealed massive losses of enzymes unnecessary for growth and reproduction on living hosts [START_REF] Schirawski | Pathogenicity determinants in smut fungi revealed by genome comparison[END_REF][START_REF] Spanu | Genome expansion and gene loss in powdery mildew fungi reveal tradeoffs in extreme parasitism[END_REF]. Instead, such specialists rely largely on a sets of small secreted protein (SSPs) subverting host cell function. For instance, the genome of the powdery mildew pathogen Blumeria graminis f. sp. hordei harbors 180 SSPs of about 100-150 amino acids [START_REF] Pedersen | Structure and evolution of barley powdery mildew effector candidates[END_REF]. SSPs of specialist fungi often show evidence of diversifying-selection leading to extensive changes in their protein sequence [START_REF] Stukenbrock | The making of a new pathogen: insights from comparative population genomics of the domesticated wheat pathogen Mycosphaerella graminicola and its wild sister species[END_REF][START_REF] Pedersen | Structure and evolution of barley powdery mildew effector candidates[END_REF][START_REF] Hacquard | Mosaic genome structure of the barley powdery mildew pathogen and conservation of transcriptional programs in divergent hosts[END_REF]. By contrast, the secretion of a battery of degrading enzymes is crucial for the parasitic success of generalists (Hu et al., 2014;Kubicek et al., 2014). The genomes of generalist fungi notably contain in average ~3 times more carbohydrate activity enzymes (CAZYmes) than specialist fungi (Zhao et al., 2013). For instance, Rhizoctonia solani AG2-2IIIB contains over 1000 CAZYme genes (Wibberg et al., 2016). Protein translation is the largest consumer of energy during cellular proliferation, and because secreted proteins are not recycled like other cellular proteins, strong constraints exist to reduce the synthetic cost of secreted proteins in microbes (Smith and Chapman, 2010). Considering the distinct properties of secreted proteins in specialist and generalist parasites, the impact of protein translation efficiency on the cost of secreted protein synthesis likely differ in these organisms.

The differential use of synonymous codons in a genome, or codon usage bias, affects gene expression level, protein folding, translation efficiency and accuracy (Plotkin and Kudla, 2011). In particular, the co-evolution of codons with the genomic tRNA complement, leading to codon optimization, results from the combination of neutral processes and selection for the optimization of protein translation [START_REF] Hershberg | Selection on codon bias[END_REF][START_REF] Shah | Explaining complex codon usage patterns with selection for translational efficiency, mutation bias, and genetic drift[END_REF]. Natural selection for the optimization of protein translation, through ribosome pausing time, translation error rates and cotranslational protein folding, has been widely associated with codon usage biases [START_REF] Drummond | Mistranslation-induced protein misfolding as a dominant constraint on codingsequence evolution[END_REF][START_REF] Tuller | An evolutionarily conserved mechanism for controlling the efficiency of protein translation[END_REF][START_REF] Shah | Explaining complex codon usage patterns with selection for translational efficiency, mutation bias, and genetic drift[END_REF]. Because the probability of protein translation error increases with protein length, selection for translation accuracy can be higher in genes encoding long proteins, as was observed in E. coli (Eyre-Walker, 1996). Codon usage bias also increases with the evolutionary age of genes, the frequency of codons optimal for translation being significantly higher at codons for conserved amino acids [START_REF] Marais | Synonymous codon usage, accuracy of translation, and gene length in Caenorhabditis elegans[END_REF][START_REF] Prat | Codon usage is associated with the evolutionary age of genes in metazoan genomes[END_REF]. Considering that highly expressed secreted proteins are often longer and more conserved in generalist than in specialist parasites, we expect natural selection on the optimization of codons to be stronger in generalist parasites than in host specialists.

The cost of protein translation leads to a tradeoff between protein production and cell growth rate [START_REF] Scott | Interdependence of cell growth and gene expression: origins and consequences[END_REF][START_REF] Shah | Rate-limiting steps in yeast protein translation[END_REF]Kafri et al., 2016). Codon optimization therefore impacts cell growth in selective environments (Botzman and Margalit, 2011;[START_REF] Krisko | Inferring gene function from evolutionary change in signatures of translation efficiency[END_REF], and could positively impact on the performances of parasites regardless of the host they encounter. This hypothesis would be consistent with generalist lineages performing better on average on their set of available hosts than co-occurring specialist competitors to persist in the biota, as predicted by the 'jack of all trades, master of none' theoretical model (Futuyma and Moreno, 1988). Here, we have examined the strength of natural selection on the optimization of codons in parasites with contrasted host range across the fungal kingdom. Because the genomes of broad host range parasites generally encode longer proteins, an in silico model of the cell translation machinery predicts that natural selection on codon optimization should be stronger in these species. Consistent with this prediction, we found that codon optimization at the genome scale correlates with fungal parasites host range. High codon optimization and broad host ranges co-evolved multiple times independently through fungal phylogeny. To document the molecular bases of codon optimization at the species level in generalist fungi, we compared single-nucleotide polymorphism (SNP) patterns in natural populations of a generalist and a specialist fungal parasite. We detected signatures of purifying natural selection acting on optimal codons in the generalist parasite only. Finally, we show that genes associated with virulence are better codon-optimized in generalist than in specialist parasite genomes supporting codon optimization as an adaptation to the colonization of multiple hosts. Together, our results reveal patterns of adaptive genome evolution associated with generalism that are conserved through the fungal Kingdom. Furthermore, we establish a link between translational regulation and host range variation through genomic patterns of codon optimization, contributing to our understanding of the dynamics of disease epidemics.

Results

Long proteins encoded by the genome of generalist fungi likely increase natural selection on codon optimization

The efficiency and accuracy of protein translation constrains cell growth rate and depends on sequence properties of expressed proteins [START_REF] Ingolia | Genome-wide analysis in vivo of translation with nucleotide resolution using ribosome profiling[END_REF]Kafri et al., 2016). To evaluate the impact of translation efficiency on cell growth during host colonization, we calculated theoretical maximal growth rates for cells of generalist and specialist fungal parasites. For this, we designed an in silico model of the cell translation machinery describing the accumulation over time of ribosomal proteins, other intracellular proteins and secreted proteins from which the maximal cell growth rate can be deduced (see 'Materials and methods', Figure 1-source data 1). To calculate the typical protein synthesis rate, the model uses the median length of ribosomal, intracellular and secreted proteins as input. We determined these values in the complete predicted proteomes of 13 host-specialist fungi (less than four host genera) and 15 generalist fungi (over 10 host genera) all belonging to different genera and covering most major fungal clades (Figure 1A, Figure 1-source data 1). In average, secreted proteins were ~14.8% longer in generalists than in specialists (365 and 318 codons respectively; Welch's t-test p<10 À08 ). Intracellular proteins were also longer in average in generalists than in specialists (~10.1% longer with 381 and 346 codons respectively; Welch's t-test p<10 À08 ), whereas ribosomal proteins were slightly shorter in average in generalists than in specialists (~1.2% shorter with 189 and 192 codons respectively; Welch's t-test p<10 À04 ). In yeast, codon decoding rate varies from 10 to 28 codons per second, with an average of 20 codons per second [START_REF] Gardin | Measurement of average decoding rates of the 61 sense codons in vivo[END_REF]. We tested the impact of varying the average codon decoding rate from 10 to 28 codons per second on the maximal cell growth rate predicted by our model for generalist and specialist fungal cells (Figure 1B). Cells of specialists achieved higher maximal growth rates than cells of generalists at a given codon decoding rate. Reciprocally, cells of generalists require higher codon decoding rate to reach maximal growth rates similar to cells of specialists. For instance, in order to achieve a growth rate of 4000 cells per 24 hr, the codon decoding rate should be 21.7 codons per second in generalists but only 19.9 codons per second in specialists.

To test the robustness of these observations across the fungal phylogeny, we compared related specialist and generalist species from three major fungal groups: Basidiomycetes, Ascomycetes and Basal Fungi (Figure 1C). In all three groups, secreted proteins were longer in average in generalist species than in specialist species. For instance, secreted proteins of the generalist Botrytis cinerea were in average ~73% longer (394 amino acids) than secreted proteins of the specialist Blumeria graminis f. sp. tritici (228 amino acids; Welch's t-test p<10 À08 ). Length differences in ribosomal and other intracellular proteins were not consistent through all three clades. Overall, our cell translation machinery model showed in all three cases that generalist species require higher codon decoding rates to achieve similar growth rates as their specialist relatives.

The in silico cell model used here suggests that longer proteins, especially secreted proteins, encoded in the genome of generalist fungi limits maximal cell growth rates compared to specialist fungi. It also shows that codon optimization, leading to higher codon decoding rates, can support the secretion of more complex proteins with limited growth penalty. Although additional factors may contribute, we show that longer protein pools are sufficient to increase the constraints on codon optimization in generalist fungi. We therefore expect natural selection on the optimization of codons to be stronger in generalist parasites than in host specialists.

Codon optimization correlates with fungal parasites host range

To test this hypothesis, we analyzed patterns of codon optimization in the genomes of 36 fungal parasite species, including the 15 generalist parasites and 13 specialists analyzed previously, as well as 8 species with intermediate host range (between 4 and 10 host genera) (Table 1). For this, we first used a model that infers the degree 'S' of coadaptation between codon usage and the genomic tRNA complement at the whole genome scale [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF]. S values ranged from À0.032 (Puccinia graminis) to 0.843 (Cryptococcus neoformans), with an average of 0.374. We performed a correlation analysis and found that codon optimization at the whole genome scale increased with host range (Spearman rho = 0.82, p=7.1 10 À10 , Figure 2A). Generalist species had an average S of 0.58, whereas the average S was 0.23 for specialists. We verified the significance of the correlation between host range and genome scale codon optimization using Felsenstein's phylogenetic independent contrasts, and obtained Spearman rho of 0.6 (p=1.5 10 À05 ).

Comparing genes codon usage with codon usage for a reference set of highly expressed genes is a classical approach for estimating codon usage bias independently of knowledge of the tRNA repertoire. We determined the codon adaptation index (CAI) [START_REF] Sharp | The codon adaptation index-a measure of directional synonymous codon usage bias, and its potential applications[END_REF]) using ribosomal protein genes as a reference set. To allow comparisons of codon optimization across species, we calculated for each species the degree 'S CAI ' of correlation between codon usage and CAI at the whole genome scale. S CAI ranged from À0.187 (Blumeria graminis f. sp. tritici) to 0.87 (Cryptococcus neoformans), with an average of 0.438 (Figure 2B). S CAI increased with host range (Spearman , 2013). We calculated for each species the degree 'S scnRCA ' of correlation between codon usage and scnRCA at the whole genome scale. S scnRCA ranged from À0.085 (Nosema ceranae) to 0.853 (Cryptococcus neoformans), with an average of 0.495 (Figure 2C). S scnRCA increased with host range (Spearman rho = 0.59, p=2.7 10 À05 under phylogenetic independent contrasts) and generalist species had an average S scnRCA of 0.67, whereas the average S scnRCA was 0.32 for specialists.

To control for the confounding effects of heterogeneity in the completeness of genome assemblies, we first verified that codon optimization was related to the number of hosts but not genome assembly parameters at ANOVA p<0.01 (Figure 2-source data 1). Comparing codon usage bias for gene sets conserved across species is another established method to compare codon optimization across species independent of genome completeness. We identified a set of 1620 core ortholog genes (COGs) conserved across all the 36 fungal parasite species (Figure 2-source data 2). The tRNA adaptation indices (tAIs) were significantly higher in the orthologs of generalist genomes (median value is 0.361) than in orthologs of specialist genomes (median value is 0.337; Welch's t-test p<0.01) (Figure 2D). We calculated S for COGs in each genome and found that S is significantly higher for COGs in generalist genomes (median is 0.774) than in specialist genomes (median is 0.167; Welch's t-test p=9.9 10 À06 ) (Figure 2D). These different analyses converge toward the conclusion that codon optimization at the whole genome scale correlates with fungal parasites host range.

Codon optimization and host range co-evolved multiple times across fungal phylogeny

To document the evolution of codon optimization in fungi, we reconstructed the ancestral state of codon optimization in fungal phylogeny. To this end, we built a phylogeny of our 36 fungal parasites and 9 non-parasitic fungi distributed among all major clades covered in our study (Figure 3A, Figure 3-source data 1 and 2). We determined the degree of codon optimization in non-parasitic fungal genomes and found that codon optimization was generally lower in non-parasitic fungi than in their generalist relatives (average values for non parasitic fungi were S = 0.157, S CAI = 0.315 and S scnRCA = 0.354). This does not exclude that some lineages of non-parasitic fungi could have evolved high codon optimization, but supports the view that codon optimization increased after the divergence of generalist parasites. To support this conclusion, we inferred the ancestral degree of codon optimization at internal nodes of fungal phylogeny using ML ancestral state estimation [START_REF] Revell | Phytools: an R package for phylogenetic comparative biology (and other things)[END_REF] (Figure 3A). The fungal parasites species used in this work represented four independent evolutionary paths to extreme generalism (over 100 host genera) with non-parasitic or specialists in the same clade, in the Chytridiomycota, the Agaricomycotina, the Leotiomycetes and the Sordariomycetes (Figure 3A). In all four clades, generalism was associated with an increase in genomic codon adaptation compared to related non-parasitic or specialist species and to the reconstructed ancestral state. For instance, in the Leotiomycetes, the generalist parasites Botrytis cinerea and Sclerotinia sclerotiorum (>300 host genera) both had S > 0.5, whereas the non-parasitic Oidiodendron maius and the host specialists Erysiphe necator and Blumeria graminis f. sp. tritici had S < 0.2. The reconstructed ancestral state for this clade was S = 0.37.

To test for the robustness of the association between host range and codon optimization across fungal phylogeny, we tested whether it could be detected at the sub-Kingdom level. The correlation coefficient between genome-scale codon optimization and host range were between 0.64 and 0.84 Codon optimization correlates with host range in fungal parasites. Genome-scale codon optimization correlates with host range in 36 parasites across the kingdom Fungi. Species considered as specialists (less than four host genera) are shown in green, species considered as generalists (over 10 host genera) are shown in brown. Error bars show 95% confidence interval, dotted line shows logarithmic regression of the data. Codon optimization calculated based on knowledge on the tRNA pool (A), on codon usage in ribosomal protein genes (B) and on self-consistent relative codon adaptation (C) correlated with host range at Spearman r!0.59 (p 2.7 10 À05 ) under phylogenetic independent contrasts. (D) Codon optimization is stronger in core orthologs from generalist fungal parasites than in core orthologs from specialist fungal parasites. Left: Distribution of tRNA adaptation indices in 1620 core ortholog genes show significantly higher values in generalist fungi (**, Welch's t-test p<0.01). Right: Codon optimization calculated as the degree of coadaptation of core ortholog genes to the genomic tRNA pool is significantly higher in generalist fungi (***, Welch's t-test p<10 À04 ). DOI: 10.7554/eLife.22472.004

The following source data is available for figure 2: for S, S CAI and S scnRCA at the Phylum level in Basidiomycetes and Ascomycetes, and across phyla in non-Dikarya fungi. To unambiguously exclude the impact of phylogeny on the correlation between host range and codon optimization, we calculated Blomberg's K and Pagel's l as two quantitative measures of phylogenetic signal in genome scale codon optimization along the fungal tree [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF][START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF]. We obtained Blomberg's K = 0.28 and Pagel's l = 0.62. Both measures indicated that evolution of codon optimization is not correlated with the phylogeny along the tree at p<0.01. Then, we used phylosignal [START_REF] Keck | Phylosignal: an R package to measure, test, and explore the phylogenetic signal[END_REF] to build a correlogram between phylogenetic distance and codon optimization (Figure 3B). Correlations were insignificant (in the range À0.05 to 0.1) along the whole tree. These results support the view that codon optimization is associated with host range in fungal parasites. 

Source data 1.

Biased SNP patterns underpin with codon optimization in the generalist parasite Sclerotinia sclerotiorum

To get insights into the molecular bases of codon optimization in generalists, we searched for patterns of genome evolution associated with codon optimization at the species level in natural populations of generalist parasites. To this end, we generated genome-wide SNPs data by sequencing five field isolates of the plant pathogenic fungus Sclerotinia sclerotiorum [START_REF] Stam | Pooled enrichment sequencing identifies diversity and evolutionary pressures at NLR resistance genes within a wild tomato population[END_REF]344 coding SNPs). S. sclerotiorum is the causal agent of Sclerotinia rot disease, is notorious for its broad host range encompassing several hundreds of plant genera, and shows strong signatures of codon optimization (S = 0.52). As expected under strong codon optimization, tRNA concentrations determined by small RNA sequencing strongly correlated with the number of tRNA genomic copies, tRNA adaptive values (calculated according to [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF]) and codon usage in S. sclerotiorum (Figure 4-figure supplement 1). We used 131,138 genome-wide coding SNPs of nine isolates of the host-specific plant pathogenic fungus Zymoseptoria tritici (Croll et al., 2013) as a reference species with weak codon optimization (S = À0.02). Overall, the SNP frequency was higher in the Z. tritici population (1.196 SNP.Kb À1 .isolate À1 ) compared to S. sclerotiorum (0.416 SNP.kb À1 .isolate À1 ). To search for signatures of codon optimization in these populations, we determined the frequency of variants for each codon type. We compared frequency of codon variants to the number of cognate tRNA genomic copies, allowing for wobble pairing [START_REF] Crick | Codon-anticodon pairing: the wobble hypothesis[END_REF]. Frequency of codon variants negatively correlated with the number of tRNA genomic copies in S. sclerotiorum (Pearson = À0.60, p = 4.6 10 À07 ) but not in Z. tritici (Pearson = 0.06, p = 0.62) (Figure 4A, Figure 4-source data 1).

To further document the molecular bases of codon optimization at the species level, we compared SNP patterns in optimal, intermediate, and non-optimal codons for each amino acid in S. sclerotiorum and Z. tritici populations. In the Z. tritici population, SNP frequencies were not significantly different between optimal and non-optimal codons. By contrast, synonymous SNP frequencies were on average ~1.7-fold lower in optimal codons than in non-optimal codons in S. sclerotiorum (Welch's t-test p=1.3 10 À03 ) (Figure 4B). These findings identify biased synonymous substitutions as a link between generalism and codon optimization. This analysis is independent of codon usage indices and shows that selection for average performances on multiple hosts is reflected in global trends of genome evolution.

Natural selection drives codon optimization in generalist fungal parasites

Codon bias in a genome can be selectively neutral due to non-randomness in the mutation process. For instance, the identity of favored codons tracks the GC content of the genomes [START_REF] Chen | Codon usage between genomes is constrained by genome-wide mutational processes[END_REF][START_REF] Hershberg | General rules for optimal codon choice[END_REF]. Although S. sclerotiorum genome is AT-rich (41.8% GC), synonymous SNPs showed no bias toward AT conversion, suggesting that synonymous SNPs deviated from neutral patterns (Figure 4-figure supplement 2). Furthermore, adjusted variant frequencies in S. sclerotiorum were similar in intergenic nucleotide triplets and in non-optimal codons but significantly lower in optimal codons (~1.53-fold lower, Welch's t-test p= 1.0 10 À11 ) (Figure 4B), suggesting that synonymous SNPs in optimal codons may be counter-selected in this species, providing evidence of purifying selection acting on optimal codons. To unambiguously demonstrate that observed SNP patterns lead to codon optimization in S. sclerotiorum and are unlikely to result from neutral processes, we simulated the evolution of optimal codon frequencies in S. sclerotiorum and Z. tritici genomes over 1000 generations (Figure 4C). In these simulations, we used either random SNP patterns, or the SNP patterns determined experimentally (Figure 4-source data 2). This demonstrated that the codon SNP patterns determined experimentally converge toward increased codon optimality in S. sclerotiorum genome, whereas SNP patterns observed in Z. tritici genome and random mutation patterns do not. Thus, patterns of evolution toward increased codon optimality were detected in S. sclerotiorum but not in Z. tritici populations, and deviate significantly from neutral evolution.

To estimate the likelihood that observed codon biases result from selective rather than neutral processes in other fungal genomes, we used permutation tests on the number of genomic tRNA copies to calculate probability distribution of S under no selection [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF]. A total of 14 species showed signatures of selection for codon optimization with a p<0.1, among which one was a specialist (M. roreri) and one had eight host genera (P. destructans). Twelve out of 15 (80%) generalist species showed selection for codon optimization with a p<0.1, confirming that adaptive translation is stronger in generalist species. We conclude that natural selection on protein translation efficiency or accuracy drives evolution toward codon optimization in generalist parasites through The biased synonymous SNPs. These evolutionary patterns are consistent with an improvement of average performances on multiple hosts for generalist parasites.

Codon optimization signatures associate with host colonization

To further support the link between codon optimization and the ability to colonize multiple hosts, we analyzed signatures of codon optimization in host-induced genes of 15 fungal parasite species from multiple families of the Ascomycetes and Basidiomycetes (Figure 5-source data 1) (Amselem et al., 2011;Duplessis et al., 2011aDuplessis et al., , 2011b;;[START_REF] Gao | Genome sequencing and comparative transcriptomics of the model entomopathogenic fungi Metarhizium anisopliae and M. acridum[END_REF][START_REF] Morton | The temporal dynamics of differential gene expression in aspergillus fumigatus interacting with human immature dendritic cells in vitro[END_REF][START_REF] O'connell | Lifestyle transitions in plant pathogenic Colletotrichum fungi deciphered by genome and transcriptome analyses[END_REF][START_REF] Xiao | Genomic perspectives on the evolution of fungal entomopathogenicity in Beauveria bassiana[END_REF]Zhang et al., 2012;[START_REF] Hacquard | Mosaic genome structure of the barley powdery mildew pathogen and conservation of transcriptional programs in divergent hosts[END_REF][START_REF] Bailey | Differential gene expression by Moniliophthora roreri while overcoming cacao tolerance in the field[END_REF][START_REF] Chen | The Cryptococcus neoformans Transcriptome at the site of human meningitis[END_REF][START_REF] Kellner | Expression profiling of the wheat pathogen Zymoseptoria tritici reveals genomic patterns of transcription and host-specific regulatory programs[END_REF][START_REF] De Bekker | Gene expression during zombie ant biting behavior reflects the complexity underlying fungal parasitic behavioral manipulation[END_REF][START_REF] Bradshaw | Genomewide gene expression dynamics of the fungal pathogen Dothistroma septosporum throughout its infection cycle of the gymnosperm host Pinus radiata[END_REF]. We found that host-induced genes were enriched ~3.1-fold among the top 10% codon-adapted genes in generalist parasites but not in specialists. Overall, genes induced during host colonization distributed predominantly among genes with high codon adaptation indices in generalist but not in specialist parasites (Figure 5A, Figure 5-source data 2). Parasites use secreted proteins to facilitate infection of their hosts. We therefore analyzed codon optimization in secretome genes of 45 fungal species (Figure 5-source data 3). We found that secretome genes were enriched over 1.6-fold among the top 10% codon-adapted genes in generalist parasites but only ~1.2-fold in specialists and non-parasitic fungi. Overall, predicted secretome genes distributed predominantly among genes with high codon adaptation indices in generalist parasites but not in specialist and non parasitic fungi (Figure 5B). We calculated S in each genome for secreted and non-secreted protein genes (Figure 5C, Figure 5-source data 4). In our genome set, non-parasitic fungi had similar S for secreted and non-secreted proteins. The average S for secreted proteins (0.212) was slightly higher than for non-secreted proteins (0.137) in specialists (Student's paired t-test p=0.054). In generalists, the average S for secreted proteins (0.661) was significantly higher than for non secreted proteins (0.558, Student's paired t-test p=1.12 10 À03 ). Increased codon optimization in generalists was not only clear for genes encoding secreted proteins and host-induced genes, but also across their entire genome ('other genes' in Figure 5C). To get a global overview of cellular functions enriched in codon optimized genes in generalists, we analyzed normalized tRNA adaptation indices for genes annotated with Gene Ontologies (GO) in generalist and specialist genomes (Figure 5D, Figure 5source data 5). Together with secreted enzymes, GOs related to translation and central metabolism showed higher codon optimization in generalists than in specialists. Conversely, GOs related to transcription, transposable elements and phosphorelay signal transduction were better optimized in specialists than in generalists. These results suggest that high codon optimization is an adaptation to host colonization and particularly to the colonization of multiple hosts.

Discussion

Our study reveals that codon optimization through biased synonymous substitutions is a common feature in the evolution of generalist parasites and is associated with the colonization of multiple hosts. Because host colonization by generalist often requires diverse and relatively complex secreted proteins, these organisms are expected to require higher protein translation efficiency to compete with co-occuring specialist microbes. In agreement with this model, we found that natural selection for codon optimization correlates with host range in fungal parasites. We describe patterns of purifying selection acting on optimal codons in generalist parasites, providing a molecular basis for genome scale adaptation to the colonization of multiple hosts.

The increasing amount of genome sequences available for specialist fungal parasites revealed massive losses of enzymes associated with the ability to thrive and reproduce on living hosts [START_REF] Schirawski | Pathogenicity determinants in smut fungi revealed by genome comparison[END_REF][START_REF] Spanu | Genome expansion and gene loss in powdery mildew fungi reveal tradeoffs in extreme parasitism[END_REF]. Specialists rely largely on SSPs subverting host cell functions. Functional analyses have shown that SSPs from filamentous pathogens can function as effectors, facilitating the colonization of susceptible hosts while triggering resistance in some host genotypes by activating resistance (R) proteins (Dodds and Rathjen, 2010). In specialist species, the one-to-one relationship, either direct or indirect, between effectors and R proteins favors evolution through non-synonymous mutations, to increase effector diversity and escape R protein recognition (Raffaele and Kamoun, 2012). By contrast, pathogen populations exposed to weaker host selection, caused by quantitative resistance genes, or disruptive selection due to heterogeneity in the host population, are expected to evolve adapted genetic variants less rapidly (McDonald and Linde, 2002;Roux et al., 2014). Our analyses indeed support the view that selection driven by multiple hosts is associated with relatively low rates of evolution of protein variants but instead associates with the directional evolution of synonymous genetic variants. Translational selection may, nevertheless, be active in the genome of specialists but on limited gene sets only, resulting in a low signal in genome-scale analyses (dos Reis et al., 2004). We noted a trend toward longer proteins encoded in the genome of generalist fungi, notably secreted proteins, consistent with the abundance of SSPs in specialists [START_REF] Spanu | Genome expansion and gene loss in powdery mildew fungi reveal tradeoffs in extreme parasitism[END_REF] and previous comparative analyses [START_REF] Kim | Kingdom-wide analysis of fungal small secreted proteins (SSPs) reveals their potential role in host association[END_REF]. We associated longer proteomes in generalists with higher selection on codon optimization at the whole genome scale. The relative strength of translational selection on individual genes may, however, vary significantly within a given genome. Gene length increases in relation to evolutionary age, with conserved genes under purifying selection generally being longer and harboring higher frequency of optimal codons [START_REF] Prat | Codon usage is associated with the evolutionary age of genes in metazoan genomes[END_REF][START_REF] Wolf | The universal distribution of evolutionary rates of genes and distinct characteristics of eukaryotic genes of different apparent ages[END_REF]. Neofunctionalization in duplicated genes has also been associated with increased gene length [START_REF] He | Gene complexity and gene duplicability[END_REF]. Duplications frequently underlie domain loss and gain in eukaryotic proteins, which is an important mechanism for the evolution of new functions [START_REF] Buljan | Quantifying the mechanisms of domain gain in animal proteins[END_REF][START_REF] Badet | Rapid diversification of cell signaling phenotypes by modular domain recombination[END_REF]. Natural selection may promote protein domains recombination to increase the versatility of fungal proteins functions, and thereby contribute to host range expansion.

The adaptive evolution of effectors that increase the colonization of one host species also increases the risk of detection in other host species by triggering their immune system. Furthermore, natural selection that maximizes parasite fitness on one particular host species might result in decreased fitness on an alternative host, leading to specialization (reduced host range) or host shift [START_REF] Dong | Effector specialization in a lineage of the irish potato famine pathogen[END_REF]. The evolution of generalism has been associated to hybridization events (McMullan et al., 2015;[START_REF] Menardo | Hybridization of powdery mildew strains gives rise to pathogens on novel agricultural crop species[END_REF], horizontal transfer of genetic elements [START_REF] Ma | Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium[END_REF]Hu et al., 2014), and an overall increase in the repertoire of protein-coding genes (Hu et al., 2014). This observation is consistent with the prominent role in pathogenic success of large repertoires of host-degrading enzymes encoded by the genome of generalist parasites [START_REF] King | Arsenal of plant cell wall degrading enzymes reflects host preference among plant pathogenic fungi[END_REF]Zhao et al., 2013). Catalytic efficiency of these enzymes is crucial to perform in host environment. Although the catalytic activity of enzymes is typically modulated by adaptation of protein sequences, high reaction rates for efficient host colonization may be reached by modulating the amount of protein synthesized during colonization. However, an increase in proteins production may lead to a metabolic or structural burden of the translation machinery. For instance, the massive production of virulence factors by the generalist bacterial pathogen Ralstonia solanacearum reduces its metabolic versatility and thus its host colonization capacity (Perrier et al., 2016;Peyraud et al., 2016). Natural selection for the optimization of protein translation, through ribosome pausing time, translation error rates and co-translational protein folding, has been widely associated with codon usage biases [START_REF] Drummond | Mistranslation-induced protein misfolding as a dominant constraint on codingsequence evolution[END_REF][START_REF] Tuller | An evolutionarily conserved mechanism for controlling the efficiency of protein translation[END_REF][START_REF] Shah | Explaining complex codon usage patterns with selection for translational efficiency, mutation bias, and genetic drift[END_REF]. The adaptive evolution of the translation machinery described here is predicted to favor generalists' performances in heterogeneous host populations, by reducing the cost of large and diverse sets of secreted enzymes production on proliferation. The mitigation of the tradeoff between cell proliferation and protein synthesis (Li et al., 2014) by codon optimization could explain how generalist lineages have maintained or gained the ability to produce diverse sets of secreted enzymes, allowing the colonization of genetically diverse hosts. Codon optimization may affect the expression of effectors and other virulence factors, modifying the degree of infection or enabling the colonization of new hosts opposing quantitative disease resistance mechanisms. These findings reveal that parasite host range variation is a prime example of an adaptive phenotype related to codon optimality and translational regulation.

Materials and methods

Simulation of codon optimization effect on protein biosynthesis

We designed a mathematical model of the cell translation machinery in order to undertake the analysis of the impact of codon optimization parameters on the cell physiology (Figure 1-source data 1). The model describes the variation of intracellular concentration, P(i), of three proteins sets (i): the free ribosomal proteins P(r), the proteins destined to be secreted P(s) and intracellular non-secreted proteins P(n), depending on their synthesis rate and the dilution rate due to cell growth. Crowding effect [START_REF] Beg | Intracellular crowding defines the mode and sequence of substrate uptake by Escherichia coli and constrains its metabolic activity[END_REF], that is the maximal number of proteins that a finite cell can contain, was modeled by adding a limitation function to the elongation rate which is asymptotic to the maximal proteins content. The ordinary differential equations were solved numerically using the COPASI software (RRID:SCR_014260) [START_REF] Hoops | COPASI-a COmplex PAthway SImulator[END_REF] until a steady-state was reached. mRNA(i) concentrations were assumed to be stable with no dilution due to cell growth. The initiation constants between mRNA and ribosomes were set to a non-limiting value, similar for the three kinds of proteins sets (r, n and s). A stoichiometric constrain of 79 ribosomal proteins bound per mRNA(i) was added in the COPASI model. The initial parameters used for the different analysis are listed in Figure 1-source data 1. These parameters were set to be in the physiological range of a cell accordingly to data from [START_REF] Bremer | Modulation of chemical composition and other parameters of the cell at different exponential growth rates[END_REF]. The concentrations of the biomolecules in the model are in mmol. ml À1 . The maximal growth rate was defined as the dilution rate (m) above which the rate of the proteins biosynthesis is lower than the dilution rate, leading to the collapse of the proteins concentration. We considered situations in which 14.5% of total mRNAs corresponded to mRNAs for secreted proteins and 12% corresponded to mRNAs for ribosomal proteins, and analyzed the impact of varying codon decoding rate on protein production under our cellular model.

Codon optimization across the kingdom fungi

Genome assemblies and CDS files for 45 fungal species were downloaded from the repositories given in Figure 2-source data 1. For every species, the repertoire of tRNA genes was determined using the tRNAscan-SE 1.21 server (RRID:SCR_010835) [START_REF] Schattner | The tRNAscan-SE, snoscan and snoGPS web servers for the detection of tRNAs and snoRNAs[END_REF] with the 'Source' parameter set as 'Eukaryotic' and 'Search Mode' set as 'Default'. For 42 species, only predicted full length CDS were considered for codon optimization analysis. For this, CDS lacking a start and a stop codon were filtered out. For Puccinia graminis, Serpula lacrymans and Colletotrichum higginsianum, since >15% of CDS lacked a predicted stop codon in these genomes, we filtered out CDS lacking a start codon only. tRNA adaptation indices (tAIs) were calculated for a total of 569,744 genes using the get.tai function in R (dos [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF] with the 'sking' parameter set to '0' (Eukaryote) for the get.ws function. The degree of codon optimization in each genome was determined using the get.s function in R (dos [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF]. Confidence intervals were determined using the CI function from the package 'psychometric' in R. For each genome, the probability of selection acting on codon optimization was determined using the ts.test function in R (dos Reis et al., 2004) with sample size = 500 and n = 1000 and p values were adjusted using Bonferroni correction. The repertoire of ribosomal proteins was identified based on interproscan annotation or de novo gene annotation performed with Blast2GO version 3.3 (RRID:SCR_005828) (Conesa et al., 2005). For each genome, the CDS of full length ribosomal proteins were used to compute a codon usage table with the CUSP function in EMBOSS (RRID:SCR_008493) [START_REF] Rice | EMBOSS: the European molecular biology open software suite[END_REF] to calculate codon adaptation indices (CAI) for every gene in the corresponding genome, using the CAI function in EMBOSS. The degree of codon optimization at the whole genome scale was determined using the get.s function in R with gene CAI or scnRCA instead of tAI. Host range was determined according to sources listed in Figure 2-source data 2. For most plant pathogens, the Systematic Mycology and Microbiology Laboratory Fungus-Host Database of the United States Department of Agriculture was used [START_REF] Farr | Fungal databases, systematic mycology and microbiology laboratory[END_REF]. For Cryptococcus neoformans, Aspergillus fumigatus, Beauveria bassiana, and Metarhizium acridum, a list of infected Orders were retrieved. We collected the list of Genera recorded in these Orders through various sources (Figure 2-source data 2). The likelihood that a parasite can infect two host species decreases continuously with phylogenetic distance between the hosts [START_REF] Gilbert | Phylogenetic signal in plant pathogen-host range[END_REF]. In their study, Gilbert and Webb reported that the proportion of hosts colonized was about ~20% at a 300 Mya phylogenetic distance, decreasing logarithmically. We considered that 8% of Genera in a given Order were likely to be host for the above-mentioned pathogens to reach a conservative estimate. Core orthologous genes were identified through a BlastP search against a database of 36 complete fungal proteomes, using the CEGMA set downloaded from http://korflab.ucdavis.edu as a query. Only orthologous groups containing a single hit in all fungal species were selected for further analysis. tRNA adaptation indices for each genome were median-normalized before analyzing their distribution in COGs. We used the TimeTree database [START_REF] Hedges | Tree of life reveals clock-like speciation and diversification[END_REF] to obtain ages for a maximum of nodes of the tree (calibration points). Then, we ultrametricized the tree using PATHd8 [START_REF] Britton | Estimating divergence times in large phylogenetic trees[END_REF]. We tested for a potential presence of a phylogenetic signal estimated by Blomberg's K, Pagel's l and autocorrelogram with the phylosignal R-package [START_REF] Keck | Phylosignal: an R package to measure, test, and explore the phylogenetic signal[END_REF]. We calculated phylogenetic independent contrasts [START_REF] Felsenstein | Phylogenies and the comparative method[END_REF] and verified the significance of trait correlations using the pic function from the ape package in R.

Sequencing of S. sclerotiorum isolates

Isolates C014, P163, P314 and C104 were provided by Bruno Grezes-Besset (Biogemma, Mondonville, France) and were collected from infected rapeseed fields near Blois (France) in 2010. Isolate FrB5, collected from clover seed lot in Dijon (France) in 2010, was obtained from [START_REF] Vleugels | Morphological and pathogenic characterization of genetically diverse sclerotinia Isolates from European Red Clover Crops ( Trifolium Pratense L.)[END_REF]. Isolate 1980 (ATCC18683) was collected in prior 1970 on bean pods near New York (Maxwell and Lumsden, 1970) and was provided by Martin Dickman (Texas A and M University, USA). For IGS phylogeny, Intergenic sequences (IGS) were retrieved on sequenced genomes with the Blast tool of CLC Genomics software (RRID:SCR_011853). The sequences were aligned with MAFFT v7 (RRID:SCR_011811) [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: improvements in performance and usability[END_REF], and the phylogenetic tree was build with PhyML 3 [START_REF] Guindon | New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0[END_REF] with SH-like approximate likelihood ratio test (aLRT) as support statistics. The tree was mid-point rooted using MEGA6 software (RRID:SCR_000667) [START_REF] Tamura | MEGA6: molecular evolutionary genetics analysis version 6.0[END_REF]. Sclerotinia sclerotiorum isolates were grown in liquid potato dextrose medium (P6685 -Sigma) for 4 days at 24 ˚C under shaking at 180 rpm. Cultures were filtered using vacuum and a fritted glass column protected with a doubled miracloth membrane and ground in liquid nitrogen. One gram of mycelium powder was used for DNA extraction using a DNA Maxi Kit (Quiagen) and following manufacturer's instructions. DNA sequencing was outsourced to Fasteris SA (Switzerland) to produce Illumina paired-end reads (2 Â 100 bp) using a HiSeq 2500 instrument. Paired-end reads for each S. sclerotiorum isolate were mapped to version 2 of the S. sclerotiorum 1980 reference strain genome (Derbyshire et al., 2017) using the mapping function of the CLC Genomics software. Variant call was performed on mapped reads with the Fixed Ploidy Variant Detection function of the CLC Genomics software. The resulting total variants for each strain were further filtered for homozygous single nucleotide variants.

Analysis of codon polymorphisms in plant pathogen populations

SNPs in gene coding sequences were extracted and mapped to the corresponding codons using R scripts to calculate the percentage of polymorphic codons of each type. The number of tRNAs able to decode each codon type is given as a percentage of the genomic tRNA pool that was determined based on tRNA gene predictions obtained through tRNAscan-SE. Whenever isoacceptor codons had no cognate tRNA predicted, the number of tRNA copies was divided evenly among isoacceptor codons according to general codon-anticodon wobble rules as described in dos Reis et al. ( 2004). We considered that the 11 codons that did not have isodecoder tRNAs in Zymoseptoria tritici were decoded evenly by the four tRNA genes that had no accepting codons identified by tRNAscan-SE. Codons with the highest percentage of decoding tRNAs were considered as optimal. In cases where the highest percentage of decoding tRNA was shared among several synonymous codons, codons having the highest number of cognate tRNA copies in the genome or codons with the highest usage in the genome were optimal. Codons with the lowest percentage of decoding tRNAs were considered as non-optimal. In cases where the lowest percentage of decoding tRNA was shared among several synonymous codons, codons with the lowest usage in the genome were considered non-optimal. Other codons were considered as intermediate.

Variant frequencies (in % of codons) were calculated by counting the number of codons harboring a SNP divided by the total number of this codon type in the genome. These raw variant frequencies were used in simulation of the evolution of codon optimality. A random base change within a codon is more likely to result in a nonsynonymous or stop-gain mutation than a synonymous mutation, hence we expect the frequency of non-synonymous codon variants to be higher than the frequency of synonymous codon variants under neutral selection. Therefore, to compare synonymous and nonsynonymous variant frequencies, we adjusted non-synonymous variant frequencies dividing them by their likelihood to occur if changes were random. Variant frequencies in intergenic nucleotide triplets were used as an estimate for neutral patterns of evolution. For this, we extracted for each intergenic SNP the corresponding triplets. Variant frequencies (% of nucleotide triplets) were calculated by counting the number of triplets of a given type harboring a SNP divided by the total number of this triplet type in intergenic regions of the genome, determined using the COMPSEQ function in EMBOSS. Frequencies of variants in intergenic triplets were adjusted to compare to synonymous and non-synonymous variant frequencies. For this, we use as a correction factor the ratio between the adjusted total codon variant rate (synonymous variant rate + adjusted non-synonymous variant rate) over the unadjusted total codon variant rate (synonymous variant rate + non-synonymous variant rate). SNP frequencies in genes (in Kbp À1 ) were calculated counting the number of SNPs per genes and divided by the length of gene coding sequence in Kbp.

Determination of tRNA genes expression

Small RNAs were obtained from samples of Arabidopsis thaliana Col-0 ecotype plants infected by S. sclerotiotum strain 1980 and samples of S. Sclerotiorum strain 1980 grown in Potato Dextrose Broth as previously described. Small RNA were prepared using the NucleoSpin miRNA kit (Macherey-Nagel) following instructions of the manufacturer. Small RNAs sequencing was outsourced to Fasteris SA (Switzerland) to produce Illumina reads using a HiSeq 2500 instrument (small RNA libraries with expected insert size from 18 to 30 bp). Reads were imported into CLC Genomics Workbench 8.5 (QUIAGEN), and sequences were mapped on version 2 of the S. sclerotiorum strain 1980 genome (Derbyshire et al., 2017). Read counts at predicted tRNA loci were obtained using the Small RNA Analysis toolkit of the CLC Genomics Workbench 8.5 software. Only perfect matches to the S. sclerotiorum tRNA genomic loci on the correct strand were accepted, and inserts less than 15pb were discarded. Reads collected in planta or in vitro and aligned to the different copies of a given tRNA type in the genome were summed up and compared to tRNA gene copy numbers, codon usage or tRNA adaptive values.

Simulations of the evolution of codon optimality

Codons were classified as optimal, intermediate and non-optimal as described previously, unadjusted variant frequencies were used. The initial state in simulations corresponded to codon usage measured in S. sclerotiorum and Z. tritici reference genomes. To simulate the long-term evolution of codon optimality in S. sclerotiorum and Z. tritici, we developed two python scripts. The 'observed' simulator uses the frequencies of all 64x64 = 4096 possible codon substitutions measured in S. sclerotiorum and Z. tritici natural populations, kept constant over the simulation. At each evolutionary step, the frequencies of the 64 codons in each genome are mutated according to the codon substitution frequencies table. The total proportion of optimal, intermediate and non-optimal codons in each genome is computed after all measured codon substitutions have been accounted for (designated as one 'generation'). To test if the observed long-term evolution of codon optimality deviated significantly from random mutation patterns, a 'random' simulator was implemented. In these simulations, bulk frequencies of triplets toward synonymous and not synonymous mutations were kept constant, whereas the outcome of mutations was determined randomly at each iteration. The number of mutations at each generation also varied randomly in order to obtain an uneven distribution. Simulations were repeated until an asymptotic behavior was apparent. The Python source code for these two simulators is provided in Figure 4-source code 1.

Codon optimization and genes function

To normalize tAIs across multiple genomes, tAI values were ordered in ascending order in each genome, and their rank given as a percentage (0 for lowest rank corresponding to the lowest tAI in a given genome up to 1 for the highest rank corresponding to the highest tAI in this genome). The source of data and pipelines used to identify genes significantly induced are listed in (Figure 5source data 1). The predicted secreted protein genes were determined using SignalP 4.0 [START_REF] Petersen | SignalP 4.0: discriminating signal peptides from transmembrane regions[END_REF] with default parameters. For each genome, genes were classified into secreted protein genes (signal peptide identified by SignalP 4.0) and non-secreted protein genes (all other genes). The degree of codon optimization in these two gene subsets were computed for each genome using the get.s function in R (dos [START_REF] Dos Reis | Solving the riddle of Codon usage preferences: a test for translational selection[END_REF]. The average normalized tAI for all genes annotated with a given Gene Ontology was computed for generalist and specialist genomes. GO mapping was retrieved from the repositories given in Figure 2-source data 1 or performed de novo with Blast2GO software. Only GOs associated with 200 genes or more were analyzed.

The following previously published datasets were used: Crossing of crops with wild ancestral lines has revealed extensive quantitative trait locus (QTL) associated with plant resistance to parasites [START_REF] Inoue | Panicle blast 1 (Pb1) resistance is dependent on at least four QTLs in the rice genome[END_REF][START_REF] Nzuki | QTL Mapping for Pest and Disease Resistance in Cassava and Coincidence of Some QTL with Introgression Regions Derived from Manihot glaziovii[END_REF][START_REF] Rana | Mapping resistance responses to Sclerotinia infestation in introgression lines of Brassica juncea carrying genomic segments from wild Brassicaceae B. fruticulosa[END_REF]). However, it remains challenging to identify the genes underlying plant QDR. To date, only few QDR genes have been identified (Table1). The next paper reviews common knowledge on how is mediated QDR, how it evolves and its known molecular functions. Multiple loci are involved in QDR to S. sclerotiorum in crop species [START_REF] Moellers | Main and epistatic loci studies in soybean for Sclerotinia sclerotiorum resistance reveal multiple modes of resistance in multi-environments[END_REF][START_REF] Rana | Mapping resistance responses to Sclerotinia infestation in introgression lines of Brassica juncea carrying genomic segments from wild Brassicaceae B. fruticulosa[END_REF]. In soybean, Arahana et al. identified 28 putative resistance QTLs and more recently, Moellers et al. describe the genome wide mapping of 58 candidate QDR loci some of which present epistatic interaction [START_REF] Arahana | Identification of QTLs for Resistance to in Soybean[END_REF][START_REF] Moellers | Main and epistatic loci studies in soybean for Sclerotinia sclerotiorum resistance reveal multiple modes of resistance in multi-environments[END_REF]. In sunflower, 15 genomic regions are associated with resistance to S. sclerotiorum [START_REF] Micic | QTL mapping of Sclerotinia midstalk-rot resistance in sunflower[END_REF]). In common bean, 17 genetic markers are associated with resistance to S. sclerotiorum [START_REF] Lara | Identification of QTLs for Resistance to Sclerotinia sclerotiorum in Carioca Common Bean by the Moving Away Method[END_REF]. More recently, introgression of wild Brassica fruticulosa genetic segments into Brassica jucea led to the identification of 10 markers associated with resistance against S. sclerotiorum [START_REF] Rana | Mapping resistance responses to Sclerotinia infestation in introgression lines of Brassica juncea carrying genomic segments from wild Brassicaceae B. fruticulosa[END_REF]). However, these QTL often underlie genetic regions with multiple candidate genes and our understanding of disease resistance to this fungal pathogen remains scarce. There is therefore a need for the identification and description of plant QDR mechanisms against S. sclerotiorum. In crop species, multiple loci are associated with resistance to S. sclerotiorum, some showing epistatic relation [START_REF] Moellers | Main and epistatic loci studies in soybean for Sclerotinia sclerotiorum resistance reveal multiple modes of resistance in multi-environments[END_REF]. However, to date only few genes has been shown to mediate QDR to S. sclerotiorum. The receptor-like protein 30 (RLP30) mediates recognition of an unknown S. sclerotiorum proteinaceous elicitor, ethylene synthesis together with expression of defense related genes in A. thaliana plants (Zhang et al. 2013). To identify and characterize durable molecular mechanisms involved in plant QDR it is therefore important to consider both virulence and resistance molecular determinants.

Few QDR genes but broad molecular functions

This year, five genes of the A. thaliana matrix metalloproteases protein (MMP) family were characterized for their role in resistance against fungal pathogens (Zhao et al. 2017) (Table1). The study show that three MMP are involved in QDR against the generalist pathogen B. cinerea and the specialist Golovinomyces orontii. They also report that overexpression of these MMP genes lead to increased resistance to B. cinerea, suggesting that regulation of gene expression is a main driver of resistance.

However, the role of MMP in disease resistance and its natural diversity needs further investigation. In the interaction between A. thaliana and the bacterial pathogen Xanthomonas campestris, a protein of unknown function has been recently associated with Xcc12824 race specific resistance, while RKS1 confers resistance to multiple races, suggesting a complex network controlling disease resistance [START_REF] Debieu | Quantitative disease resistance to the bacterial pathogen Xanthomonas campestris involves an Arabidopsis immune receptor pair and a gene of unknown function[END_REF]. Toxins are important determinants of generalist fungal plant pathogens, able to trigger host cell death [START_REF] Markham | Host-selective toxins as agents of cell death in plant-fungus interactions[END_REF][START_REF] Pusztahelyi | Secondary metabolites in fungus-plant interactions[END_REF]. In maize, QTL mapping suggested a role for detoxification related genes in resistance to the fungal pathogens Cercospora zeae-maydis and Cercospora zeina [START_REF] Benson | Resistance to Gray Leaf Spot of Maize: Genetic Architecture and Mechanisms Elucidated through Nested Association Mapping and Near-Isogenic Line Analysis[END_REF]. More recently, the pepper Homeodomain-Leucine Zipper I CaHDZ27 transcription factor has been shown to promote defense related genes expression and QDR to the bacterial pathogen Ralstonia solanacearum [START_REF] Mou | CaHDZ27, a Homeodomain-Leucine Zipper I (HD-Zip I) Protein, Positively Regulates the Resistance to Ralstonia solanacearum Infection in Pepper[END_REF]) (Table1). Altogether, these few results highlight how complex QDR mechanisms are and call for a better understanding on how they connect and evolve in relation with pathogen virulence.

Disease resistance in A. thaliana is polygenic and complex

Recent reviews of QDR mechanisms suggests that variations in the ETI and PTI mechanisms also contribute to QDR [START_REF] French | Mechanisms of quantitative disease resistance in plants[END_REF][START_REF] Kushalappa | Critical Reviews in Plant Sciences Plant Innate Immune Response: Qualitative and Quantitative Resistance Plant Innate Immune Response: Qualitative and Quantitative Resistance[END_REF]. In qualitative resistance majority of genes are involved in pathogen perception. In Kang et al. association study, 51 out of the 116 candidate resistance genes are predicted NB-LRR and receptor-like kinases [START_REF] Kang | Dissection of the genetic architecture of rice resistance to the blast fungus Magnaporthe oryzae[END_REF]. However, recent work on B. cinerea suggested than hundreds of loci of small effect are controlling disease resistance in A. thaliana, with no particular enrichment in NB-LRR or perception related proteins (Corwin et al. 2016a). Functions associated with QDR genes are very diverse (Table1) and encompass nuclear, cytosolic and secreted proteins. Several QDR genes are associated with developmental processes and expressed in multiple plant organs. The DEWAX transcription factor for instance, known for its role in cuticular wax biosynthesis in A. thaliana, has been recently characterized for its role in QDR against B. cinerea [START_REF] Ju | DEWAX Transcription Factor Is Involved in Resistance to Botrytis cinerea in Arabidopsis thaliana and Camelina sativa[END_REF]. Moreover, A. thaliana QDR candidate genes such as ACD6 and PAD4 were shown to be specific to some B. cinerea isolates, suggesting complex interplay between QDR and virulence. A second study from Corwin et al. also highlight the correlation between phenotypic traits of B. cinerea isolates and the impact of A. thaliana as environment on their outcome [START_REF] Corwin | Expansive Phenotypic Landscape of Botrytis cinerea Shows Differential Contribution of Genetic Diversity and Plasticity[END_REF]. Accordingly, QTL mapping of resistance to S. sclerotinia in crop species suggest a highly polygenic nature. In sunflower, partial resistance to S. sclerotiorum was shown to be isolate-specific, underlying complex interaction between pathogen and host genotypes [START_REF] Davar | Genotype-isolate interaction for resistance to Sclerotinia sclerotiorum in sunflower[END_REF]. To gain insights plant resistance to fungal pathogens, it is therefore important to challenge the genetics of resistance in link with virulence.
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Resistance to phytopathogens e tutti quanti: placing plant quantitative disease resistance on the map FABRICE ROUX 1,2 , DERRY VOISIN 1,2 , THOMAS BADET 1,2 , CLAUDINE BALAGUÉ 1,2 , XAVIER BARLET Plant disease resistance can be seen as a process of a dual nature: both qualitative and quantitative. The nature of non-self molecules perceived by plants has led to the depiction of plant immunity as a two-layer defence system. The first layer is mediated by cell surface and intracellular pattern recognition receptors (PRRs) which perceive conserved microbial elicitors, termed pathogenassociated molecular patterns (PAMPs). The perception of these conserved elicitors initiates cascades of signalling and transcription events, known as PAMP-triggered immunity (PTI). Adapted pathogens secrete effector molecules able to suppress PTI, but which may also be recognized by plant intracellular resistance (R) proteins. This initiates effector-triggered immunity (ETI), the second layer of plant defence. ETI typically yields complete disease resistance phenotypes against pathogens containing the recognized effector, a process designated as qualitative resistance. By contrast, perception of a single PAMP typically has a weaker contribution to overall plant resistance. More generally, in the absence of qualitative resistance, an incomplete resistance phenomenon is often observed, leading to a reduction rather than absence of disease. This is usually referred to as quantitative disease resistance (QDR).

The definition of QDR varies in the literature according to the interests of the authors, so that the QDR concept may be puzzling. We settled to define QDR based on the simultaneous occurrence of two observations: (i) the disease resistance phenotype follows a continuous distribution from susceptibility to resistance in host populations, as opposed to the 'susceptibility or resistance' binary phenotype observed in qualitative resistance (Fig. 1A); and (ii) the disease resistance phenotype is determined by multiple quantitative trait loci (QTLs) as revealed by crossing host parents with contrasted phenotypes. As a consequence, full disease resistance can be achieved by the introduction of a single R gene, but not by the introduction of a single QDR gene, in a susceptible genetic background. Based on this definition, the molecular architecture of QDR can be hypothesized as an intricate network integrating multiple response pathways to several pathogen molecular determinants and environmental cues (Fig. 1B).

THE QUALITATIVE-QUANTITATIVE DUALITY OF PLANT DISEASE RESISTANCE

Like other previous attempts, this definition tends to set QDR and qualitative resistance as mutually exclusive, based on apparently distinct phenotypic outcomes. The discrepancy between QDR and qualitative resistance is therefore dependent on our ability to read and interpret resistance phenotypes. Indeed, a binary 'susceptible or resistant' phenotype could appear to be continuous depending on the environment, or if the size of the host population analysed increases, or if the accuracy and resolution of the phenotyping methodology increases. Reciprocally, pathogen genotypes, environmental conditions and natural mutations in R genes, PRRs or modifier loci, altering the strength of resistance conferred by R genes and PRRs, are expected to introduce some degree of quantitative variation in PTI and ETI. R-mediated resistance can be seen as an extreme of the phenotypic spectrum, in which the switch from susceptibility to resistance in plant populations is reduced to a minimum of detectable transition states, probably relying on a reduced number of molecular differences between resistant and susceptible interactions (typically the presence/absence of an R gene and the recognized pathogen effector, Fig. 1B). Plant disease resistance is therefore intrinsically dual, with both a qualitativelike and a quantitative-like behaviour. This assumption is consistent with the observation that the genetic components underlying QDR and qualitative resistance can be partially overlapping (see next paragraph). It also suggests that the knowledge gained in recent years on the molecular determinants of qualitative resistance only represents the tip of the iceberg, with QDR-specific molecular components and mechanisms, and their connections to other signalling pathways, still to be discovered.

WHERE IS QDR ON THE MAP OF PLANT DISEASE RESISTANCE?

Known plant receptors mediating resistance typically belong to two classes: PRRs frequently contain, or associate with, nonarginine-aspartate (non-RD) kinases, whereas R genes mediating ETI are nucleotide binding-leucine-rich repeat (NB-LRR) receptors *Correspondence: Email: sylvain.raffaele@toulouse.inra.fr The recent cloning of a limited number of QDR genes through QTL mapping approaches nonetheless suggests that some QDR genes may be members of the two well-described classes of plant immune receptors. Indeed, NB-LRR genes underlying resistance QTLs have been cloned in rare instances, such as RCG1, conferring QDR to anthracnose stalk rot in maize, and RLM1, conferring QDR to the blackleg disease in Arabidopsis. R-gene loci have also been frequently co-localized with resistance QTLs, but their roles in QDR have not been dem-onstrated. These findings have led to the hypothesis that weak alleles of R genes can cause QDR. However, most QDR genes identified to date do not correspond to typical immune receptors and encode a broad range of molecular functions (see discussion in Huard-Chauveau et al., 2013). Three kinases or kinase-like genes, presumably acting as defence signalling proteins, have been reported as QDR genes (WKS1/Yr36 in wheat, WAKL22/RFO1 and RKS1 in Arabidopsis); other QDR genes encode putative transporters (at the Lr34 locus in wheat and Rhg1 locus in soybean) and three QDR genes correspond to previously unidentified defence genes: the soybean wound-inducible domain protein WI12, which may be involved in the production of compounds toxic to nematodes, the soybean RHG4 serine hydroxymethyltransferase and the rice proline-containing protein Pi21. These molecular functions have not been associated previously with plant disease resistance, suggesting that the molecular mechanisms underlying QDR may be more diverse than anticipated. We should, however, acknowledge that, as for most quantitative traits, the identification of QDR genes has focused on large-effect QTLs (i.e. QTLs explaining more than 20% of phenotypic variance). It remains to be determined whether small-effect QDR genes will broaden the range of molecular functions associated with plant disease resistance. In addition, although cross-talk has been found between PTI and ETI pathways, the connections of these pathways with QDR remain scarce and the placement of the identified QDR components in known disease resistance pathways remains enigmatic.

QDR SPECTRUM AND THE ARCHITECTURE OF PLANT RESISTANCE SIGNALLING NETWORKS

As ETI relies on the specific recognition of highly variable pathogen effectors by the corresponding plant R-gene product, it generally functions only against specific isolates of a pathogen species. In some rare cases, R genes of the NB-LRR class are effective against multiple isolates and species, such as RPW8, which confers resistance against multiple powdery mildew pathogens in Arabidopsis (Xiao et al., 2001). It has been proposed that broad-spectrum R genes do not recognize pathogen effectors directly or that they recognize effectors conserved across several pathogen lineages. By contrast, QDR genes typically provide broad-spectrum resistance. The ABC transporter Lr34 is a representative example, which confers QDR against both ascomycete and basidiomycete fungal pathogens in wheat (Krattinger et al., 2009). Again, broad-spectrum resistance conferred by QDR genes may relate to the perception and response pathways to wellconserved microbial signatures, such as conserved effectors and PAMPs. For instance, expression of the PRR gene EFR confers QDR to adapted and nonadapted pathogens in several plant families [START_REF] Lacombe | Interfamily transfer of a plant pattern-recognition receptor confers broad-spectrum bacterial resistance[END_REF]. Alternatively, like most QDR genes identified to date, they may correspond to downstream effector response components. These could either act at the intersection of several effector perception pathways or represent common host targets indirectly manipulated by several effectors. Indeed, we speculate that QDR results from the integration of multiple perception pathways activated simultaneously, each having a minor contribution to the overall resistance phenotype (Fig. 1B). The global analysis of Arabidopsis proteins interacting with 30 effectors of the bacterial pathogen Pseudomonas syringae and 53 candidate effectors of the oomycete pathogen Hyaloperanospora arabidopsidis revealed an intricate network of interactions with hubs associated with the response to multiple effectors from both pathogens [START_REF] Mukhtar | Independently evolved virulence effectors converge onto hubs in a plant immune system network[END_REF]. Many QDR components identi-fied to date may correspond to such hubs, or response pathway integrators, for signalling pathways initiated by multiple recognition events. Multiple signals from different pathogen races, strains, pathovars or species, possibly recognized by different receptors, converging for signalling on such hubs, could account for the broad-spectrum nature of QDR. In this context, R gene-mediated resistance could be an extreme form of activation of the same signalling network in which signalling through a single major pathogen effector is strongly predominant. A number of racespecific resistance QTLs (reviewed, for instance, in Poland et al., 2009) also suggest that network hubs are not the only components of the QDR response. Downstream effector targets more or less sensitive to manipulation by one or several effectors might lead to QDR. Future molecular and biochemical studies encompassing both plant and pathogen diversity should provide access to the full complexity of plant immune response signalling networks.

QDR AND PATHOGEN INFECTION STRATEGIES

Although the recognition of pathogen effectors by NB-LRR plant proteins is associated with resistance to biotrophic pathogens, it can specifically trigger susceptibility to some necrotrophs (Lorang et al., 2007). It is becoming apparent that components of the plant immune response to biotrophs are frequently exploited by necrotrophic fungi to facilitate infection. However, among the numerous resistance QTLs against various necrotrophic and hemibiotrophic pathogens that have been reported, some are also efficient against obligate biotrophic pathogens. This is the case, for instance, for Lr34 in wheat, which confers resistance to leaf, stripe and stem rust hemibiotrophic pathogens, as well as to the obligate biotrophic powdery mildew pathogen Blumeria graminis f.sp. tritici (Krattinger et al., 2009). Most pathogens against which QDR is the predominant form of plant resistance are generalists, infecting a broad range of host species. Sclerotinia sclerotiorum (Perchepied et al., 2010) and Botrytis cinerea [START_REF] Denby | Identification of Botrytis cinerea susceptibility loci in Arabidopsis thaliana[END_REF], each infecting several hundreds of plant species, are paradigmatic examples. However, in a few cases, QDR has been observed against host-specific pathogens, such as B. graminis mentioned earlier. Furthermore, QDR has been observed against viral, bacterial and eukaryotic pathogens (notably, fungal, oomycete and nematode pathogens). Finally, plants exhibit QDR responses against root-infecting, foliar and vascular pathogens, suggesting that several plant cell types express components of the QDR machinery. Thus, QDR appears to be a rather ubiquitous process, raising the question of whether specific QDR mechanisms exist against each class of pathogen. The example of Lr34, efficient against rust and powdery mildew pathogens with different lifestyles, suggests that some common genetic bases exist for QDR against diverse pathogens. Because of the intense selection pressure imposed by qualitative resistance on avirulent pathogen Quantitative disease resistance in plants populations, it is expected that a higher degree of host specialization will be observed in pathogens confronted with qualitative resistance than in those confronted with QDR. Qualitative resistance may therefore become a frequent form of resistance in plantpathogen interactions with a long co-evolution history or in environments in which one pathogen population is largely predominant. Conversely, QDR may become predominant in complex environments in which diverse pathogens co-occur. Theoretical models of population evolution including the simultaneous contribution of multiple R genes should help in testing this hypothesis.

WHAT DRIVES THE EVOLUTION OF QDR?

Over the past two decades, an ever-increasing interest has been focused on understanding the evolutionary forces shaping the natural variation of R genes. Interestingly, contrasting evolutionary dynamics have been observed among genes associated with the different layers constituting the complex plant immune response.

Although evidence of selection acting on signalling genes and response genes appears to be sparse, strong signatures of selection have been commonly observed for genes involved in the direct or indirect recognition of pathogens. In particular, many cases of balancing selection have been documented in the latter class of genes, with the observation of two major patterns of variation at R genes: i.e. the presence of a large number of diverse functional alleles or presence-absence polymorphisms with functional alleles and a null allele segregating within a species. Both patterns of variation are thought to result from frequencydependent selection, leading to the maintenance of long-lived polymorphisms associated with R genes over evolutionary time. Until very recently, whether or not QDR genes showed hallmarks of selection similar to those for gene-for-gene resistance was an open question. A study on RKS1, conferring quantitative resistance in A. thaliana to the vascular bacterial pathogen Xanthomonas campestris, revealed that alternative resistance mechanisms may share common selective pressures (Huard-Chauveau et al., 2013). Indeed, similar to the RPM1 and RPS5 R genes, a strong signature of balancing selection acting on two highly divergent haplotypes has been detected in RKS1. This signature of selection is further supported by the presence of polymorphic populations at the RKS1 locus across the native range of A. thaliana. A striking difference between the RPM1 and RPS5 R genes and RKS1 can, however, be highlighted. Presenceabsence polymorphisms are subject to balancing selection at the RPM1 and RPS5 genes. In contrast, balancing selection was found to act on two highly differentially expressed RKS1 haplotypes (Huard-Chauveau et al., 2013). Because the low-RKS1-expressed haplotype is associated with susceptibility to X. campestris, we may wonder why natural selection maintained this susceptible functional allele in A. thaliana over a long time period. Investiga-tions of the evolutionary dynamics of other QDR genes are clearly needed to establish: (i) whether this observation is commonplace among QDR genes; and/or (ii) whether the signature of selection depends on the position of the QDR genes in the defence pathways.

Because the intensity of selection imposed by enemies clearly varies among natural populations and the phenotypic effect of an allele may depend strongly on the genetic background, we propose to explore the natural genetic variation of the costbenefit trade-offs associated with QDR genes under increasing pathogen load. Estimating the cost-benefit trade-offs in different genetic backgrounds along a range of infection intensities will permit the elucidation of the evolutionary forces acting on QDR genes. In the case of the maintenance of long-lived polymorphism, the detection of a large fitness cost associated with the presence of the RPM1 gene in A. thaliana provided evidence that costs can contribute to the maintenance of an ancient R-gene polymorphism. The presence of a cost of resistance also seems to be an attractive hypothesis to explain the long-lived polymorphism at the RKS1 gene, but still needs to be tested.

HOW IS QDR GENETICALLY DETERMINED AND CONTROLLED?

The efficiency of qualitative resistance rests on R genes and PRRs for which multiple functional alleles, differentiated by single nucleotide polymorphisms (SNPs), and presence-absence polymorphisms are the major patterns of variation. SNPs at R-gene and PRR loci can also introduce quantitative differences in the resistance phenotype. Indeed, some amino acid substitutions alter affinity in protein-protein and protein-ligand interactions. The nature and position of SNPs at a given locus may therefore drive a complete loss of resistance (qualitative resistance) or quantitative variations in the level of resistance (QDR). Presence-absence polymorphism may also condition QDR, such as at the Yr36 locus. Therefore, SNPs and presence-absence are polymorphisms that may govern qualitative or quantitative resistance.

Other patterns of genetic variation seem to be typically associated with QDR based on current knowledge. Gene copy number variation (CNV) at the Rhg1 locus, involving multiple genes, conditions QDR against soybean cyst nematode (Cook et al., 2012). Similarly, QDR to rice blast and sheath blight diseases is correlated with the number of germin-like protein genes being silenced in a cluster located at a resistance QTL [START_REF] Manosalva | A germin-like protein gene family functions as a complex quantitative trait locus conferring broad-spectrum disease resistance in rice[END_REF]. Quantitative resistance variation may be associated with CNV in the case of resistance conditioned by limiting stoichiometric reactions, such as enzymatic conversions, where increasing protein amounts impact significantly on the efficiency of the pathway. In addition, gene duplications and cis and trans regulatory mechanisms may introduce quantitative variations in the output of resistance signalling pathways. The relationship between transcript abundance and QDR phenotype has been established recently through genome-wide analyses of transcript abundance and expression QTL (eQTL) mapping [START_REF] Chen | An eQTL analysis of partial resistance to Puccinia hordei in barley[END_REF]. Correlation between RKS1 expression and QDR phenotype in natural A. thaliana accessions and transgenic lines suggested an important role for RKS1 transcriptional regulation in the mediation of QDR to X. campestris (Huard-Chauveau et al., 2013). Analyses of natural variation in flagellin perception by FLS2 pointed towards regulatory differences underlying the response QTL. Genes underlying flagellin response QTLs may control FLS2 transcript abundance or post-translational modifications of FLS2, such as phosphorylation events [START_REF] Vetter | Flagellin perception varies quantitatively in Arabidopsis thaliana and its relatives[END_REF].

HOW TO MEASURE QDR AND MAP QDR LOCI?

The mapping of quantitative resistance loci typically yields multiple QTLs of small to moderate effect, explaining between 5% and 30% of the phenotypic variance. This complexity poses significant challenges for the functional characterization of resistance QTLs. Whether the phenotypic contribution of single QDR genes, underlying QTLs with a limited contribution to phenotype, can be robustly measured is the first part of the challenge. Whether multiple resistance QTLs can be robustly and accurately mapped onto a plant genome is another part. Recent technological progress offers promising perspectives towards accurate phenotypic assessment and mapping of QDR genes, pushing the limits of the smallest QDR contribution that can be measured.

The assessment of the phenotypic contribution of genes underlying small-effect QTLs requires robust and accurate methods. Multiple quantitative traits can be measured to characterize QDR in a host-pathogen interaction, such as disease index, lesion size, latency period (filamentous pathogens), number of colonyforming units in planta (bacterial pathogens), enzyme-linked immunosorbent assays (viral pathogens), etc. The choice of a truly quantitative readout, which can be precisely and reliably measured, may be essential for both the accuracy of QTL mapping and the validation of QDR gene function. In addition, the more we dissect the QDR trait, the more direct access to its genetic bases we can expect. Defining the shortest path between the genetic bases of QDR and the trait measured, using molecular or subcellular markers, should magnify the phenotypic variance explained by QDR genes. The simultaneous recording of multiple QDR traits should further increase our ability to accurately quantify the phenotypic contribution of QDR genes. There is therefore a need for a detailed understanding of plant-microbe interactions at the subcellular and molecular level. Understanding how pathogens manipulate host gene expression and host cell architecture would, for instance, provide accurate readouts for QDR assessment.

The finding of a reliable causal relationship between loci and QDR may be hindered by the availability of appropriate genetic resources. Alternatives to traditional linkage mapping, generally performed on the progeny of a cross between a susceptible and resistant parent, have emerged recently, including genome-wide association (GWA) mapping, which uses natural plant populations as mapping populations (see [START_REF] Bergelson | Towards identifying genes underlying ecologically relevant traits in Arabidopsis thaliana[END_REF] for details on comparative advantages of traditional QTL mapping and GWA mapping). An illustration of the power of GWA mapping to finely map QDR genes has been shown recently in Arabidopsis. The genetic markers most associated with natural variation of QDR to X. campestris were located in the vicinity or within RKS1, a gene previously cloned through a traditional QTL mapping approach based on a recombinant inbred line population (Huard-Chauveau et al., 2013). Because next-generation sequencing (NGS) technologies have recently provided access to a deluge of genomic data, enabling linkage mapping and GWA in diverse plant species, this NGS revolution should broaden our choice of host species (if the pathogen of interest infects several hosts), mapping population(s) and data analysis strategies available for accurate and reliable QDR gene identification.

The use of reverse genetics approaches for testing the function of a candidate gene in QDR may be masked by the genetic background in which mutations and transgenes are introduced. To circumvent this issue, the CRE-Lox recombination system has been used to generate homozygous plant lines with identical genetic backgrounds, differing only with respect to the presence or absence of the RPM1 R gene (Tian et al., 2003). The recent development of genome editing technologies, including zinc-finger, TAL effector and Cas9 RNA-guided nucleases, offers new powerful methods for in situ genome modification, minimizing the effect of genetic background and alterations induced by the insertion of foreign DNA at QDR loci.

HOW USEFUL WILL QDR BE TO SOLVE FOOD SECURITY ISSUES?

The growing global demand for a sustainable food supply and the need to reduce reliance on pesticides have driven the search for complementary alternatives to plant disease control. Pathosystems relying on gene-for-gene interactions typically show boom-and-burst evolution cycles, with the emergence of a single major R gene (boom) rapidly broken down by the occurrence of virulent local pathogen populations (burst) (McDonald and Linde, 2002). As a consequence, the need to find alternative sustainable means to reduce crop losses caused by pests and diseases remains pressing.

Although the pyramiding of either R or QDR genes has been shown to successfully slow down disease in many crop species, recent studies have demonstrated that pyramiding both R and QDR genes may be even more efficient in the control of disease [START_REF] Brun | Quantitative resistance increases the durability of qualitative resistance to Leptosphaeria maculans in Brassica napus[END_REF]. Although R genes may control most avirulent strains present in local pathogen populations, QDR genes may Quantitative disease resistance in plants limit selection for virulent isolates by decreasing the effective pathogen population size and therefore the occurrence of mutations that may overcome R genes. However, it is important to remember that defence responses are often costly for plants. Although pyramiding both R and QDR genes appears to be a promising strategy for durable resistance, healthy plants need to keep defence and growth in balance with a minimum impact on other agronomically important crop traits and public acceptance. We note three nonexclusive ways to efficiently decrease the effect of the cost of multi-resistance whilst maintaining sustainable resistance: (i) the pyramiding of R and QDR genes that are expressed in different tissues; (ii) the identification of genes associated with a compensatory improvement of the multi-resistance cost; and (iii) a mosaic strategy spatially alternating R genes and QDR genes within crop fields.

The current context of global changes probably favours pathogen emergence and higher/faster migration and adaptation potential in plant pathogens. Native natural plant populations and crops will probably face new aggressive pathogen strains. Because QDR genes often confer broad-spectrum resistance, we predict that they will be critical for the efficient control of epidemics. Determination of the diversity of QDR genes in plant populations thus appears to be an essential prerequisite to estimate the adaptive potential of natural plant populations and crops under potential changes in pathogen pressure as a result of global changes.

Actin filaments reorganization and endopeptidase expression both drive QDR to Sclerotinia sclerotiorum in Arabidopsis plants

In first chapter of this manuscript we investigated and discussed on evolutionary constrains that may support multi-host parasitism in fungi, and in particular the case of S. sclerotiorum. Plants evolved an efficient immune system against microbial invasions (Jones & Dangl 2006). Deployment of host immunity impacts infection success, hence counter selecting for non-adapted parasites (Jones & Dangl 2006). Coevolution of host immune system with infecting parasites drives the evolution of disease resistance [START_REF] Tellier | Speed of adaptation and genomic footprints of host-parasite coevolution under arms race and trench warfare dynamics[END_REF]). In the gene-for-gene model coevolution has been show to occur very fast: as the parasite evolves molecular mechanisms to achieve infection, the host evolves molecular mechanisms enabling immunity [START_REF] Trivedi | Host immune responses accelerate pathogen evolution[END_REF][START_REF] Silva | Genomic Patterns of Positive Selection at the Origin of Rust Fungi[END_REF][START_REF] Roux | The Genetics Underlying Natural Variation in the Biotic Interactions of Arabidopsis thaliana[END_REF]. Coevolution is here driven by strong selective pressures exerted both on parasite and host [START_REF] Combes | Selective pressure in host-parasite systems[END_REF]. In the gene-for-gene interaction, residues of R proteins involved in recognition of effector molecules are under strong selection to adapt pathogen virulence [START_REF] Bittner-Eddy | RPP13 is a simple locus in Arabidopsis thaliana for alleles that specify downy mildew resistance to different avirulence determinants in Peronospora parasitica[END_REF]. In A. thaliana, the LRR domain of RPP5 protein that confers resistance to Peronospora parasitica shows high amino acid divergence, suggesting diversifying or purifying selection [START_REF] Noël | Pronounced intraspecific haplotype divergence at the RPP5 complex disease resistance locus of Arabidopsis[END_REF]. Plants chitinases confer disease resistance by degrading chitin, the major constituent of fungal cell-walls [START_REF] Brogue | Transgenic Plants with Enhanced Resistance to the Fungal Pathogen Rhizoctonia solani[END_REF][START_REF] Collinge | Plant chitinases[END_REF][START_REF] Punja | Plant chitinases and their roles in resistance to fungal diseases[END_REF]). In the Arabis plant genus, residues of enzymatic active site of class I chitinases are under positive selection, suggesting coevolution with fungal targets [START_REF] Bishop | Rapid evolution in plant chitinases: molecular targets of selection in plant-pathogen coevolution[END_REF]. Patterns of selection have been widely explored to unravel plant gene-for-gene resistance determinants [START_REF] Aragão | Positive, negative and marker-free strategies for transgenic plant selection[END_REF][START_REF] Mondragón-Palomino | Patterns of positive selection in the complete NBS-LRR gene family of Arabidopsis thaliana[END_REF][START_REF] Sun | Point mutations with positive selection were a major force during the evolution of a receptor-kinase resistance gene family of rice[END_REF][START_REF] Rech | Identification of positive selection in disease response genes within members of the Poaceae[END_REF]. Moreover, gene-for-gene resistance genes are effective against specific pathogens that harbour the cognate avirulence genes. Conversely, resistance determinants to generalist pathogens do not rely on cognate effector proteins and are often effective against a broad spectrum of pathogens. Nevertheless, identifying the genetic determinants of plant resistance to a generalist parasite and understanding how they evolve in natural populations remains challenging.

Plant quantitative disease resistance involves multiple genes of partial effect, that in nature often result in partial resistance. Partial resistance has been described for most plant diseases (Poland et al. 2009), suggesting that plant-pathogen interactions might alternatively involve QDR and gene-for-gene resistance. Ralstonia solanacearum is the causal agent of bacterial wilt disease on tomato and many other plants species [START_REF] Yuliar | Recent trends in control methods for bacterial wilt diseases caused by Ralstonia solanacearum[END_REF]. The RRS1/RPS4 couple is a major resistance complex conferring total resistance to R. solanacearum upon recognition of specific effector proteins (Le Roux et al. 2015). However, recent study highlighted CaHDZ27, a Homeodomain-Leucine Zipper I transcription factor, as a positive regulator of partial resistance to R. solanacearum [START_REF] Mou | CaHDZ27, a Homeodomain-Leucine Zipper I (HD-Zip I) Protein, Positively Regulates the Resistance to Ralstonia solanacearum Infection in Pepper[END_REF]. Similarly, the RRS1/RPS4 pair is involved in Xanthomonas capestris race specific resistance [START_REF] Debieu | Quantitative disease resistance to the bacterial pathogen Xanthomonas campestris involves an Arabidopsis immune receptor pair and a gene of unknown function[END_REF], while the A. thaliana RKS1/ZAR1/PBL2 tripartite interaction mediates broad-spectrum resistance to X. campestris (Huard-Chauveau et al. 2013;Wang et al. 2015a). Importantly, QDR determinants have small effect on resistance but are numerous. Pathogens overcoming single QDR determinant are predicted to gain only little individual advantage. Conversely, single major resistance genes can be rapidly overcome by coevolving pathogens, leading to disease outbreak [START_REF] Iida | Novel Mutations Detected in Avirulence Genes Overcoming Tomato Cf Resistance Genes in Isolates of a Japanese Population of Cladosporium fulvum[END_REF]. Since decades, breeders have been using resistance QTLs that still effective in field conditions. Quantitative resistance genes are therefore suggested to be more durable. The fungal pathogen responsible for the leaf mold disease, Cladosporium fulvum, is involved in a genefor-gene interaction with its tomato hosts [START_REF] Joosten | Host resistance to a fungal tomato pathogen lost by a single base-pair change in an avirulence gene[END_REF]. Multiple effector proteins produced by C. fulvum are recognized by cognates RLP resistance proteins and confer complete race specific host resistance [START_REF] Dixon | The tomato Cf-2 disease resistance locus comprises two functional genes encoding leucinerich repeat proteins[END_REF]. However, races of C. fulvum have been reported to rapidly evolve mutations in effector proteins enabling escape from cognate host resistance proteins and trigger plant disease [START_REF] Iida | Novel Mutations Detected in Avirulence Genes Overcoming Tomato Cf Resistance Genes in Isolates of a Japanese Population of Cladosporium fulvum[END_REF]. Alternatively, recent work on rice shows that introgression of four locus conferring QDR to M. oryzae significantly improved resistance to nine races of the pathogen [START_REF] Fukuoka | Gene pyramiding enhances durable blast disease resistance in rice[END_REF]. Pyramiding of multiple QDR determinants is therefore a promising alternative to less durable single major resistance determinants.

Nevertheless, the molecular mechanisms underlying QDR remain mostly unknown (Table1). Poland et al. enumerated several hypotheses regarding to the nature of QDR genes (Poland et al. 2009). First assumption is that QDR might underlie genes with developmental functions. Accordingly, recent study in maize revealed that a caffeoyl-CoA O-methyltransferase confers broad spectrum resistance to fungal pathogens. Previous reports highlighted the role of caffeoyl-CoA O-methyltransferases in lignin production in maize straw. Lignin play important structural role in plant cell walls but is also a physical barrier for pathogens [START_REF] Vanholme | Lignin Biosynthesis and Structure[END_REF]. Interestingly, other study suggested a role for caffeoyl-CoA O-methyltransferases in response to drought stress in grape [START_REF] Giordano | Characterization of a multifunctional caffeoyl-CoA O -methyltransferase activated in grape berries upon drought stress[END_REF]. As suggested by the pleiotropic example of caffeoyl-CoA O-methyltransferases that alternatively can control production of lignin during development, disease resistance and response to drought stress, important trade-offs may act at QDR loci. Time-scale and space regulation of resistance genes expression has been suggested to mitigate putative trade-offs with disease resistance (Karasov et al. 2017). Such trade-offs are often highlighted by the presence of different alleles with contrasted effects, phenomenon also referred as balancing selection [START_REF] Rose | Life History Evolution with Antagonistic Pleiotropy and Overlapping Generations[END_REF]. Several studies pinpointed natural variation occurring at plant resistance genes [START_REF] Roux | The Genetics Underlying Natural Variation in the Biotic Interactions of Arabidopsis thaliana[END_REF]. In some cases fitness costs has been associated with resistance alleles. The A. thaliana RPW8 locus for instance, confers broad spectrum resistance to powdery mildew (Xiao et al. 2001), but genetic variation at RPW8 locus underlies fitness costs for growth and seed production in absence of pathogen (Orgil et al. 2007). However, molecular mechanisms controlling QDR form a complex and interconnected network that still poorly understood.

Genome-wide association studies have recently allowed mapping quantitative disease resistance loci in crop species [START_REF] Montilla-Bascón | Genome-wide association study for crown rust (Puccinia coronata f. sp. avenae) and powdery mildew (Blumeria graminis f. sp. avenae) resistance in an oat (Avena sativa) collection of commercial varieties and landraces[END_REF][START_REF] Liu | Genome-wide Association Analysis of Powdery Mildew Resistance in U[END_REF][START_REF] Qin | Genome-wide association mapping of resistance to Phytophthora sojae in a soybean [Glycine max (L.) Merr.] germplasm panel from maturity groups IV and V[END_REF]). However, they often associate resistance with molecular markers and genomic regions without information on the underlying functional mechanism. In the model plant A. thaliana, GWA has proved useful in the identification of QDR genes and provide extensive tools for functional studies (Table1). In this part of the project, I conducted the identification of genetic determinants of resistance to S. sclerotiorum by genome wide association mapping, linking plant quantitative disease resistance to genomic variation in natural accessions of A. thaliana. Results pinpointed three loci in association with resistance to S. sclerotiorum. A first SNP on chromosome 4 associated with resistance to S. sclerotiorum pinpointed CRK8 gene, encoding for an atypical cysteine-rich receptor-like kinase (Figure12A). Typical Receptor-Like Kinases (RLKs) usually starts by a signal peptide and have one transmembrane domain (TM), which is not the case for CRK8 that is composed of a predicted C-term Ser/Thr kinase region, two DUF26 also known as anti-fungi domain, two TM domains and a reverse transcriptase (RVT2) region in its N-terminal part (Figure12B). CRK8 is part of the RLK family, which count well known molecular actors of plant microbe interaction [START_REF] Liebrand | Receptor-like kinase SOBIR1/EVR interacts with receptorlike proteins in plant immunity against fungal infection[END_REF]. As a putative receptor, CRK8 also represents a worthwhile candidate for early QDR events. 

Polymorphism associate with insertion/deletion at CRK8 putative RVT2 region

To investigate CRK8 sequence diversity, we proceeded to alignment analysis based on 1001 genomes nucleotide sequence of 45 A. thaliana accessions at CRK8 locus. We show that SNP 12131010 is associated with ~2 130 bp insertion/deletion at CRK8 locus, encompassing a domain characteristic of retrotransposons of the Ty1/Copia family (RVT2 domain) not known to be associated with annotated genes in A. thaliana (Figure13B). We further validated this deletion event by sequencing CRK8 locus in Lip-0 A. thaliana accession and show that the locus lacked 2254 pb spanning from putative CRK8 promoter region to RVT2 region. To assess if the region encoding a putative RVT2 domain was part of CRK8 transcript, we proceeded to a PCR on Col-0 complementary DNA (cDNA) using CRK8-specific primer encompassing RVT2 region of the predicted ORF. No PCR products were obtained with forward primers in the N terminal part of RVT2 region, suggesting that transcriptional START has been misannotated (Figure13C). Accordingly, recent update of CRK8 annotation ORF registered in TAIR10 release of A. thaliana genome predicts transcriptional START codon 1 840 bp downstream previous one. We conclude that RVT2 region is probably part of the putative CRK8 promoter region and shows presence/absence polymorphism among A. thaliana accessions.

CRK8 is higher expressed in A. thaliana resistant accessions

To determine CRK8 expression pattern during infection by S. sclerotiorum we led Q-RT-PCR experiment in three A. thaliana accessions, Col-0, Rubeznhoe1 (Rub) and Shadhara (Sha). RNA was extracted from S. sclerotiorum infected and uninfected leaves. In Col-0, CRK8 expression was stable upon S. sclerotiorum inoculation (Fig- ure14). CRK8 transcript constitutively accumulated at higher level (>5 fold more) in Rub than in Col-0, but at lower level in Sha (14 fold less) than in Col-0. In Rub, CRK8 expression was more than 4-fold upregulated upon S. slerotiorum infection. Conversely, in Sha no clear induction of CRK8 transcript was shown upon S. sclerotiorum infection but expression was more than 7-fold less compared to Col-0 infected leaves. Based on the analysis of three accessions, CRK8 expression appeared higher expressed at basal levels and after S. sclerotiorum inoculation in resistant accessions.

Figure14. CRK8 gene is higher expressed in resistant accessions upon S. sclerotiorum infection

Relative expression of CRK8 transcript in uninfected leaves (ni) and over/night infected leaves (infected) in three A. thaliana accessions with contrasted resistance to S. sclerotiorum: Col-0, Rubeznhoe1 (resistant) and Shadhara (susceptible). Normalization was performed with At2g28390 housekeeping gene.

Polymorphism at RVT2 region associate with disease resistance to S. sclerotiorum

To test whether CRK8 RVT2 domain plays a role in the control of CRK8 transcriptional regulation, we first determined which A. thaliana accessions contained CRK8 alleles including RVT2 domain in its promoter region. According to 1001 genomes data, 23 accessions had a deletion at RVT2 region and 22 accessions did not (Figure15A). Average disease score index 7dpi for the accessions with a deletion at RVT2 region was 4.4 while accessions with entire locus had an average disease score index of 3.8 (Student t Test p-value = 0.03) (Figure15B). Diversity at CRK8 locus suggests that resistance to S. sclerotiorum is conferred by A. thaliana allele including full RVT2 region at putative promoter. 

Polymorphism at RVT2 region associate with differential CRK8 gene expression

To assess the impact of RVT2 deletion in putative promoter region on CRK8 transcript expression, we preceded to Q-RT-PCR in A. thaliana accessions upon S. sclerotiorum infection. Upon control conditions, expression of CRK8 transcript in 11 A. thaliana accessions with deletion at RVT2 locus was in average Ct=0.06 while average expression in 10 A. thaliana accessions with full RVT2 region was Ct=0.37 (Student t Test p-value = 0.09) (Figure15C). Upon S. sclerotiorum, average CRK8 expression in seven accessions with deletion at RVT2 region was Ct=0.71 and up to 2-fold higher in average in seven accessions with full RVT2 region (Ct=1.40, Student t Test p-value = 0.23). Together, those results suggest that RVT2 insertion in putative promoter region has an impact on CRK8 basal expression and upon S. sclerotiorum infection. However, whether CRK8 expression upon S. sclerotiorum inoculation correlates with resistance in these accessions remains to be determined.

crk8 mutant plants do not show altered resistance to S. sclerotiorum

In order to assess CRK8 role in resistance against S. sclerotiorum, we ordered crk8.1 (SALK_101066C) and crk8.3 (GKA061E11) T-DNA insertion mutant lines generated by the SALK and GABI-KAT initiatives (Figure16A). Insert on crk8.1 is mapped on the first exon containing the RVT2 domain and crk8.3 on the eighth exon matching with the kinase domain. To isolate homozygous crk8.1 and crk8.3 mutant, we validated by PCR T-DNA insertion and homozygote plants. Insert position was confirmed by sequencing the PCR products.

To study crk8.1 and crk8.3 T-DNA insertions impact on the nature and expression of CRK8, we led a PCR analysis on cDNAs extracted from these two mutant lines. Using a forward primer at position 400 of predicted TAIR10 ORF and a reverse primer at position 2392 we detected a partial transcript in both crk8.1 and crk8.3 mutant lines. Sequence of these PCR products matched with CRK8. Transcript analysis on crk8.3 mutant line did not show any PCR product using reverse primer after the T-DNA insert at position 3671 of the predicted TAIR10 ORF. In order to investigate whether these two mutants accumulate a CRK8 transcript, we led RNA extraction followed by Q-RT-PCR for crk8.1 and crk8.3 mutants with Col-0 as control. CRK8 transcript was more than 200-fold more expressed in crk8.1 mutant line than in the wild type Col-0, suggesting that this mutant correspond to an activation tagging line (Figure16B). In crk8.3 mutant, transcript is likely truncated and lacks full catalytic domain and appeared to be 11-fold higher expressed than in Col-0, suggesting a loss of CRK8 function in this line. We conclude that crk8.1 and crk8.3 mutants are an overexpression and a KO mutant line respectively. To assess CRK8 role in resistance against S. sclerotiorum, crk8.1 and crk8.3 homozygous mutant lines were phenotyped at different times after inoculation by the fungus. Inoculation assays were performed as described by Perchepied et al. with S. sclerotiorum mycelium on a paper disk. Col-0 was included in the inoculation assays as the genetic background control; Rubezhnoe1 and Shahdara were added as resistant and susceptible infection controls. Disease score was measured at 2, 3, 4, 5 and 7 days post inoculation and results represented as line charts (Figure17A). In all experiments, the resistance of crk8 mutant lines was similar to that of the wild type. Rub and Sha accessions behaved as described by Perchepied et al. 2010; Rub being strongly resistant to S. sclerotiorum and Sha very susceptible to S. sclerotiorum. To have access to a quantitative phenotype, we measured lesion sizes on inoculated leaves. As expected, control accession Rub was slightly more resistant than Col-0 while Sha was slightly more susceptible than Col-0 (Figure17B). As expected, crk8.3 mutant displayed larger lesions compared to Col-0 in average. Conversely, crk8.1 mutant had in average smaller lesions than Col-0. However, in this inoculation assay, no reproducible differences were found between any of the A. thaliana genotypes tested. We conclude that crk8 mutant lines do not show clear resistance phenotype towards S. sclerotiorum. 

Discussion

In this study, we report the identification of the A. thaliana CRK8 Cysteine rich receptor-like kinase as a putative mediator of QDR against S. sclerotiorum and its initial functional characterization. In A. thaliana natural accessions, presence/absence polymorphisms in CRK8 atypical RVT2 region associated with enhanced QDR and basal CRK8 expression respectively. CRK8 expression is induced upon S. sclerotiorum inoculation in both accessions carrying and not RVT2 region. Finally, CRK8 mutant line crk8.3 with no functional catalytic domain showed a slight increase in susceptibility to S. sclerotiorum. This work revealed a new candidate in plant QDR, presumably involved in the early steps of resistance to S. sclerotiorum.

The predicted function of CRK8 as a receptor suggests a putative role in early signalling events. Indeed, CRK8 belongs to the Receptor-like Kinase (RLK) family. Two Domains of Unknown Function (DUF26), known as anti-fungi domains (GnK2), distinguish CRKs from other RLKs [START_REF] Wrzaczek | Transcriptional regulation of the CRK/DUF26 group of receptor-like protein kinases by ozone and plant hormones in Arabidopsis[END_REF]. These findings open the way for the elucidation of molecular mechanisms governing QDR against necrotrophic fungi in A. thaliana. The structure of CRK8 locus is atypical, in that it contains a Reverse Transcriptase domain (RVT2) inserted in its promoter region. Regarding to CRK8 protein architecture, we can hypothesise a role as receptor/sensor for the two predicted extracellular Gnk2-homologous domains, and as signal transducer for the intracellular kinase domain. In Ginkgo biloba seeds, DUF26 domains, also known as Gnk2, show antifungal activity against Fusarium oxysporum [START_REF] Sawano | Proteinase inhibitor from ginkgo seeds is a member of the plant nonspecific lipid transfer protein gene family[END_REF][START_REF] Miyakawa | A Secreted Protein of the Plant-Specific DUF26 Family Functions as a Mannose-binding Lectin That Exhibits Antifungal Activity[END_REF]. Whether the two DUF26 domains of CRK8 show antifungal activity is not known. Further proteomic tests with purified DUF26 domains from CRK8 could help assessing this question. In rice, a DUF26-containing secretory protein is associated with response to salt stress [START_REF] Zhang | Identification of an Apoplastic Protein Involved in the Initial Phase of Salt Stress Response in Rice Root by Two-Dimensional Electrophoresis[END_REF]. The Gnk2 protein from Ginkgo biloba interacts with mannan but also with the monosaccharide mannose [START_REF] Miyakawa | A Secreted Protein of the Plant-Specific DUF26 Family Functions as a Mannose-binding Lectin That Exhibits Antifungal Activity[END_REF]. Crystal structure of Gnk2 domain revealed the importance of arginine-93 residue for this interaction and the antifungal activity of the protein [START_REF] Miyakawa | A Secreted Protein of the Plant-Specific DUF26 Family Functions as a Mannose-binding Lectin That Exhibits Antifungal Activity[END_REF]. Malectins are another class of carbohydrate-binding protein able to interact with mannose [START_REF] Schallus | Malectin: A Novel Carbohydrate-binding Protein of the Endoplasmic Reticulum and a Candidate Player in the Early Steps of Protein N-Glycosylation[END_REF]. Recent work highlighted the role of IOS1, a malectin-like/LRR receptor-like kinase, in defense against pathogens [START_REF] Yeh | The Arabidopsis Malectin-Like/LRR-RLK IOS1 is Critical for BAK1-Dependent and BAK1-Independent Pattern-Triggered Immunity[END_REF]. They show that IOS1 interacts with FLS2, BAK1, EFR and CERK1, which are important early defenserelated receptors. Moreover, they show that A. thaliana mutants overexpressing IOS1 are more resistant to B. cinerea. Other study reported the regulatory role of the malectin-like receptor kinase FER in BAK1, FLS2/EFR immune complex formation [START_REF] Stegmann | The receptor kinase FER is a RALF-regulated scaffold controlling plant immune signaling[END_REF]. Results reveal that FER positively regulates the assembly of BAK1, FLS2/EFR immune complex but contributes to the rapid alkalinisation factor-23 inhibitory function on plant immunity. Together, these recent results highlight the role of carbohydrate binding domains in regulation of immune receptors assembly and suggest complex interplay between receptors and co-receptors during early immune signalling.

Recently, Wrzaczek et al. proposed that CRKs are Reactive Oxygen Species (ROS) sensors [START_REF] Wrzaczek | Transcriptional regulation of the CRK/DUF26 group of receptor-like protein kinases by ozone and plant hormones in Arabidopsis[END_REF][START_REF] Idänheimo | The Arabidopsis thaliana cysteine-rich receptor-like kinases CRK6 and CRK7 protect against apoplastic oxidative stress[END_REF]. ROS are known to be second messengers involved in very early signalling stages of plant pathogen interactions [START_REF] Galletti | The AtrbohD-mediated oxidative burst elicited by oligogalacturonides in Arabidopsis is dispensable for the activation of defense responses effective against Botrytis cinerea[END_REF]. Production of reactive oxygen species is promoted by oxalic acid, a major S. sclerotiorum virulence factor (Guo & Stotz 2007). ROS are involved in triggering programmed cell death such as Hypersensitive Response in plants. CRK13 has been documented to trigger HR when overexpressed, leading to enhanced resistance to Pseudomonas syringae [START_REF] Acharya | Overexpression of CRK13, an Arabidopsis cysteine-rich receptor-like kinase, results in enhanced resistance to Pseudomonas syringae[END_REF]. Together this data raises the question of possible other roles of CRK8 in known immune processes such HR, PAMPs Triggered Immunity (PTI) or Effector Triggered Immunity (ETI). Receptor-like proteins are well-known regulators of plant immunity. Upon S. sclerotiorum infection, the receptor-like protein RLP30 is involved in PTI signalling (Zhang et al. 2013). Plants deleted for RLP30 are more susceptible to S. sclerotiorum. CRK8 may positively regulate QDR against necrotrophic fungi through specific signal transduction and/or through known immune pathways still to be identified.

Sequence comparison among 45 A. thaliana accessions indicates that CRK8

RVT2 domain is only present in 22 of them. RVT domains are thought to be the remains of transposon activity in eukaryotic hosts [START_REF] Malik | The age and evolution of non-LTR retrotransposable elements[END_REF][START_REF] Burke | Ancient lineages of non-LTR retrotransposons in the primitive eukaryote, Giardia lamblia[END_REF]. CRK8 RVT2 region BLAST searches suggested that it is part of the Copia-like transposons superfamily, and shares sequence similarities with intergenic regions of A. thaliana chromosomes 3 and 1. Transposable elements (TE) are mobile genetic sequences that can move from chromosome to chromosome by excision/insertion process. Insertion at a target site results in a sequence duplication that flank the transposable element, a sort of footprint. Interestingly, a ~90bp exact repetition was found upstream and downstream RVT2 region. Retrotransposons are important drivers of gene family expansion in plant genomes [START_REF] Lee | Transposable elements and genome size variations in plants[END_REF][START_REF] Zhang | Rapid and Recent Evolution of LTR Retrotransposons Drives Rice Genome Evolution During the Speciation of AA-Genome Oryza Species. G3 Genes, Genomes[END_REF]. The CRK family in A. thaliana counts This duplicated region Recent studies have reported examples of "domesticated" transposons in A. thaliana as in the R gene RPP7 that include a Copia-R7 retrotransposon in its first intron, able to recruit H3K9me2 histone marks [START_REF] Tsuchiya | An alternative polyadenylation mechanism coopted to the Arabidopsis RPP7 gene through intronic retrotransposon domestication[END_REF]. Transposon activity is tightly regulated by host epigenetic machinery, being silenced most of the time in order to preserve host genome integrity [START_REF] Baubec | Methylation-Dependent and -Independent Genomic Targeting Principles of the MBD Protein Family[END_REF]. In stress conditions transposons have been demonstrated to be more active, meaning less silenced by the host [START_REF] Wheeler | Small RNAs, big impact: small RNA pathways in transposon control and their effect on the host stress response[END_REF][START_REF] Negi | Moving through the Stressed Genome: Emerging Regulatory Roles for Transposons in Plant Stress Response[END_REF]. Recent studies also highlighted the genome wide influence of TE in surrounding genes expression, in relation with DNA methylation [START_REF] Slotkin | Transposable elements and the epigenetic regulation of the genome[END_REF][START_REF] Hollister | Epigenetic silencing of transposable elements: a trade-off between reduced transposition and deleterious effects on neighboring gene expression[END_REF][START_REF] Yan | Scanning of Transposable Elements and Analyzing Expression of Transposase Genes of Sweet Potato [Ipomoea batatas[END_REF]. We can therefore hypothesize that CRK8 RVT2 region resulted from transposon domestication to allow accurate regulation of CRK8 expression during stress conditions. In good agreement, we reported a correlation between the presence of predicted RVT2 region in CRK8 promoter region and higher CRK8 expression. Nevertheless, further work is needed to assess the possible impact of RVT2 region on CRK8 and on resistance to S. sclerotiorum. Measuring early defense signalling molecules such as ROS or ethylene amount upon S. sclerotiorum infection may reveal differences in crk8 mutants compared to Col-0 and pinpoint candidate pathways related to CRK8 function. Alternatively, transient expression assays of CRK8 alleles with or without RVT2 region in Nicotiana bentamiana followed by inoculation with S. sclerotiorum will provide another phenotypic input on an orthologous system.

In this study, we were not able to highlight robust differences in susceptibility to S. sclerotiorum for crk8 mutant lines. One difficulty lies in the fact that QDR genes often only account for small percentage of global resistance. It is therefore challenging to find appropriate phenotyping methods allowing identification of faint differences in resistance. For our GWA study, phenotype was calculated according to a semi-quantitative index. To gain resolution regarding to the resistance phenotype of crk8 mutant lines, we monitored disease lesion sizes after S. sclerotiorum infection. In lesion size assays, no reproducible differences were found between control accessions Rub or Sha and crk8 mutant lines as compared to Col-0. If crk8.1 and crk8.3 mutants produce an active CRK8 protein remains an important question. To answer it and definitively assess crk8 mutant QDR to S. sclerotiorum, more precise phenotypic measures and analyses of others T-DNA mutant lines are indispensable. Moreover, CRK8 is clustered together with other 20 CRK genes. We can hypothesize that RVT2 region has a regulatory role on the CRK cluster, which affect QDR independently of CRK8. Recent QTL mapping of disease resistance to the fungal pathogen Leptosphaeria maculans highlighted a cluster of eight CRK genes in Brassica napus [START_REF] Larkan | Multi-environment QTL studies suggest a role for cysteine-rich protein kinase genes in quantitative resistance to blackleg disease in Brassica napus[END_REF]. Testing A. thaliana null mutants for CRK members of the CRK8 cluster would provide interesting input regarding to the eventual role of CRK family in QDR.

Classical defense genes to necrotrophic fungal pathogens involve ethylene and jasmonate hormonal pathways, together with ROS production and callose apposition (Glazebrook 2005;[START_REF] Laluk | Necrotroph attacks on plants: wanton destruction or covert extortion? Arab[END_REF]. Assessing phenotypic changes in one of these pathways at the molecular level in crk8 mutants compared to Col-0 could help pinpointing eventual role in disease resistance. QDR is a multigenic trait, resulting from the concerted activity of multiple genes (Roux et al. 2014). For instance, QDR to S. sclerotiorum in sunflower typically mapped to up to 15 QTLs contributing between 7 and 40% to the overall QDR phenotype [START_REF] Bert | Comparative genetic analysis of quantitative traits in sunflower ( Helianthus annuus L.) 1. QTL involved in resistance to Sclerotinia sclerotiorum and Diaporthe helianthi[END_REF][START_REF] Micic | QTL mapping of Sclerotinia midstalk-rot resistance in sunflower[END_REF]). The question of the accuracy of reverse genetic in validating the function of genes contributing to such limited extent of the overall QDR is legitimate. The role of WKS1 in QDR has been validated on five independent wheat mutant lines. Recent work reported natural diversity in WKS1 gene that contributes to ROS detoxification and QDR against wheat stripe rust (Fu et al. 2009;[START_REF] Gou | Wheat Stripe Rust Resistance Protein WKS1 Reduces the Ability of the Thylakoid-Associated Ascorbate Peroxidase to Detoxify Reactive Oxygen Species[END_REF][START_REF] Huang | Distribution and haplotype diversity of WKS resistance genes in wild emmer wheat natural populations[END_REF]. In this study, we developed a "detached leaves" inoculation protocol to increase the amount of data generated from a same number of plants, and reduce the experiment footprint compared to whole plant assays. Detached leaves assays followed by semi-automatic image analysis also give rapid access to lesion size measurement, for a truly quantitative evaluation of QDR. However, it should be noted that detached leaves are not expected to recapitulate exactly the resistance behaviour of whole plants. This has been documented by Liu et al. study which show that detached leaves are more susceptible to Colletotrichum spp. than attached leaves [START_REF] Liu | Detached and attached Arabidopsis leaf assays reveal distinctive defense responses against hemibiotrophic Colletotrichum spp[END_REF]. Developing a leaf inoculation protocol on whole plants allowing semi-quantitative measurement of lesion size may permit fine QDR phenotype analyses in planta without limitations of the detached leaf assay. Alternatively, quantifying fungal growth of the GFP-tagged S. sclerotiorum strain during infection will provide other interesting quantitative measurement of QDR.

In our hands, crk8 mutant lines showed no reproducible disease resistance phenotype when challenged with S. sclerotiorum. We reported high levels of a CRK8 transcript in crk8 mutants, with crk8.1 mutant line presumably harbouring a fully active protein while crk8.3 mutant line has its T-DNA insertion in the kinase domain and probably lacks a functional protein. Higher levels of CRK8 transcript in these T-DNA mutants was unexpected. This higher expression in crk8 mutants can be explained by the fact that the insertion point in the gene did not interfere with its transcription. Accordingly, in crk8.1 mutant the T-DNA insertion point is located at putative promoter region and could have no effect on transcript length. Examples of T-DNA insertion leading to higher transcript levels are reviewed in the literature [START_REF] Ulker | Getting the most out of publicly available T-DNA insertion lines[END_REF]. Sequence diversity in TE regions is linked to differential surrounding gene expression. Small interfering RNAs (siRNA) are regulators of TE expression and transposition. In A. thaliana accessions, siRNAs are enriched in TE regions that show presence/absence polymorphism [START_REF] Wang | Transposon Variants and Their Effects on Gene Expression in Arabidopsis[END_REF]. Presence/absence of RVT2 region in CRK8 promoter region could therefore lead to differential CRK8 gene expression through siRNA silencing or regulation of DNA methylation. Assessing regulation of CRK8 in a Dicer-like mutant background could provide information regarding the role of RNA interference in regulation of CRK8 expression.

To conclude, recent work conducted on CRK family mutants in A. thaliana highlighted putative role for CRKs in stomatal control in response to biotic and abiotic stresses [START_REF] Bourdais | Large-Scale Phenomics Identifies Primary and Fine-Tuning Roles for CRKs in Responses Related to Oxidative Stress[END_REF]. They show that in crk8 mutant, methyl viologen treatment led to strong photo-inhibition compared to wild type plants. In addition, they found no alteration in resistance to the two fungal pathogens Golovinomyces orontii and Blumeria graminis f. sp. hordei or to the bacterial pathogen Pseudomonas syringae pv. tomato for crk8 A. thaliana mutants plants. More recent work highlights potential functional redundancy among CRK family [START_REF] Yadeta | A Cysteine-Rich Protein Kinase Associates with a Membrane Immune Complex and the Cysteine Residues Are Required for Cell Death[END_REF]. In this piece of work, we highlight RVT2 region as a putative regulator of CRK8 expression in association with A. thaliana QDR to S. sclerotiorum. We suggest that recent insertion of a putative transposable element at CRK8 promoter region led to an expression polymorphism in A. thaliana natural accessions and is associated with QDR through a yet unknown mechanism.

Part II: Gain of responsiveness to S. sclerotiorum infection after recent gene duplication of a prolyl-oligopeptidase in Arabidopsis and tomato underlies QDR

Second locus associated with disease resistance to S. sclerotiorum in our GWA analysis underlies variation in a gene coding for a prolyl oligopeptidase that we named POQR (for Prolyl oligopeptidase involved in quantitative resistance). We show that polymorphism at POQR locus is associated with an amino acid change from a proline to a serine at position 5 of the protein. Alleles coding for a protein with a proline at position 5 are associated with increased resistance among A. thaliana accessions (R allele). Interestingly, we highlight same polymorphism at position 5 of POQR protein in multiple plant lineages. In A. thaliana and Solanum lycopersicum R allele was associated with strong expression upon S. sclerotiorum. At the light of these results, we suggest that an ancestral duplication event at POQR locus led to the parallel emergence of resistance allele and responsiveness to S. sclerotiorum in multiple plant lineages. 

Article

Abstract

Plant pathogens with a broad host range are able to infect plant lineages that diverged over 100 million years ago. They exert similar and recurring constraints on the evolution of unrelated plant populations. Plants generally respond with quantitative disease resistance (QDR), a form of immunity relying on complex genetic determinants. In most cases, the molecular determinants of QDR and how they evolve is unknown. Here we identify in Arabidopsis thaliana a gene mediating QDR against Sclerotinia sclerotiorum, agent of the white mold disease, and provide evidence of its convergent evolution in multiple plant species. Using genome wide association mapping in A. thaliana, we associated the gene encoding the POQR prolyl-oligopeptidase with QDR against S. sclerotiorum. Loss of this gene compromised QDR against S. sclerotiorum but not against a bacterial pathogen. Natural diversity analysis associated POQR sequence with QDR. Remarkably, the same amino acid changes occurred after independent duplications of POQR in ancestors of multiple plant species, including A. thaliana and tomato. Genome-scale expression analyses revealed that parallel divergence in gene expression upon S. sclerotiorum infection is a frequent pattern in genes, such as POQR, that duplicated both in A. thaliana and tomato. Our study identifies a previously uncharacterized gene mediating QDR against S. sclerotiorum. It shows that some QDR determinants are conserved in distantly related plants and have emerged through the repeated use of similar genetic polymorphisms at different evolutionary time scales.

Introduction

Plant pathogens are major threats to biodiversity in natural ecosystems and to food security worldwide. Plant disease resistance is mediated by an elaborate multilayered system of defense, sometimes including resistance (R) genes conferring complete resistance against a limited number of pathogen genotypes and encoded by nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins [START_REF] Dodds | Plant immunity: towards an integrated view of plant-pathogen interactions[END_REF]. Substantial progress has been made in understanding the genetic and molecular bases of R-gene mediated resistance [START_REF] Takken | How to build a pathogen detector: structural basis of NB-LRR function[END_REF][START_REF] Roux | A receptor pair with an integrated decoy converts pathogen disabling of transcription factors to immunity[END_REF]. However, for some important plant diseases, especially those caused by necrotrophic and broad host range pathogens, R genes of major effect are unknown. The only available form of resistance to these diseases is Quantitative Disease Resistance (QDR). QDR is based on complex inheritance, involving numerous genes of small effect [START_REF] Poland | Shades of gray: the world of quantitative disease resistance[END_REF][START_REF] Roux | Resistance to phytopathogens e tutti quanti: placing plant quantitative disease resistance on the map[END_REF][START_REF] Corwin | Quantitative Resistance: More than just perception of a pathogen[END_REF]. QDR is frequent in crops and natural plant populations, and is of practical importance in agriculture because it is often more durable than R-mediated resistance [START_REF] Lowe | Durable resistance to the wheat rusts: integrating systems biology and traditional phenotype-based research methods to guide the deployment of resistance genes[END_REF]. In addition, the identification of genes underlying QDR is expected to provide fundamental insights into the diversity of plant immune responses and prediction of evolutionary trajectories of natural populations. To date, the molecular bases of QDR have been identified only in few cases and involve remarkably diverse molecular functions [START_REF] Corwin | Quantitative Resistance: More than just perception of a pathogen[END_REF][START_REF] Krattinger | A putative ABC transporter confers durable resistance to multiple fungal pathogens in wheat[END_REF][START_REF] Fu | A kinase-START gene confers temperature-dependent resistance to wheat stripe rust[END_REF].

Sclerotinia sclerotiorum is an Ascomycete fungus, causal agent of the white mold and stem rot diseases. It is considered as a typical necrotrophic pathogen, using secreted proteins and metabolites to rapidly kill host cells and complete its infection cycle [START_REF] Guyon | Secretome analysis reveals effector candidates associated with broad host range necrotrophy in the fungal plant pathogen Sclerotinia sclerotiorum[END_REF][START_REF] Heard | An Interspecies Comparative Analysis of the Predicted Secretomes of the Necrotrophic Plant Pathogens Sclerotinia sclerotiorum and Botrytis cinerea[END_REF]. S. sclerotiorum is also notorious for its remarkably broad host range, encompassing several hundred Eudicot species in about a hundred botanical families [START_REF] Boland | Index of plant hosts of Sclerotinia sclerotiorum[END_REF][START_REF] Navaud | Shifts in diversification rates and host jump frequencies shaped the diversity of host range among Sclerotiniaceae fungal plant pathogens[END_REF]. S. sclerotiorum notably infects soybean, tomato and rapeseed on which it causes several hundred million dollar losses annually [START_REF] Bolton | Sclerotinia sclerotiorum (Lib.) de Bary: biology and molecular traits of a cosmopolitan pathogen[END_REF][START_REF] Peltier | Biology, yield loss and control of Sclerotinia stem rot of soybean[END_REF]. Besides rapeseed, S. sclerotiorum is also a natural pathogen of other Brassicaceae such as Arabidopsis species [START_REF] Morgan | Study of four weed hosts of Sclerotinia species in alfalfa fields[END_REF]. On A. thaliana natural populations, S. sclerotiorum causes symptoms ranging from high susceptibility to relative tolerance, corresponding to a typical QDR response [START_REF] Perchepied | Nitric oxide participates in the complex interplay of defense-related signaling pathways controlling disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana[END_REF]. The role of a few A. thaliana genes in resistance to S. sclerotiorum is beginning to emerge (for a review: [START_REF] Mbengue | Emerging trends in molecular interactions between plants and the broad host range fungal pathogens Botrytis cinerea and Sclerotinia sclerotiorum[END_REF]), notably through association genetics approaches [START_REF] Zhang | Arabidopsis receptor-like protein30 and receptor-like kinase suppressor of BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi[END_REF]. Thanks to its reduced linkage disequilibrium and extensive genotyping information, A. thaliana is an excellent model to deploy genome wide association (GWA) mapping to identify QDR genes [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF].

A better understanding of plant QDR genes function and molecular evolution is critical to increase the durability of disease resistance mechanisms used in the field, a major challenge for plant breeding and evolutionary biology. S. sclerotiorum lineage gained the ability to infect Brassicacea and Solanaceaea plants, among others, after the divergence with S. trifoliorum lineage, about 8.2 million years ago [START_REF] Navaud | Shifts in diversification rates and host jump frequencies shaped the diversity of host range among Sclerotiniaceae fungal plant pathogens[END_REF]. The divergence between ancestors of the Brassicaceae and Solanaceaea plant families is estimated to about 120 million years ago [START_REF] Zeng | Resolution of deep angiosperm phylogeny using conserved nuclear genes and estimates of early divergence times[END_REF]. While most NBS-LRR genes show dramatic lineage-specific expansions and contractions with diverse rates of sequence variation [START_REF] Kuang | Multiple genetic processes result in heterogeneous rates of evolution within the major cluster disease resistance genes in lettuce[END_REF][START_REF] Stam | Pooled enrichment sequencing identifies diversity and evolutionary pressures at NLR resistance genes within a wild tomato population[END_REF], a few NBS-LRR gene clusters have likely been conserved over 100 million years in core eudicot genomes [START_REF] Hofberger | A novel approach for multi-domain and multi-gene family identification provides insights into evolutionary dynamics of disease resistance genes in core eudicot plants[END_REF]. The persistence of function and polymorphism after several million years of divergence has been documented in some orthologous R genes such as Rpm1 in A. thaliana [START_REF] Tian | Fitness costs of R-gene-mediated resistance in Arabidopsis thaliana[END_REF] or members of the Mla family in Triticaea [START_REF] Krattinger | Molecular genetics and evolution of disease resistance in cereals[END_REF]. This pattern is often indicative of balancing selection acting on resistant and susceptible haplotypes [START_REF] Bakker | A genome-wide survey of R gene polymorphisms in Arabidopsis[END_REF]. Similar balancing selection has been identified for the RKS1 gene conferring quantitative disease resistance to the bacterial pathogen Xanthomonas campestris pv. campestris (Xcc) in A. thaliana [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF]. However, our knowledge of the mechanisms underlying the evolution of QDR genes is very limited. Furthermore, how genes associated with QDR against S. sclerotiorum evolved in the multiple lineages it infects remains largely unknown.

In this work, we reveal the parallel evolution, in distinct plant lineages, of sequence and expression polymorphisms associated with quantitative disease resistance against the fungal pathogen S. sclerotiorum. Using genome wide association mapping in A. thaliana populations, we associated the prolyl-oligopeptidase (POP) gene POQR with quantitative disease resistance against S. sclerotiorum. The phenotypic analysis of two null mutant lines confirmed that POQR confers partial resistance to S. sclerotiorum. Next, we highlight the long term co-existence of POQR alleles in A. thaliana and associate high level of disease resistance with specific amino acid substitutions. Furthermore, similar amino acid substitutions occurred independently in POQR in distinct plant lineages, following independent gene duplications. Genome wide analysis of the POP family in A. thaliana and S. lycopersicum indicated that the emergence of POQR resulted from parallel (i) gene duplications, (ii) amino acid substitutions and (iii) gain of gene induction upon S. sclerotiorum challenge in these two species. We report parallel divergence in gene expression upon S. sclerotiorum infection for POQR and multiple genes that duplicated both in A. thaliana and S. lycopersicum. Our findings provide one of the very few functions known for prolyl-oligopeptidases in plants and reveal that the molecular evolution of quantitative resistance against generalist pathogens can follow the same trajectory several times independently in distinct lineages.

Results

Genome wide association mapping in a European A. thaliana population associates At1g20380 with quantitative disease resistance against S. sclerotiorum

To identify genetic loci associated with QDR to S. sclerotiorum, we used Genome Wide Association (GWA) mapping in A. thaliana natural populations. For this, we scored disease index six days after leaf inoculation on 84 A. thaliana European accessions. We used the average disease severity index (DSI) from 6 to 16 plants per accession (S1 File). Observed phenotypes covered most of the range (Fig 1A). The most resistant accession was Ei2 (6915) with a DSI of 1.99 ± 0.39, while the most susceptible accession was ALL15 (4) with a DSI of 5.92 ± 0.14. There was no obvious structure in the geographic distribution of this phenotype (Fig 1B).

Next, we performed a genome wide association analysis using a mixed model algorithm on single nucleotide polymorphism data from the A. thaliana 250K chip (S2 File, S1 Table ). This revealed two significant loci at the false-discovery rate (FDR) level of q < 1.0.e -07 which corresponds to-log 10 (p-value) of 5.25. The highest association value, -log 10 (p-value) = 6.03, corresponded to a missense SNP located on chromosome 1 (position 7 061 677) within the predicted coding sequence of the gene At1g20380 (Fig 1C and1D). At1g20380 encodes an uncharacterized prolyl-oligopeptidase hereby named POQR (Prolyl-Oligopeptidase associated with Quantitative Resistance).

149 We used a strain of S. sclerotiorum constitutively expressing the green fluorescent protein to determine the extent to which POQR affects the ability of S. sclerotiorum to colonize A. thaliana leaves (Fig 2A and 2B). The average area colonized by the fungus 24 hours after inoculation was ~61 mm 2 in the Col-0 wild type, ~96 mm 2 in the susceptible mutant rlp30-1 [START_REF] Zhang | Arabidopsis receptor-like protein30 and receptor-like kinase suppressor of BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi[END_REF], ~87 mm 2 and ~90 mm 2 in the poqr-1 and poqr-2 mutants (Student's t test with Benjamini-Hochberg In these assays, lesions on poqr1 were intermediate between Col-0 and poqr2. Consistent with previous report on natural accessions susceptibility to S. sclerotiorum [START_REF] Perchepied | Nitric oxide participates in the complex interplay of defense-related signaling pathways controlling disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana[END_REF], Rubenzhnoe showed the smallest and Shadahra the largest lesions in our experiments.

To test whether poqr mutants are altered in a general biotic stress response pathway, we challenged A. thaliana wild type, control and poqr mutant plants with the bacterial pathogen Xanthomonas campestris pv. campestris (Fig 2C and2D). We scored symptoms following the DSI method of [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF] at 10 days post inoculation. Severely diseased plants (DSI 3 or 4) were limited to 15% of Col-0 wild type plants at this time. As expected, the Kashmir accession and rks1-1 mutant appeared clearly more susceptible than the wild type, with 73% and 50% of plants showing a DSI 3 or 4 respectively [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF]. Severely diseased plants (DSI 3 or 4) represented 21% of poqr-1 plants, and 13% of poqr-2 plants, similar to the wild type. To broaden our view of the plant pathogens to which POQR respond, we exploited publicly available A. thaliana gene expression data (S2 Fig) . These data suggested that POQR is induced rather specifically during the response to leaf-infecting necrotrophic fungal pathogens such as Botrytis cinerea and Alternaria brassicicola. These results confirm the identification of a new genetic component of A. thaliana QDR and demonstrate a positive and relatively specific role for POQR in QDR against S. sclerotiorum.

POQR sequence polymorphisms associate with QDR in A. thaliana

To get insights into the link between POQR natural diversity and its function in QDR, we first analyzed the distribution of DSI in A. thaliana accessions harboring either a cytosine or a thymine at the top associated SNP in our GWA mapping (position 7061677 on chromosome I) (Fig 3A). The median DSI was ~3.3 for accessions with a cytosine and ~4.8 for accessions with a thymine at this position (Student's t test p-value = 1.3e -05 ).

Next, we analyzed the natural diversity of POQR protein sequence in 46 accessions from our European GWA population [START_REF] _Genomes_Consortium | 1,135 genomes reveal the global pattern of polymorphism in Arabidopsis thaliana[END_REF]. We verified by PCR sequencing the N-terminal sequence of POQR in 8 A. thaliana accessions (S3 File). We constructed a maximum likelihood phylogenetic tree with POQR sequence from 46 European accessions plus the Col-0 accession, and used A. lyrata POQR sequence (AL1G33310) to root the tree (Fig 3B,S4 File). This revealed three major well-supported clades, including 9, 14 and 15 POQR sequences. We mapped average DSI for each POQR isoform to highlight contrasted DSI values in each clade. Clade A ('Ancestral') includes 9 accessions with median DSI of 4.6, clade R ('Resistant') includes 14 accessions with median DSI of 3.2 and clade S ('Susceptible') includes 15 accessions with median DSI of 4.5. The divergence of clades R and S associates with significant differences in DSI (Student's t test p-value = 2.9e -03 ) and involved the substitution of POQR serine 5 into a proline (S5P polymorphism), which corresponds to the SNP with the highest association value in our GWA analysis (Fig 3C). The S5P polymorphism showed a discontinuous phylogenetic distribution. Accessions containing the S5P polymorphism are more resistant than sister lineages. The S5P polymorphism is notably common to all accessions in clade R, which includes 8 of the 10 most resistant accessions included in this analysis.

Convergent sequence evolution of POQR homologs in multiple plant lineages

To explore POQR diversity across plants, we searched for POQR homologs in the complete genome of 40 plant species and constructed a maximum likelihood phylogenetic tree using Volvox carteri POQR homolog as a root (Fig 4A,S5 File). We retrieved a total of 75 POQR 152 [START_REF] Li | Gene duplicability of core genes is highly consistent across all angiosperms[END_REF].

Polymorphism at position 5 of the POQR protein was associated with QDR against S. sclerotiorum in A. thaliana. We highlighted the evolution of position 5 in the evolution of POQR across plants (Fig 4A). Among Bryophyta and Dicotyledones, 77% of POQR proteins showed a Serine at position five, while in Monocotyledones, all but one POQR proteins had an Alanine at position five. With the exception of sequences from P. patens that had Glycines at position five, all 10 remaining POQR proteins had a Proline at position five. The genome of Sphagnum fallax, A. thaliana, Salix purpurea and 6 Solanales species, including Solanum lycopersicum, all contain POQR homologs with a Serine at position five and others with a Proline at position five (Fig 4B). Similarly, the genome of Oryza sativa includes one POQR homolog with an Alanine at position five (OsPOP1) and an ortholog with a Proline at position five (OsPOP9).

In A. thaliana Col-0 genome, At1g76140 is AtPOQR closest paralog (81.4% identity at the protein level) and harbors a Serine at position five, instead of a Proline in AtPOQR. In S. lycopersicum Heinz genome, Solyc08g022070 is the closest paralog of SlPOQR (Solyc04g082120, 78.4% identity at the protein level) and harbors a Serine at position five, instead of a Proline in SlPOQR. To study the evolutionary history of POQR sequence, we performed ancestral sequence reconstruction with FastML (S6 File). We compared POQR homologs from Brassicaceae, Solanaceae and Poales with their respective ancestral sequences prior gene duplication in these lineages. This revealed the occurrence of S5P and F613Y substitutions in parallel in AtPOQR, OsPOP9 and in all seven Solanaceae species analyzed (p-value of these substitutions occurring in three independent lineages is 7.5e -09 ). We noted two additional amino acid substitutions that occurred in parallel in AtPOQR and SlPOQR (V119I and A533S) that could have contributed to POQR sequence adaptation to function in QDR.

To support a role for POQR in QDR against S. sclerotiorum in tomato, we used a virusinduced gene silencing (VIGS) approach to silence POQR in tomato ( Fig At5g20520 encodes WAV2, a negative regulator of skewing root patterns [START_REF] Mochizuki | The Arabidopsis WAVY GROWTH 2 protein modulates root bending in response to environmental stimuli[END_REF], and At4g14570 encodes an acyl-amino acid-releasing enzyme (AARE) mostly present in chloroplasts [START_REF] Yamauchi | Identification and Biochemical Characterization of Plant Acylamino Acid-Releasing Enzyme[END_REF]. Five AtPOPs, including POQR, also harbor a Prolyl-oligopeptidase N-terminal beta-propeller domain (PF02897) which functions in limiting the access of the enzyme catalytic triad to small (<30 aa) unstructured peptides [START_REF] Fu ¨lo ¨p | Prolyl oligopeptidase: an unusual -propeller domain regulates proteolysis[END_REF][START_REF] Shan | Structural and mechanistic analysis of two prolyl endopeptidases: role of interdomain dynamics in catalysis and specificity[END_REF] To further support convergent evolution of POQR homologs in A. thaliana and S. lycopersicum, we first analyzed global gene expression in response to S. sclerotiorum in A. thaliana and S. lycopersicum (S8 File). We detected 4,703 genes (16.4%) significantly upregulated (log fold change LFC>1.5, adjusted p-value<0.01) and 5,813 genes (20.3%) significantly down-regulated in A. thaliana. In S. lycopersicum, 3,513 genes (10%) were upregulated and 4,556 (12.9%) were down-regulated. We analyzed gene annotations from both species and found 50 gene ontology (GO) terms significantly enriched among up-regulated genes including defenserelated mechanisms, detoxification processes and secondary metabolism (S9 File). We found 136 GO terms significantly enriched among down-regulated genes mainly related to photosynthesis (S9 File).

We then focused on the expression of POP genes in response to S. sclerotiorum infection at the genome scale in A. thaliana and S. lycopersicum (Fig 5B, S8 File). In A. thaliana, four AtPOP genes were significantly (adjusted p-value<0.01) down-regulated upon S. sclerotiorum inoculation, while three genes were significantly up-regulated. In S. lycopersicum, six SlPOP genes were significantly down-regulated upon S. sclerotiorum inoculation, while SlPOQR was the only POP gene significantly up-regulated. Among a total of 24 POP genes in the two species, AtPOQR and SlPOQR were the only ones induced more than 3 fold (LFC>1.5) upon S. sclerotiorum inoculation. Both AtPOQR and SlPOQR were significantly more induced upon S. sclerotiorum inoculation than their duplicate (delta LFC>2). These results show that, after divergence of the two species, POQR ancestral gene duplicated in parallel in A. thaliana and S. lycopersicum, with one paralog (POQR) evolving responsiveness to S. sclerotiorum infection in each species.

To document divergence in duplicated genes expression upon S. sclerotiorum infection at the whole genome scale, we first analyzed the expression of 1843 A. thaliana duplicated gene pairs [START_REF] Blanc | Functional divergence of duplicated genes formed by polyploidy during Arabidopsis evolution[END_REF]. For this, we calculated LFC of gene expression in S. sclerotiorum-infected plants compared to mock-treated plants, and the difference between LFC for two genes forming a duplicated pair (delta LFC) (Fig 5C,S10 File). Median delta LFC was 1.77, corresponding to a ~3.4 fold change in gene expression responsiveness to S. sclerotiorum infection. A total of 852 duplicated gene pairs (46%) showed delta LFC 2, supporting the view that divergence of gene expression is relatively widespread between duplicated genes in A. thaliana [START_REF] Blanc | Functional divergence of duplicated genes formed by polyploidy during Arabidopsis evolution[END_REF]. We next used Markov Cluster algorithm [START_REF] Enright | An efficient algorithm for large-scale detection of protein families[END_REF] on A. thaliana and S. lycopersicum predicted proteomes to identify 252 clusters of genes that duplicated in parallel in A. thaliana and S. lycopersicum (a total of 504 A. thaliana genes and 504 S. lycopersicum genes). This identified 42 gene clusters (19%) with a delta LFC 2 was observed after fungal infection in both A. thaliana and S.

156 The corresponding genes are notably involved in cell redox homeostasis (e.g. the uncoupling protein cluster UCP), in primary and secondary metabolism (e.g. the adenylate kinase cluster ADK), transport (e.g. the phosphate transporter 4 cluster PHT4), signaling (e.g. protein kinases), and response to abscisic acid (e.g. the ARM repeat protein interacting with ABF2 cluster ARIA). These genes are prime candidates for contributing to quantitative disease resistance mechanisms shared between plant species.

Discussion

In this study, we identify the prolyl oligopeptidase POQR as a previously unknown determinant of QDR against the fungal pathogen S. sclerotiorum in A. thaliana. Our work associates POQR sequence and expression polymorphisms with contrasted resistance to S. sclerotiorum. We reveal the convergent evolution of POQR sequence in multiple plant species following independent gene duplication events. The induction of POQR gene expression upon S. sclerotiorum inoculation also evolved in parallel in A. thaliana and S. lycopersicum. A genome scale analysis of expression divergence upon S. sclerotiorum inoculation for A. thaliana and S. lycopersicum duplicated genes suggests that convergent gene expression polymorphism could have shaped several conserved components of the quantitative disease resistance machinery in these species.

A prolyl oligopeptidase mediates QDR to S. sclerotiorum Plant QDR is a complex trait governed by multiple genes of minor effect, which renders the identification of the underlying molecular bases challenging [START_REF] Poland | Shades of gray: the world of quantitative disease resistance[END_REF][START_REF] Roux | Resistance to phytopathogens e tutti quanti: placing plant quantitative disease resistance on the map[END_REF]. Whereas gene-for-gene resistance relies on receptor proteins that belong to the receptor-like kinase (RLK) or the Nodlike receptor (NLR) classes family, the limited number of QDR determinants known to date encodes a remarkably broad range of molecular functions, such as transporters [START_REF] Krattinger | A putative ABC transporter confers durable resistance to multiple fungal pathogens in wheat[END_REF][START_REF] Fukuoka | Loss of function of a proline-containing protein confers durable disease resistance in rice[END_REF][START_REF] Cook | Copy number variation of multiple genes at Rhg1 mediates nematode resistance in soybean[END_REF], kinase domain-containing proteins [START_REF] Fu | A kinase-START gene confers temperature-dependent resistance to wheat stripe rust[END_REF][START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF] or enzymes of the central metabolism [START_REF] Liu | A soybean cyst nematode resistance gene points to a new mechanism of plant resistance to pathogens[END_REF]. Gene variants conferring resistance to fungal pathogens in natural plant populations also remain poorly documented [START_REF] Bartoli | Genome-Wide Association Studies In Plant Pathosystems: Toward an Ecological Genomics Approach[END_REF]. We report the role of a prolyl oligopeptidase (POP) conferring QDR to S. sclerotiorum in A. thaliana. Several classes of proteases are involved in plant defenses against fungal and bacterial pathogens [START_REF] Misas-Villamil | Papain-like cysteine proteases as hubs in plant immunity[END_REF][START_REF] Lampl | Set-point control of RD21 protease activity by AtSerpin1 controls cell death in Arabidopsis[END_REF][START_REF] Figueiredo | Subtilisin-like proteases in plant defence: The past, the present and beyond[END_REF] but little is known about POP functions in plants. In animals, unlike other serine proteases, POP cleaves short peptides (usually <30 amino acids) after a proline residue [START_REF] Fu ¨lo ¨p | Prolyl oligopeptidase: an unusual -propeller domain regulates proteolysis[END_REF]. In human, this enzyme is associated with several neurological disorders, possibly through its action in the metabolism of neuropeptides or in the inositol phosphate signaling pathway [START_REF] Polgar | Structure, function and biological relevance of prolyl oligopeptidase[END_REF]. In Basidiomycota fungi, POPs are required for the maturation of amatoxins, toxic cyclic peptides derived from ~30 amino acid propeptides [START_REF] Hallen | Gene family encoding the major toxins of lethal Amanita mushrooms[END_REF][START_REF] Luo | Peptide macrocyclization catalyzed by a prolyl oligopeptidase involved in -amanitin biosynthesis[END_REF]. Plants in the Caryophyllaceae family use a POP enzyme designated as peptide cyclase 1 (PCY1) to synthesize cyclic peptides from propeptide precursors [START_REF] Barber | The two-step biosynthesis of cyclic peptides from linear precursors in a member of the plant family Caryophyllaceae involves cyclization by a serine protease-like enzyme[END_REF]. Plant cyclic peptides are diverse and widespread, some exhibiting antifungal activity [START_REF] Tavormina | The Plant Peptidome: An Expanding Repertoire of Structural Features and Biological Functions[END_REF]. POQR may therefore be involved in the maturation of plant antifungal peptides. Alternatively, POQR may act directly on fungal secreted proteins promoting disease [START_REF] Guyon | Secretome analysis reveals effector candidates associated with broad host range necrotrophy in the fungal plant pathogen Sclerotinia sclerotiorum[END_REF] to disable them. Our inoculation assays with the bacterial pathogen Xanthomonas campestris pv. campestris and a survey of publicly available A. thaliana gene expression data were in agreement with a possible activity of POQR on specific fungal processes. Future work aiming at determining the spectrum of pathogens impacted by POQR-mediated resistance should provide valuable insights into POQR molecular function.

158

Impact of natural variation on POQR function

Our analyses associated the substitution of POQR serine in position 5 by a proline with enhanced QDR to S. sclerotiorum in A. thaliana. Changes at POQR N-terminus induced by the S5P substitution may affect the ability of POQR to form dimers, a property of some Archean POPs [START_REF] Harmat | Structure and Catalysis of Acylaminoacyl Peptidase closed and open subunits of a dimer oligopeptidase[END_REF], the subcellular localization of POQR, or remotely affect the accessibility and function of POQR catalytic site. Additional amino acid substitutions occurred in parallel in POQR homologs from multiple species, notably the F613Y substitution that arose at least three times independently in A. thaliana, rice and Solanaceae species. This variant may create a novel tyrosine phosphorylation site important for POQR regulation, or as shown for the Y473F mutation in porcine POP [START_REF] Szeltner | Electrostatic Effects and Binding Determinants in the Catalysis of Prolyl Oligopeptidase SITE-SPECIFIC MUTAGENESIS AT THE OXYANION BIND-ING SITE[END_REF], modulate the range of conditions in which the POQR enzyme is active. The analysis of POQR expression in two distantly-related plants species suggested that POQR induction was associated with resistance to S. sclerotiorum. This observation is consistent with resistance increasing with the level of POQR accumulation. Similarly, enhanced accumulation of a tomato chitinase was associated with resistance to Alternaria solani [START_REF] Lawrence | Differential induction of pathogenesis-related proteins in tomato byAlternaria solaniand the association of a basic chitinase isozyme with resistance[END_REF], and expression of the atypical kinase gene RKS1 was correlated with QDR to X. campestris pv. campestris [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF]. Besides, copy number variation and DNA methylation are polymorphisms altering the accumulation of gene products encoded by the Rhg1 locus, which confers QDR to soybean cyst nematodes [START_REF] Cook | Copy number variation of multiple genes at Rhg1 mediates nematode resistance in soybean[END_REF][START_REF] Cook | Distinct copy number, coding sequence, and locus methylation patterns underlie Rhg1-mediated soybean resistance to soybean cyst nematode[END_REF]. A detailed understanding of POQR molecular function will be required to establish causal relationships between polymorphism at the POQR locus and QDR to S. sclerotiorum. Our current data points towards POQR transcriptional regulation and the modulation of POQR enzymatic activity as determinants of QDR.

Evolutionary history of a QDR gene

Ancient whole genome duplication (WGD) events have had a major role in shaping the gene content of extant plant genomes, and contributed to the evolution of a range of new gene functions [START_REF] Panchy | Evolution of gene duplication in plants[END_REF][START_REF] Soltis | Ancient WGD events as drivers of key innovations in angiosperms[END_REF]. Based on our analyses, a scenario for the convergent evolution of POQR and its recruitment in plant QDR can be inferred (Fig 6). The Brassicales and Solanales lineages probably inherited a single POQR ancestral sequence at the time these two lineages diverged, about 120 million years ago (Mya) [START_REF] Zeng | Resolution of deep angiosperm phylogeny using conserved nuclear genes and estimates of early divergence times[END_REF][START_REF] Consortium | The tomato genome sequence provides insights into fleshy fruit evolution[END_REF]. Two WGD events were detected in the Brassicales (Atand At-) estimated respectively to ~40 and ~88 Mya [START_REF] Soltis | Ancient WGD events as drivers of key innovations in angiosperms[END_REF][START_REF] Edger | The butterfly plant armsrace escalated by gene and genome duplications[END_REF]. A WGD occurred in the Solanales (Sl-T) and is estimated at least ~64 Mya [START_REF] Consortium | The tomato genome sequence provides insights into fleshy fruit evolution[END_REF][START_REF] Vanneste | Analysis of 41 plant genomes supports a wave of successful genome duplications in association with the Cretaceous-Paleogene boundary[END_REF]. The duplication of POQR ancestor in A. thaliana and S. lycopersicum lineages therefore occurred at least 40 million years ago. The gene content of extant plant genomes is the result of frequent loss of duplicates created by WGDs [START_REF] Panchy | Evolution of gene duplication in plants[END_REF]. The maintenance rate of At-duplicates has been estimated to ~14% in average, with only ~6.5% of defense-related gene duplicates being maintained [START_REF] Blanc | Functional divergence of duplicated genes formed by polyploidy during Arabidopsis evolution[END_REF]. The maintenance of POQR duplicates over >40 million years in multiple plant species supports an important role for POQR in plants fitness. This is in agreement with POQR locus explaining ~20% of phenotypic variation upon S. sclerotiorum infection in the A. thaliana population analyzed in this work. After duplication, POQR ancestral genes underwent a number of parallel amino acid substitutions in the Brassicales and the Solanales, including the S5P and F613Y substitutions (Fig 6). These substitutions are present in all POQR homologs from Solanales, and therefore likely occurred in the most recent common ancestor, at least ~30 million years ago (estimated divergence time for Petunia genus, [START_REF] Wang | Sequencing and comparative analysis of a conserved syntenic segment in the Solanaceae[END_REF]). By contrast, in the Brassicales, POQR S5P and F613Y substitutions were only found in a subset of A. thaliana accessions, placing their probable emergence after A. thaliana divergence ~6 million years ago [START_REF] Hohmann | A time-calibrated road map of Brassicaceae species radiation and evolutionary history[END_REF]. Remarkably, POQR alleles with amino acids S5 and F613 persisted in a significant number of A. thaliana accessions. The co-selection of two gene variants within a population, such as observed for POQR, often results from complex evolutionary constrains referred to as balancing selection [START_REF] Bakker | A genome-wide survey of R gene polymorphisms in Arabidopsis[END_REF].
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Forces driving POQR parallel evolution in plants

Our results suggest that plants adapted to high fungal disease pressure by tuning POQR enzymatic activity and evolving gene induction upon fungal infection. We observed similar molecular mechanisms for POQR evolution in A. thaliana at the infra-specific level and following duplication in the Solanales ancestor, between 30 and 64 million years ago. The estimated emergence of POQR S5P and F613Y polymorphisms in Solanales predates the inclusion of these species in S. sclerotiorum host range [START_REF] Navaud | Shifts in diversification rates and host jump frequencies shaped the diversity of host range among Sclerotiniaceae fungal plant pathogens[END_REF], suggesting that POQR evolution in this lineage was driven by the interaction with other fungal pathogens, or other environmental constraints. Pigmentation in mammals is a well known example of phenotypic convergence at different levels, including convergence at the level of mutation (mutational convergence) [START_REF] Manceau | Convergence in pigmentation at multiple levels: mutations, genes and function[END_REF]. Indeed, the function of the Mc1r gene product was evolved similarly in beach mouse and woolly mammoth through the same R65C mutation [START_REF] Ro ¨mpler | Nuclear gene indicates coat-color polymorphism in mammoths[END_REF][START_REF] Hoekstra | A single amino acid mutation contributes to adaptive beach mouse color pattern[END_REF]. In insects, the ability to feed on plants producing cardenolide toxic compounds results from parallel amino acid substitutions in the ATP 1 subunit of a Na + and K + transporter, independent duplications and convergent expression polymorphism of the corresponding gene [START_REF] Zhen | Parallel molecular evolution in an herbivore community[END_REF]. Similarly our work associate parallel mutations, gene duplication and convergent expression polymorphism in POQR.

Epistasis is thought to reduce the rate of molecular convergence with species divergence [START_REF] Storz | Causes of molecular convergence and parallelism in protein evolution[END_REF]. Nevertheless, mutational convergence at the intra-and inter-specific level has been documented recently for color vision in stickleback fishes, as an adaptation to blackwater [START_REF] Marques | Convergent evolution of SWS2 opsin facilitates adaptive radiation of threespine stickleback into different light environments[END_REF]. Our study provides another example of mutational convergence at the intra-and inter-specific level. The co-existence of divergent alleles within plant populations has often been associated with fitness trade-offs, notably between growth and defense [START_REF] Karasov | Mechanisms to mitigate the trade-off between growth and defense[END_REF]. Quantitative disease resistance has been proposed to rely in part on genes controlling plant growth in the absence of pathogens [START_REF] Poland | Shades of gray: the world of quantitative disease resistance[END_REF]. Such a function seems unlikely for POQR, considering that A. thaliana poqr mutant lines did not show obvious developmental defects. Instead, POQR may have specialized to function in QDR through sequence and expression polymorphisms while its duplicate copy maintained function in the control of plant growth. Partial functional redundancy between 160 POQR and its duplicate could explain the persistence of multiple variants in A. thaliana populations and across plant species [START_REF] Guillaume | Gene functional trade-offs and the evolution of pleiotropy[END_REF]. Such pleiotropic constraints have been proposed to facilitate convergent and parallel molecular evolution [START_REF] Storz | Causes of molecular convergence and parallelism in protein evolution[END_REF]. In agreement, we found that 19% of genes duplicated both in A. thaliana and S. lycopersicum evolved responsiveness to S. sclerotiorum in a convergent manner. Insights into the possible trade-offs mediated by these genes will be required to test for the interaction between pleiotropy and molecular convergence.

In summary, our work has shown that the evolution of genes mediating plant quantitative disease resistance displays some level of repeatability and predictability. This finding has implication for our understanding of the evolution of quantitative traits in plants and for the design of innovative and sustainable crop breeding strategies. Adaptive evolution of POQR involved a combination of gene copy number variation, sequence and expression polymorphism. An important question for the future will be to assess the impact of convergent mutations on POQR function in several plant species and test for the role of putative fitness trade-offs in constraining the evolution of QDR genes.

Materials and methods

Plants cultivation and molecular characterization

Arabidopsis thaliana accessions and mutant plants were obtained from the European Arabidopsis Stock Centre (NASC), ecotype ids for natural accessions used in this study are listed in S1 File. All Arabidopsis mutant lines used in this study were in the Col-0 background, the Nottingham Arabidopsis Stock Centre accession number N1093 Col-0 was used as wild type. Plants were grown in Jiffy pots under controlled conditions at 22˚C, with a 9 hour light period and a light intensity of 120 μmol/m 2 /s 4 weeks prior to infection. Homozygous T-DNA insertion mutant plants poqr-1 (SALK_121407C) and poqr-2 (SALK_027815C) were isolated by PCR screening with the primers FWD_poqr1 (5'-ATGTTGGTTGAGTTGACGGAG-3') and REV_poqr1 or FWD_poqr2 (5'-GATCTCTTTG GGTGTGCTCTG-3') and REV_poqr2 . The accumulation of POQR transcript in poqr-1 and poqr-2 plants was investigated by quantitative RT-PCR with primers F_Cpoqr (5'-GTATCGAAGGTGGTAGTAACG-3') and R_Cpoqr . RNA extraction, reverse transcription and cDNA quantification were performed as described in [START_REF] Perchepied | Nitric oxide participates in the complex interplay of defense-related signaling pathways controlling disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana[END_REF], using the At2g28390 gene as housekeeping gene [START_REF] Czechowski | Genome-wide identification and testing of superior reference genes for transcript normalization in Arabidopsis[END_REF]. Samples from three different plants per line were harvested and analyzed separately.

Pathogens inoculations and disease scoring

For genome wide association mapping, inoculations and disease scoring were performed as in [START_REF] Perchepied | Nitric oxide participates in the complex interplay of defense-related signaling pathways controlling disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana[END_REF] on 6 to 16 plants per accessions in a randomized complete block design. For mutants phenotyping, the S. sclerotiorum strain 1980 was grown on minimal medium plates with 50mM glucose as carbon source. An agar plug (5mm in diameter) containing actively growing S. sclerotiorum mycelium was placed on the adaxial surface of leaves and plants were maintained at 80% humidity in Percival AR-41L3 chambers under the same day/light condition as for plant growth, in trays closed with parafilm to control for humidity. Pictures were taken at ~24 hours after inoculation before lesions reached leaves border on the most susceptible plants. Images were analyzed with the ImageJ software to determine lesion sizes. To assess fungal colonization, plants were inoculated by the S. sclerotiorum strain 1980 expressing GFP fused to the endogenous OAH1 gene as described above. Pictures were taken with a Zeiss Axio Zoom V16 microscope under bright light and fluorescent illumination, and areas measured with ImageJ. Fully developed lesions that have not reached the leaves borders were analysed. Xanthomonas campestris inoculation assays were performed as described in [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF].
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Genome wide association mapping

We performed genome-wide association mapping using the SNP database from Atwell et al. [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF], which documents over 214,000 SNPs (an average of 1 SNP/500 bp) in 84 different inbred lines from the wild. We filtered the database to include only SNPs with a minor allele frequency greater than 0.10, which left 158,054 SNPs for mapping. The analysis was conducted using the Accelerated Mixed Model (AMM) approach in GWAPP [START_REF] Seren | GWAPP: a Web application for genome-wide association mapping in Arabidopsis[END_REF]. To account for multiple simultaneous tests we calculated genome-wide FDR (q-values). For this, observed phenotype values were randomly assigned to Arabidopsis accession in 100 bootstrap replicates and pvalues calculated for each SNP using the AMM approach for each bootstrap dataset, followed by Bonferroni correction.

Natural POQR diversity in A. thaliana and conservation across plants

The sequence of the POQR gene for 42 A. thaliana accessions was retrieved from [START_REF] _Genomes_Consortium | 1,135 genomes reveal the global pattern of polymorphism in Arabidopsis thaliana[END_REF]. For PCR sequencing, we extracted genomic DNA from 4 week old plants of Col-0, Ge-0, Hs-0, Lip-0, Ra-0, Rak-2, Sap-0 and Wei-0 accessions as described in [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF] and amplified the N-terminus of the POQR gene using the primers F_UTR_poqr (5'-AACGCCAACTACTTCGTCAA-3') and RGW_poqr . The A. lyrata POQR homolog was retrieved from Phytozome v12 [START_REF] Goodstein | Phytozome: a comparative platform for green plant genomics[END_REF]. The sequences of POQR homologs from 40 plant species were retrieved using BlastP searches against the Phytozome v12 [START_REF] Goodstein | Phytozome: a comparative platform for green plant genomics[END_REF] and Solgenomics [START_REF] Fernandez-Pozo | The Sol Genomics Network (SGN)-from genotype to phenotype to breeding[END_REF] databases with AtPOQR sequence as a query and with 1e -30 as a p-value cutoff. Multiple sequence alignments were generated with MUSCLE [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and manually curated. The phylogenetic trees were generated in phylogeny.fr [START_REF] Dereeper | Phylogeny. fr: robust phylogenetic analysis for the non-specialist[END_REF] by curating alignment positions with gaps, using the PhyML maximum likelihood method and an SH-like approximate likelihood-ratio test (aLRT) with the WAG substitution model for estimating branch support.

Virus induced gene silencing

The SlPOQR silencing construct was designed using the SGN VIGS tool [START_REF] Fernandez-Pozo | The SGN VIGS Tool: User-friendly software to design virus-induced gene silencing (VIGS) constructs for functional genomics[END_REF] and obtained by PCR amplification of a 250-bp fragment using primers Solyc04g_F_VIGS (5'-CGGGAATTC TAAAAAACTCACAAAATTGTTC-3') and Solyc04g_R_VIGS (5'-CGGCTCGAGTCCAC TTGAACTTATACCATAT-3') containing EcoRI and XhoI restriction sites respectively. This construct was introduced into the pTRV2 vector as described in [START_REF] Buendia | The LysM receptor-like kinase SlLYK10 regulates the arbuscular mycorrhizal symbiosis in tomato[END_REF]. Ten days old tomato plants (Solanum lycopersicum L. cv Heinz) were vacuum-infiltrated with Agrobacterium tumefaciens GV3101::pMP90 strains carrying the pTRV2-NbPDS, pTRV2-SlPOQR or empty pTRV2 vector control mixed with strains carrying the pTRV1 vector as described in [START_REF] Buendia | The LysM receptor-like kinase SlLYK10 regulates the arbuscular mycorrhizal symbiosis in tomato[END_REF]. Plants were inoculated by the S. sclerotiorum strain 1980 expressing GFP 14 days after A. tumefaciens infiltration, and inoculated leaflets were imaged 24 hours after inoculation. Total RNAs from distal leaflet were harvested at the time of image acquisition to verify gene silencing. RNA extraction and quantitative RT-PCR were performed as described in [START_REF] Badet | Common protein sequence signatures associate with Sclerotinia borealis lifestyle and secretion in fungal pathogens of the Sclerotiniaceae[END_REF] using SlPOQRspecific primers qSolyc04F_1 (5'-TTCAAGTGGAAGTGATTGGGT-3') and qSolyc04R_1 (5'-TGTCACGAGTCCAGCTAACA-3') and Solyc08g022070-specific primers qSolyc08F_3 (5'-ACTGTTGTCCCTGGCTTTGA-3') and qSolyc08R_3 (5'-TGTCCTTTCCAGCCACA ATGA-3'). The Solyc12g010060 gene (Translation elongation factor 5A) [START_REF] Coker | Selection of candidate housekeeping controls in tomato plants using EST data[END_REF] was used as housekeeping gene.

Phylogeny of A. thaliana and S. lycopersicum POPs

We retrieved 16 A. thaliana proteins harboring a Peptidase S9A (IPR002470) domain from Interpro 62.0 [START_REF] Finn | InterPro in 2017-beyond protein family and domain annotations[END_REF] among which 12 included a PFAM peptidase S9 catalytic domain (PF00326).
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These 12 proteins were used in a BlastP search against TAIR10 with an e-value cutoff of 10 -01 . The resulting hits were checked against the PFAM 31.0 using gathering threshold to verify the presence of a peptidase S9 catalytic domain (PF00326), identifying 11 AtPOP loci. We retrieved 13 S. lycopersicum proteins harboring a PF00326 domain from the ITAG3.0 annotation of the tomato genome sequence version 3 [START_REF] Consortium | The tomato genome sequence provides insights into fleshy fruit evolution[END_REF]. These proteins were checked against the PFAM 31.0 using gathering threshold to verify the presence of a PF00326 domain and identify additional domains, validating 13 SlPOP proteins. The phylogenetic trees were based on the peptidase S9 catalytic domain (PF00326) sequence as identified by PFAM 31.0. Sequences were aligned with MUSCLE [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF]. The phylogenetic trees were generated as described above.

Gene expression analyses

For quantitative RT-PCR in A. thaliana natural accessions, the experiments were performed as described above using the F_Npoqr (5'-TGCTATCGCAAACGACGAGA-3') and R_Npoqr (5'-TCAGTCCAACTGCTCGGTTC-3') primers. For RNA sequencing, mature leaves of 4 week-old Arabidopsis thaliana and Solanum lycopersicum (Heinz genotype) were inoculated or not with the S. sclerotiorum strain 1980 in three independent biological replicates. The edge of developed necrotic lesions (15 to 30 mm diameter) was harvested and stored in liquid nitrogen. Samples were ground with metal beads (2.5 mm) in a Retschmill apparatus (24hertz for 2x1min) before solubilizing in 1mL Trizol reagent (ThermoFisher) and left for 5 min at RT. Chloroform (200 μL) was added and mixed thoroughly before incubating for 3 min at RT. After centrifugation at ~12,000g (4˚C) for 15min, the upper aqueous phase was recovered and nucleic acids were precipitated by adding 2μL GlycoBlue (Ambion) and 500μL isopropanol (10 min at -20˚C). After centrifugation at ~15,000g (4˚C) for 15min, pellets were washed twice with 70% ethanol before drying and resuspended in RNAse-free water. To eliminate chloroform traces, water resuspended nucleic acids were further cleaned using an RNA extraction kit (Quiagen) following manufacturer's instructions. Genomic DNA was removed by DNase treatment (TURBO DNase; Ambion) following manufacturer's instructions. The quality and concentrations of RNAs preparations were assessed with an Agilent apparatus and chips (nano). Messenger RNAs sequencing was outsourced to Fasteris SA (Switzerland) to produce Illumina reads (1 x 125bp) using a HiSeq 2500 instrument (TrueSeq libraries). Reads were mapped on the TAIR10 version of A. thaliana genome or version 3 of S. lycopersicum genome using the RNA-Seq Analysis function of the CLC Genomics software with default settings. All raw and normalized RNA-seq data has been deposited in GEO (GSE106811). Total reads counts per gene were extracted and differential gene expression (log2 fold change) versus mock treated samples was calculated using the Bioconductor/DESeq2 (version 1.8.2) package. Log fold changes were quantile normalized using the preprocessCore package in R. We used the average of three biological replicates as raw gene expression values. GO enrichment analysis was performed using Fisher's exact test implemented in the Blast2GO software [START_REF] Conesa | Blast2GO: a universal tool for annotation, visualization and analysis in functional genomics research[END_REF], with annotations from Ensembl plants and using a using a 0.01 false discovery rate (FDR) threshold.

Part III: Actin filaments reorganisation upon S. sclerotiorum infection mediates QDR in Arabidopsis plants

A pic of association on chromosome 4 revealed the Actin Related Protein Complex 4 (ARPC4) as a putative third candidate. ARPC4 is member of the arp2/3 complex involved in actin filaments branching. Focus on SNP polymorphism revealed that insertion/deletion events occurred at ARPC4 promoter region, delineating two haplotypes that we called R (for resistant) and S (for susceptible). We show that accessions with haplotype R have higher expression levels of ARPC4 upon S. sclerotiorum infection. A. thaliana mutants deleted for ARPC4 gene are more susceptible to S. sclerotiorum infection, suggesting a positive role for actin in resistance to S. sclerotiorum. Accordingly, we highlight actin branching defects in arpc4 mutant plants in response S. sclerotiorum. These results suggest that an expression polymorphism at ARPC4 locus underlie differential actin filaments reorganization upon S. sclerotiorum and QDR in A. thaliana.

Article: Expression polymorphism at the ARPC4 locus links the actin cytoskeleton with quantitative disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana https://doi.org/10.1111/nph.15580 Introduction Plant diseases are a major challenge in agriculture and a recurring threat to food security, with new pathogen strains emerging regularly (Fisher et al., 2012;[START_REF] Fones | Emerging fungal threats to plants and animals challenge agriculture and ecosystem resilience[END_REF]. A major route towards the sustainable increase of crop yields is the use of genetic sources of disease resistance [START_REF] Ronald | The future of sustainable food production[END_REF]. The genetic bases of the plant immune system often are described as a multilayered mechanism (Jones & Dangl, 2006;Dodds & Rathjen, 2010). The perception of conserved pathogen-associated molecular patterns (PAMPs) by cell-surface pattern recognition receptors (PRRs) leads to an immune response known as PAMPtriggered immunity (PTI). Adapted pathogens able to suppress PTI may be recognized by plant intracellular resistance proteins of the nucleotide-binding and leucine-rich repeat (NLR) family, encoded by Resistance (R) genes, leading to effector-triggered immunity (ETI). The strong disease resistance conferred by R genes is usually efficient only for a limited period in fields, due to the rapid evolution of novel virulence effectors enabling pathogens to evade resistance (Kou & Wang, 2010;[START_REF] Brown | Durable resistance of crops to disease: a Darwinian perspective[END_REF]. Besides, plant immunity against pathogens that actively kill host cells for infection (necrotrophs) differs radically from the typical multilayered model (Glazebrook, 2005;[START_REF] Hammond-Kosack | Plant resistance signalling hijacked by a necrotrophic fungal pathogen[END_REF]. For instance, instead of resistance, some plant NLR proteins underlie susceptibility to necrotrophs (Lorang et al., 2007). As opposed to classical models of plant immunity, there are usually no dominant R genes providing complete resistance to necrotrophic pathogens. Instead, plant immune response to necrotrophs often is governed by a complex interplay of minor-effect genes (Roux et al., 2014). It results in a full continuum of resistance phenotypes in natural plant populations, designated as quantitative disease resistance (QDR). The underlying genetic components can be common with, but are generally not limited to, PTI and ETI response genes [START_REF] Iakovidis | Effector triggered immune response in Arabidopsis thaliana is a quantitative trait[END_REF]. In many cases, however, our knowledge of the genetic bases of QDR is very incomplete.

PTI is mediated by cell-surface PRRs belonging to the receptor-like kinase (RLK) and receptor-like protein (RLP) families, whereas ETI is controlled by R proteins of the NLR family [START_REF] Couto | Regulation of pattern recognition receptor signalling in plants[END_REF]. Genome mining and sequence capture approaches exploited these conserved domains associated with PTI and ETI to identify novel resistance genes [START_REF] Steuernagel | Rapid cloning of disease-resistance genes in plants using mutagenesis and sequence capture[END_REF][START_REF] Witek | Accelerated cloning of a potato late blight-resistance gene using RenSeq and SMRT sequencing[END_REF]. The recent discovery of plant NLR proteins harboring 'integrated decoy' domains, a mimic of the host target of pathogen virulence effectors fused to the NLR, added to the diversity of protein domains associated with R-mediated resistance (Le Roux et al., 2015;[START_REF] Kroj | Integration of decoy domains derived from protein targets of pathogen effectors into plant immune receptors is widespread[END_REF]. By contrast, genes functionally characterized for their role in QDR do not show common structural features and, rather, code for very diverse molecular functions. This includes for instance the Lr34 transporter (Krattinger et al., 2009), the Pi21 prolinerich protein (Fukuoka et al., 2009), the Yr36 kinase with a START domain (Fu et al., 2009), the RKS1 atypical kinase (Huard-Chauveau et al., 2013), the ZmCCoAOMT2 caffeoyl-CoA O-methyltransferase (Yang et al., 2017) or the POQR prolyl oligopeptidase (Badet et al., 2017b).

Recent changes in human global activities are associated with a worldwide rise in fungal infections in animals and plants [START_REF] Fisher | Tackling emerging fungal threats to animal health, food security and ecosystem resilience[END_REF]. Several necrotrophic species are cosmopolitan pathogens with a broad host range (designated as 'generalists'), making them some of the most devastating fungal plant pathogens (Dean et al., 2012). Sclerotinia sclerotiorum is a generalist fungal pathogen causing mold diseases on > 400 plant species and responsible for important damages to crop production worldwide (Peltier et al., 2012;Navaud et al., 2017); it notably causes white and stem mold diseases on Oilseed rape (Brassica napus), resulting in ≤ 50% yield loss (Koch et al., 2007). The model plant Arabidopsis thaliana is another member of the Brassicaceae botanical family showing extensive natural diversity in its QDR to S. sclerotiorum (Perchepied et al., 2010). Our knowledge of the molecular bases controlling A. thaliana response to S. sclerotiorum infection is limited (Mbengue et al., 2016b). We recently used genome-wide association (GWA) mapping and reverse genetics in A. thaliana to demonstrate the role of the POQR prolyl oligopeptidase in QDR against S. sclerotiorum (Badet et al., 2017b). This work highlighted the A. thaliana-S. sclerotiorum interaction as a powerful pathosystem to search for genetic determinants of QDR in a systematic manner.

Plant resistance can vary through plant developmental stages. Resistance genes against rust diseases in wheat have been classified into NLR genes conferring all-stage resistance and genes conferring quantitative adult plant resistance (APR) such as Lr34 [START_REF] Singh | Genetic association of leaf rust resistance gene Lr34 with adult plant resistance to stripe rust in bread wheat[END_REF][START_REF] Rinaldo | The Lr34 adult plant rust resistance gene provides seedling resistance in durum wheat without senescence[END_REF] and Lr67/Yr46 [START_REF] Herrera-Foessel | Lr67/Yr46 confers adult plant resistance to stem rust and powdery mildew in wheat[END_REF]. Increased resistance to pathogens in mature plants is also designated as age-related resistance (ARR), a form of developmentally regulated immunity involving notably the phytohormone salicylic acid (SA) [START_REF] Kus | Age-related resistance in Arabidopsis is a developmentally regulated defense response to Pseudomonas syringae[END_REF][START_REF] Carella | Some things get better with age: differences in salicylic acid accumulation and defense signaling in young and mature Arabidopsis[END_REF]. Hormones are major regulators of plant development affecting growth and development that also contribute to the regulation of defense responses [START_REF] Yang | Plant hormone jasmonate prioritizes defense over growth by interfering with gibberellin signaling cascade[END_REF][START_REF] Lozano-Dur An | Trade-off between growth and immunity: role of brassinosteroids[END_REF]. Several studies highlighted the antagonism underlying plants defense/growth hormonal crosstalk (Denanc e et al., 2013). Upon limited resources, allocation of energy for plant defense and growth could require tight regulation to mitigate potential trade-offs between these two traits [START_REF] Huot | Growth-defense tradeoffs in plants: a balancing act to optimize fitness[END_REF]. In nonlimiting conditions, plant morphology and development also may contribute to pathogen resistance [START_REF] Kliebenstein | False idolatry of the mythical growth versus immunity tradeoff in molecular systems plant pathology[END_REF]. Mapping of QDR genes points towards specific resistance genes associated with plant developmental stages in plant-fungus interactions (Wang et al., 2015;[START_REF] Yeo | High-resolution mapping of genes involved in plant stage-specific partial resistance of barley to leaf rust[END_REF]. Genes involved in plant development may be directly associated with disease resistance, such as a maize caffeoyl-CoA O-methyltransferase playing important structural role in plant cell walls through lignin synthesis, and conferring broad spectrum resistance to fungal pathogens (Yang et al., 2017). Conversely, the A. thaliana RPW8 locus confers broad spectrum resistance to powdery mildews (Xiao et al., 2001), but highly expressed RPW8 alleles reduce plant growth and seed production in the absence of pathogen (Orgil et al., 2007). However, our knowledge of the molecular mechanisms that link growth and immunity remain limited. For instance, the extent to which genes controlling plant development and morphology can interfere with QDR is unclear.

In this study, we used GWA mapping in A. thaliana to associate QDR against the fungal pathogen S. sclerotiorum with the ARPC4 locus, coding for the Actin-Related Protein Complex isoform 4. Mutants lacking a functional ARPC4 allele showed defects in re-organization of the actin cytoskeleton and enhanced susceptibility to S. sclerotiorum. Sequence analysis at the ARPC4 locus distinguished two major haplotypes in A. thaliana populations, differing in their putative promoter regions and associated with contrasted QDR phenotypes. Based on the analysis of ARPC4 expression upon S. sclerotiorum inoculation in 34 A. thaliana accessions, we propose that an insertion in ARPC4 promoter enhanced the induction of ARPC4 expression upon fungal pathogen challenge strengthening quantitative disease resistance in some A. thaliana accessions.

Materials and Methods

Genome-wide association study

Plant cultivation, disease scoring and association mapping for the genome-wide association (GWA) study were performed as described in Badet et al. (2017b) in 100 different Arabidopsis thaliana inbred lines from the wild. The fungus was inoculated using paper disks following the method by Perchepied et al. (2010). After filtering to retain only SNPs with a minor allele frequency > 0.10, we obtained 163 965 SNPs for mapping. To account for multiple simultaneous tests we calculated genome-wide false discovery rate (FDR) (q-values) as described in Badet et al. (2017b).

Plant and fungus cultivation, pathogen assays

Inoculations for plant phenotyping were performed on leaves of 4 wk-old A. thaliana plants using fungus-colonized Agar plugs as described in Badet et al. (2017b). Mutant lines in the Col-0 background ordered from the NASC were SALK_073297 (arpc4-t1), SALK_052687 (arpc4-t2), SALK_125588C (arpc1a, T-DNA in intron 5 of AT2G30910), SALK_070571C (arpc2b, T-DNA in intron 2 of AT2G33385) and SALK_123936C (arpc5, T-DNA in intron 2 of AT4G01710). Sclerotinia sclerotiorum wild-type strain 1980 (WT) and green fluorescent protein (GFP)- 
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expressing 1980 strain were grown on minimal medium before inoculation. Pictures were taken 24 h (GFP strain inoculation) or 24 and 28 h (WT strain) later with a Zeiss Axio Zoom V16 microscope under bright light and fluorescent illumination (GFP strain) or a Canon (Tokyo, Japan) EOS600D camera (WT strain), and the area of disease lesions was computed with IMAGEJ software (National Institutes of Health, Bethesda, MD, USA).

Xanthomonas campestris inoculation assays were performed as described in Huard-Chauveau et al. (2013). Statistical analyses of disease phenotypes were performed in R via type III two-way ANOVA for unbalanced designs, significance of the difference between genotype was assessed using Tukey's HSD post-hoc test when an experiment replicate effect was detected, or using Student's t-test otherwise. Experiments using natural accessions and mutant lines were conducted according to national guidelines and legislations, under license to the use of GMOs granted by the competent national authority.

Actin imaging and architecture analysis

The visualization of actin filaments was performed on plants stably expressing GFP fused to fimbrin actin-binding domain 2 (fABD2) in the Col-0 [START_REF] Sheahan | A green fluorescent protein fusion to actin-binding domain 2 of Arabidopsis fimbrin highlights new features of a dynamic actin cytoskeleton in live plant cells[END_REF]Staiger et al., 2009) and the arpc4-t2 backgrounds. arpc4-t2 plants expressing GFP-fABD2 were obtained by crossing the arpc4-t2 (pollen receiver, Col-0 background) with GFP-fABD2 Col-0 plants (pollen donor) kindly provided by Chris J. Staiger (Purdue University, West Lafayette, USA). Seeds were grown on selective Murashige & Skoog (MS) medium supplemented with Kanamycin at 50 nM final concentration to ensure that the seedlings express the GFP:fABD2 transgene. Sclerotinia sclerotiorum isolate 1980 was cultured in potato dextrose broth (PDB) medium for 3 d at 24°C. Fungal mycelium was blended for three 910-s bursts in a Philips HR2860 blender, centrifuged for 2 min at 70 g and diluted in fresh PDB medium to an optical density of 0.5. Twoweek old seedlings were inoculated with 10 ll of mycelial suspension or fresh PDB medium (mock). Epidermal cells were observed 3 h post inoculation with a Leica (Wetzlar, Germany) TCS SP8 confocal microscope using HC Fluotar 925/0.95 water objective. Time course imaging was performed using the Mark and Find function in the Leica APPLICATION SUITE software. GFPderived fluorescence was monitored by excitation with an argon beam (ʎ = 488 nm, intensity 19.84%) and the fluorescent signal was collected between 500 and 550 nm. We analyzed maximum projections of 15 images taken with a Z-step of 1 lm (for a total depth imaged of 15 lm). We manually selected areas in focus using the freehand selection tool in IMAGEJ 1.51k. Actin skewness was determined using the 'skewness' measurement in IMAGEJ.

Actin density was determined using image thresholding and by calculating the ratio between actin total area over total region of interest area. Actin filaments anisotropy was quantified with the IMAGEJ-based plugin FibrilTool (Boudaoud et al., 2014) after applying a Gaussian blur filter with 2-pixel radius. Maximum projections for each time point were combined in an image stack, aligned with IMAGEJ Template Matching plugin, and analyzed image per image as described above.

Callose deposition assays

Leaves of 3-wk-old plants were wounded over c. 2 mm with a sterile razor blade or inoculated with 20 ll of mycelium suspension of S. sclerotiorum isolate 1980, prepared as described above. After 3-6 h, leaves were cut, cleared in ethanol and stained with Aniline blue as described in [START_REF] Bozkurt | Phytophthora infestans effector AVRblb2 prevents secretion of a plant immune protease at the haustorial interface[END_REF]. Callose deposits were imaged under epifluorescence microscopy with UV illumination, 3 h after wounding or 16 h after S. sclerotiorum inoculation. A fluorescence threshold for image analysis was set manually in IMAGEJ 1.51k and deposits were counted automatically using the 'Analyze Particles' function with a minimum size of 10 square pixels.

DNA and RNA extractions, qRT-PCR

For DNA extractions, c. 100 mg leaf material was grinded twice 30 s at maximum frequency in a Retsch MM40 mixer (Haan, Germany) and supplemented with 500 ll of extraction buffer (Tris HCl, pH 8, 200 mM, NaCl 250 mM, EDTA 25 mM, SDS 0.5%). DNA precipitation was carried out with cold isopropanol, and DNA pellets were dissolved in demineralized water. Total RNAs extraction from infected plant leaves was performed 24 h post-inoculation as described in Badet et al. (2017b). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed as described in Badet et al. (2015), using gene-specific primers given in Supporting Information Table S16. At2g28390 gene whose expression was shown to be extremely stable under different physiological conditions (Czechowski et al., 2005) was used as housekeeping gene. Relative gene expression corresponds to the ratio between the expression of a gene of interest over At2g28390 expression and normalized to 1.00 in mock-treated WT plants.

Cloning and generation of complemented lines

The Col-0 ARPC4 sequence was PCR-amplified using PrimeSTAR GXL DNA polymerase (Takara Bio Inc., Kusatsu, Japan) and primers provided in Table S16, which include partial adapters for Gateway cloning. The PCR program consisted in 35 cycles of amplification with annealing at 55°C for 15 s and elongation at 68°C for 1 min. Complete Gateway adapters were added by PCR on purified amplicons; the resulting amplicons were introduced into pEarleyGate303 vectors [START_REF] Earley | Gateway-compatible vectors for plant functional genomics and proteomics[END_REF] using classical Gateway cloning and transformed into Agrobacterium tumefaciens strain C58C1. Arabidopsis thaliana Col-0 and arpc4-t2 plants homozygous for the GFP:fABD2 construct were transformed using the floral dip method. T 0 and T 1 plants were selected through three rounds of spray with Basta F1 (Bayer SAS, Leverkusen, Germany) at 1 g l À1 . For each phenotyping experiment, one batch of T 2 plants was inoculated with S. sclerotiorum and another one sprayed with Basta. Phenotype data collected on lines including Basta-sensitive plants were discarded. Inoculations were performed using agar plugs colonized with S. sclerotiorum 1980 as described above. 
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projections generated from Z-stacks through A. thaliana epidermal cells (Fig. 3b). AF anisotropy associated significantly with plant genotype (ANOVA P = 7.6e À4 ), S. sclerotiorum inoculation (P = 1.0e À3 ) and the interaction between plant genotype and pathogen treatment (P = 1.8e À3 ) (Table S7). AF anisotropy increased from c. 0.08 to c. 0.11 upon 3-h challenge with S. sclerotiorum (t-test P = 9.2e À6 ). The average anisotropy index was 0.12 in noninoculated arpc4-t2, significantly higher than in WT cells (P = 5.4e À6 ). It remained unchanged 3 hpi with S. sclerotiorum (P = 0.98). AF bundling (skewness) associated significantly with plant genotype (twoway ANOVA P = 2.5e À13 ), S. sclerotiorum inoculation (P = 3.9e À9 ) and the interaction between plant genotype and pathogen treatment (P = 9.3e À4 ) (Table S7). AF skewness increased from c. In order to get insights into the dynamics of AF remodeling upon S. sclerotiorum inoculation, we quantified AF arrays properties every hour in 76 Col-0 epidermal cells and 69 arpc4-t2 epidermal cells (Fig. 3c; Table S8; Videos S1, S2). In Col-0 cells, AF anisotropy increased from c. 0.08 to c. 0.11 between 0 and 3 hpi, whereas it remained stable at c. 0.12 in arpc4-t2 during the same period. Between 3 and 6 hpi, AF anisotropy decreased sharply both in Col-0 and in arpc4-t2 cells (Fig. 3c). In Col-0, AF skewness increased slowly from c. 1.52 to c. 2.17 between 0 and 4 hpi, then showed a transient peak to c. 2.81 at 5 hpi. A similar pattern with weaker fluctuations was observed in arpc4-t2, in which AF skewness increased from c. 1.12 (0 hpi) to c. 1.81 (5 hpi). Upon cell death at 6 hpi, AF skewness dropped sharply both in Col-0 and arpc4-t2 cells (Fig. 3c). AF density decreased regularly from 39.5% at 0 hpi to < 8% at 6 hpi in Col-0 cells. In arpc4-t2, AF density decreased very slowly from c. 32.9% at 0 hpi to 26.7% at 3 hpi, then followed the same decrease as in Col-0 cells until 6 hpi (Fig. 3c). These results suggest that ARPC4 disruption impairs AFs dynamics during the early stages of infection. We conclude that ARPC4 plays an important role in AF reorganization upon S. sclerotiorum infection. These results associate altered AF responsiveness with reduced quantitative disease resistance upon S. sclerotiorum infection in arpc4 mutants.

ARPC4 disruption impairs S. sclerotiorum-induced defense responses

Local accumulation of defense-related compounds, notably callose, is an important cellular defense against stresses such as fungal pathogens [START_REF] Jacobs | An Arabidopsis callose synthase, GSL5, is required for wound and papillary callose formation[END_REF][START_REF] Garc Ia-Andrade | Arabidopsis ocp3 mutant reveals a mechanism linking ABA and JA to pathogen-induced callose deposition[END_REF][START_REF] Ellinger | Elevated early callose deposition results in complete penetration resistance to powdery mildew in Arabidopsis[END_REF]. Callose deposition is often considered to be regulated by AF reorganization, although the underlying mechanisms are not fully understood [START_REF] Day | The pathogen-actin connection: a platform for defense signaling in plants[END_REF][START_REF] Voigt | Cellulose/callose glucan networks: the key to powdery mildew resistance in plants?[END_REF]. To test for the importance of ARPC4 in stress-induced callose deposition, we first compared callose deposits formed upon wounding in WT and arpc4 mutant lines using Aniline blue staining. Three hours after wounding, an average of 73 callose deposits within 6.5 mm 2 areas centered on the wound were visible on WT plants, whereas arpc4-t1 and arpc4-t2 plants showed c. 33 deposits (two-fold reduction, Student's t-test P < 1.6e À7 ; Fig. 4a; Table S9). Secondly, we compared callose deposits formed upon leaf colonization by S. sclerotiorum (Fig. 4b; Table S10). In WT plants, clear callose deposits are visible 16 hpi at the periphery of the area colonized by S. sclerotiorum. We counted an average of 85.5 deposits per 2.5 mm 2 on WT leaves, 62.1 on arpc4-t1 leaves (Student's t-test P = 0.03) and 41.7 on arpc4-t2 leaves (P = 1.3e À4 ). Thus, arpc4 mutants showed a clear impairment in the formation of wound-and S. sclerotioruminduced callose deposits.

Callose deposition induced by necrotrophic fungi involves abscisic acid (ABA) and jasmonic acid (JA) (Garc ıa- [START_REF] Garc Ia-Andrade | Arabidopsis ocp3 mutant reveals a mechanism linking ABA and JA to pathogen-induced callose deposition[END_REF]Liu et al., 2015), two hormones required for QDR against S. sclerotiorum (Perchepied et al., 2010;Mbengue et al., 2016b). Using qRT-PCR, we measured the expression of the JA/ ethylene-dependent PDF1.2 defensin and PR4 (Pathogenesis related 4) hevein-like genes (Fig. 4c; Table S11). Compared to WT, PDF1.2 was c. four-fold downregulated in nontreated arpc4-t2 plants (P = 2.1e À4 ) and c. 13-fold downregulated in S. sclerotiorum-treated arpc4-t2 plants. A slight reduction in PR4 expression in S. sclerotiorum-treated arpc4-t2 plants also was measured (P = 0.04), supporting the impairment of JA defense pathways in arpc4 mutants. To test for the impact of ARPC4 disruption on ABA-dependent pathways, we measured the expression of the zeaxanthin epoxidase gene ABA1, catalyzing the biosynthesis of ABA, and the ABA-inducible gene COR47/ PHH7.2 [START_REF] Hajela | Molecular cloning and expression of cor (cold-regulated) genes in Arabidopsis thaliana[END_REF]) (Fig. 4d; Table S11). ABA1 expression was reduced in mock-treated arpc4-t2 plants compared to WT (P = 0.06). Upon S. sclerotiorum inoculation, ABA1 expression was reduced 10-fold in WT plants, but only two-fold in arpc4-t2 plants (P = 0.02). COR47 expression was reduced in arpc4-t2 plants compared to WT, both in mock-treated (10-fold reduction, P = 0.015) and S. sclerotiorum-treated plants (five-fold reduction, P = 0.015). Although typically related to resistance to biotrophic pathogens (Glazebrook, 2005), salicylic acid (SA) associates with defense against S. sclerotiorum (Guo & Stotz, 2007) and interferes with callose deposition [START_REF] Nishimura | Loss of a callose synthase results in salicylic acid-dependent disease resistance[END_REF][START_REF] Lee | A plasmodesmata-localized protein mediates crosstalk between cell-to-cell communication and innate immunity in Arabidopsis[END_REF]. To test for the impact of ARPC4 disruption on SA-dependent defense pathways, we measured the expression of the isochorismate synthase 1 gene SID2, catalyzing the biosynthesis of SA, and the SA-responsive pathogenesis-related gene PR1 (Fig. 4e; Table S11). SID2 expression was c. 184 coding sequence, with only one rare SNP predicted to induce an amino acid change (K77T in Ull1-1). This suggested that changes in ARPC4 regulation rather than ARPC4 protein sequence may cause ARPC4-mediated QDR phenotypes.

The ARPC4 alleles differed by several large insertion/deletions in noncoding regions (Fig. 5b). This notably includes one insertion of 762-1162 bp in the putative promoter of ARPC4 (between À721 and À1793 of transcription start site) in ARPC4 R accessions. A 173-201 bp deletion in the sixth intron of ARPC4 also is detected in 17 accessions from ARPC4 R . The promoter insertion and intron deletion are absent from the A. lyrata ARPC4 locus suggesting that ARPC4 S allele is ancestral, and that the ARPC4 R allele emerged after the divergence between A. lyrata and A. thaliana (Notes S1). Linkage disequilibrium analysis indicated that these insertion/deletions are genetically linked, and that they are also linked with the two SNPs that were strongly associated with QDR in our GWA analysis (Fig. S2). The largescale genomic re-arrangements in ARPC4 putative promoter region prompted us to test whether ARPC4 alleles result in expression polymorphism of the ARPC4 gene. We profiled ARPC4 expression upon S. sclerotiorum inoculation by qRT-PCR in 31 A. thaliana accessions, including 16 accessions from ARPC4 R and 15 accessions from ARPC4 S (Fig. 5d; Table S13). ARPC4 expression associated significantly with plant haplotype (two-way ANOVA P = 9.8 À5 ), with S. sclerotiorum inoculation (P = 6.3e À7 ), and weakly with the interaction between haplotype and S. sclerotiorum treatment (P = 0.032). In nontreated plants, ARPC4 relative expression was 0.24 in average for ARPC4 S accessions and 0.29 in average for ARPC4 R accessions (Student's t-test P = 0.16). In S. sclerotiorum-inoculated plants, ARPC4 relative expression was 0.33 in average for ARPC4 S and 0.51 in average for ARPC4 R accessions (P = 3.2e À5 ). The induction of ARPC4 by S. sclerotiorum inoculation was stronger (1.99-fold on average) and more significant (P = 7.5e À7 ) in plants belonging to ARPC4 R than in plants belonging to ARPC4 S (1.71-fold on average, P = 0.024). This observation is consistent with a positive role of ARPC4 in resistance against S. sclerotiorum and a stronger resistance of accessions harboring the R allele of ARPC4.

In order to demonstrate that expression of the ARPC4 R allele confers quantitative disease resistance to S. sclerotiorum, we performed complementation assays in the arpc4-t2 mutant background. For this, we cloned the complete ARPC4 genomic locus (position À2398 to 2180 in Fig. 5b) from the Col-0 accession (ARPC4 Col-0 ) as a representative of the ARPC4 R allele, and transformed this construct into the susceptible arpc4-t2 background (arpc4-t2/ARPC4 Col-0 lines). The arpc4-t2/ARPC4 Col-0 plants accumulated c. 14 times more ARPC4 transcripts than arpc4-t2, in which a truncated ARPC4 transcript is detected [START_REF] Kotchoni | The association of the Arabidopsis actin-related protein2/3 complex with cell membranes is linked to its assembly status but not its activation[END_REF], and c. five-fold more ARPC4 transcripts than Col-0 WT (Fig. 6a; Table S14). The size of disease lesions caused by S. sclerotiorum associated strongly with plant genotype and weakly with experiment replicate (ANOVA P = 3.8e À8 and 0.01, respectively). Wild-type Col-0 plants showed c. 59.8 mm 2 lesions, similar to arpc4-t2/ARPC4 Col-0 plants (average lesion size 72.3 mm 2 , Tukey's HSD test P = 0.03) (Fig. 6b; Table S15). The arpc4-t2 plants showed significantly larger lesions (average 92.3 mm 2 , P < 1.0e À7 ), showing that the ARPC4 Col-0 allele confers enhanced QDR in an arpc4-t2 background. We conclude that large-scale polymorphisms in ARPC4 noncoding regions lead to enhanced expression of ARPC4 upon S. sclerotiorum challenge and enhanced QDR in accessions from the ARPC4 R haplotype.

Discussion

Our work demonstrates a role for Arabidopsis thaliana ARPC4, a member of the actin-related 2/3 (Arp2/3) complex, in quantitative immunity against the fungal pathogen Sclerotinia sclerotiorum. The expression and activity of actin-binding proteins such as ARPC4 regulate actin nucleation, the assembly of G-actin into actin filaments. In conjunction with the activity of actin depolymerization factor (ADF) proteins, nucleation controls the dynamics of the actin cytoskeleton architecture and connects actin with diverse cellular and physiological processes. We also found a contribution of ARPC5 and ARPC1a to quantitative disease resistance (QDR) against S. sclerotiorum, suggesting that a complete functional ARP complex is required for resistance. In agreement, enhanced ARPC4 expression in arpc4-t2/ARPC4 Col-0 plants restored QDR up to the level of the Col-0 wild-type (WT), suggesting that additional molecular components limit further increase in resistance. Compared to arpc4 and arpc5 mutants, the arpc1a and arpc2b mutants were little or not affected in QDR, possibly due to redundancy for the genes encoding ARPC1 and ARPC2, but not ARPC4 and ARPC5, in the A. thaliana genome. In data from public repositories the expression of ARPC1 and ARPC2 appears mostly restricted to guard cells, which also may explain the absence of QDR phenotype in the corresponding mutants. Disruption of the ARPC4 gene results in morphological defects of cotyledon pavement cells, epidermal cells of dark-grown hypocotyls and leaf trichomes. As for other mutants of the distorted mutant family, arpc4 adult plants show loss of polarized trichome growth and decreased trichome branch length [START_REF] Kotchoni | The association of the Arabidopsis actin-related protein2/3 complex with cell membranes is linked to its assembly status but not its activation[END_REF]. Previous studies on variation in plant QDR led to the hypothesis that it may involve up to 10% of the plant genome, and clearly extends beyond classical pathogen detection mechanisms (Corwin et al., 2016;Corwin & Kliebenstein, 2017). In particular, A. thaliana QDR against various Botrytis cinerea isolates was associated with c. 3000 genes, notably enriched in 'callose deposition' and 'actin filament-based movement' ontologies (Corwin et al., 2016). Genome-wide accession (GWA) mapping of A. thaliana QDR to Alternaria brassicae identified 106 candidate genes encoding transporter and enzymes for secondary metabolites biosynthesis [START_REF] Rajarammohan | Genome-wide association mapping in Arabidopsis identifies novel genes underlying quantitative disease resistance to Alternaria brassicae[END_REF]. Variation in QDR to Fusarium oxysporum was associated with late flowering in A. thaliana natural populations [START_REF] Lyons | Fusarium oxysporum triggers tissue-specific transcriptional reprogramming in Arabidopsis thaliana[END_REF]. Our work identifies ARPC4 as a prime example for a gene controlling cell morphology and contributing to QDR.

A direct impact of morphological defects due to ARPC4 misexpression on resistance to S. sclerotiorum seems unlikely because arpc4 plants were not significantly altered in their resistance to the bacterial pathogen X. campestris pv campestris. The induction of the ARPC4 R allele upon S. sclerotiorum inoculation also (Mbengue et al., 2016a), the actin cytoskeleton [START_REF] Beck | Spatio-temporal cellular dynamics of the Arabidopsis flagellin receptor reveal activation statusdependent endosomal sorting[END_REF] and capping proteins [START_REF] Li | Capping protein integrates multiple MAMP signalling pathways to modulate actin dynamics during plant innate immunity[END_REF]. Because arpc4 mutants were not altered in resistance to Xcc, and ARPC4 R expression is induced following S. sclerotiorum inoculation, the role of ARPC4 in PAMP perception probably is limited. Infection of various plant species by biotrophic filamentous plant pathogens triggers the formation of polarized actin bundles at the site of contact with infection structures such as appressoria and haustoria [START_REF] Opalski | The receptor-like MLO protein and the RAC/ROP family G-protein RACB modulate actin reorganization in barley attacked by the biotrophic powdery mildew fungus Blumeria graminis f.sp. hordei[END_REF][START_REF] Shimada | Nonhost resistance in Arabidopsis-Colletotrichum interactions acts at the cell periphery and requires actin filament function[END_REF][START_REF] Schmidt | Cytoskeleton functions in plant-microbe interactions[END_REF]. Actin filament reorganization is weaker in susceptible plant genotypes, suggesting that actin polarization and bundling is part of an efficient plant defense response [START_REF] Opalski | The receptor-like MLO protein and the RAC/ROP family G-protein RACB modulate actin reorganization in barley attacked by the biotrophic powdery mildew fungus Blumeria graminis f.sp. hordei[END_REF]. In good agreement, we associated a decrease in actin filament anisotropy and impaired actin bundling in arpc4 mutants to enhanced susceptibility to S. sclerotiorum. In WT plants, we observed a decrease in actin density and a transient increase in actin bundling and in filaments anisotropy upon inoculation by S. sclerotiorum. The lack of stable actin polarization in this interaction may be related to S. sclerotiorum mostly growing intercellularly without the Instead, S. sclerotiorum infection triggers complex alterations of host reactive oxygen species (ROS) balance (Williams et al., 2011). ROS also are involved in the rapid remodeling of the actin cytoskeleton upon pathogen perception (Li et al., 2017), which in guard cells require ARPC4 activity (Li et al., 2014). Silencing of ARPC3 in wheat resulted in impaired resistance against the stripe rust fungus Puccinia striiformis f. sp. tritici and reduced ROS accumulation [START_REF] Qi | TaARPC3, contributes to wheat resistance against the stripe rust fungus[END_REF]. Further work will be needed to test whether remodeling of the plant actin cytoskeleton in response to necrotrophic fungi such as S. sclerotiorum is mediated through ROS production (Fig. 7).

An increase in actin bundling is observed upon S. sclerotiorum inoculation and also is associated to a late (> 18 h postinoculation) response to virulent Pseudomonas syringae pv tomato DC3000 [START_REF] Henty-Ridilla | The plant actin cytoskeleton responds to signals from microbe-associated molecular patterns[END_REF]. Late actin bundling is consistent with a role in the formation of cell wall apposition and the delivery of defense compounds towards the site of infection (Yang et al., 2014;[START_REF] Porter | From filaments to function: the role of the plant actin cytoskeleton in pathogen perception, signaling and immunity[END_REF]. Actin filaments are required for the targeting of specific plant plasma membrane proteins surrounding haustoria, such as the syntaxin PEN1 [START_REF] Kwon | Co-option of a default secretory pathway for plant immune responses[END_REF]Yang et al., 2014), Remorins [START_REF] Bozkurt | The plant membrane-associated REMORIN1.3 accumulates in discrete perihaustorial domains and enhances susceptibility to Phytophthora infestans[END_REF][START_REF] Szymanski | Cytoskeletal components define protein location to membrane microdomains[END_REF] and the resistance protein RPW8.2 (Wang et al., 2009), the expression of which is strongly modulated by S. sclerotiorum inoculation (Badet et al., 2017b). The polarization and bundling of actin filaments towards fungal penetration sites also controls the extracellular deposition of callose and lignin-like compounds, in a myosin XI-dependent manner (Yang et al., 2014). Rapid callose deposition between plant plasma membrane and cell wall acts as a physical barrier contributing to penetration resistance [START_REF] Underwood | Focal accumulation of defences at sites of fungal pathogen attack[END_REF][START_REF] Ellinger | Callose biosynthesis in Arabidopsis with a focus on pathogen response: what we have learned within the last decade[END_REF]. Sclerotinia sclerotiorum was shown to suppress callose deposition via oxalic acid in the early phases of infection balance (Williams et al., 2011;Zhou et al., 2015). In good agreement, we found that enhanced susceptibility in arpc4 mutants was associated with impaired callose deposition after wounding and S. sclerotiorum inoculation. The mechanistic bases of ARPC4 function in QDR therefore may involve the extracellular deposition of compounds restricting fungal colonization such as callose (Fig. 7). We reported the involvement of POQR prolyl-oligopeptidase in QDR against S. sclerotiorum (Badet et al., 2017b). Whether the peptides resulting from POQR activity are delivered to the apoplastic space in an ARPC4-dependent manner will be an interesting future line of investigation. As a complementary mechanism, ARPC4 may contribute directly or indirectly to QDR via its function in stomatal closure upon ROS perception (Li et al., 2014).

The A. thaliana pmr4 mutant is a well-characterized callosedeficient mutant impaired in the callose synthase gene GSL5 [START_REF] Nishimura | Loss of a callose synthase results in salicylic acid-dependent disease resistance[END_REF]. This mutant shows enhanced resistance to biotrophic powdery mildew fungi and the oomycete Hyaloperonospora arabidopsidis, but not to the bacterial pathogen Pseudomonas syringae pv tomato [START_REF] Vogel | Isolation and characterization of powdery mildewresistant Arabidopsis mutants[END_REF]. Upon inoculation by powdery mildew, pmr4 mutants show an increased PR1 induction but a reduced PDF1.2 expression compared to WT [START_REF] Nishimura | Loss of a callose synthase results in salicylic acid-dependent disease resistance[END_REF], similar to what we observed for arpc4 inoculated by S. sclerotiorum. [START_REF] Nishimura | Loss of a callose synthase results in salicylic acid-dependent disease resistance[END_REF] proposed that the hyper-accumulation of SA in pmr4 would play a major role in the mutant-enhanced resistance against biotrophic filamentous pathogens. The role of salicylic acid (SA) in QDR against necrotrophs such as S. sclerotiorum remains controversial (Glazebrook, 2005;Guo & Stotz, 2007;Perchepied et al., 2010). Instead of a direct effect of SA, SA antagonism with the jasmonic acid (JA) and ethylene pathways [START_REF] Spoel | NPR1 modulates cross-talk between salicylate-and jasmonate-dependent defense pathways through a novel function in the cytosol[END_REF] could explain the reduced PDF1.2 and PR4 expression in arpc4. A JA deficiency in arpc4 could play an important role in the enhanced susceptibility towards S. sclerotiorum. Because JA signaling is not required for callose deposition upon B. cinerea inoculation (Garc ıa- [START_REF] Garc Ia-Andrade | Arabidopsis ocp3 mutant reveals a mechanism linking ABA and JA to pathogen-induced callose deposition[END_REF], JA deficiency is probably not a major cause for reduced callose deposition in arpc4 during S. sclerotiorum infection. In 
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agreement with reports of pathogen-induced depletion in ABA (Liu et al., 2015;Zhou et al., 2015), we measured a 10-fold reduction in ABA1 expression and an eight-fold reduction in COR47 expression in WT plants upon S. sclerotiorum inoculation. ABA1 expression was lower than in WT in healthy arpc4, but less repressed by S. sclerotiorum than in WT, whereas COR47 expression was strongly reduced in both healthy and inoculated arpc4 plants. This suggests that the regulation of ABA biosynthesis and signaling in response to S. sclerotiorum are at least partially controlled by actin dynamics, and are impaired in arpc4 mutants. Accordingly, the ARP2/3 complex was proposed to mediate ABA-induced bundling and reduction of anisotropy of actin filaments in guard cells, leading to stomatal closure [START_REF] Hwang | Abscisic acid-induced actin reorganization in guard cells of dayflower is mediated by cytosolic calcium levels and by protein kinase and protein phosphatase activities[END_REF][START_REF] Jiang | The ARP2/3 complex mediates guard cell actin reorganization and stomatal movement in Arabidopsis[END_REF]. Several reports suggest that ABA enhances callose deposition via PMR4/GSL5 and increases resistance to necrotrophic fungi [START_REF] Flors | Interplay between JA, SA and ABA signalling during basal and induced resistance against Pseudomonas syringae and Alternaria brassicicola[END_REF][START_REF] Ton | The multifaceted role of ABA in disease resistance[END_REF][START_REF] Garc Ia-Andrade | Arabidopsis ocp3 mutant reveals a mechanism linking ABA and JA to pathogen-induced callose deposition[END_REF]. ABA may therefore be an important signal connecting the reorganization of actin filaments and antifungal defense, such as callose deposition, at the multicellular level.

Besides plant disease resistance, tolerance provides a complementary strategy against damaging pathogens (Koch et al., 2016). Disease tolerance consists in the reduction of the impact on fitness caused by pathogen infection. By limiting the fitness decrement due to infection, tolerance is expected to be effective against a broad range of pathogens (Best et al., 2010). On the evolutionary perspective, high levels of tolerance are predicted to release selection at resistance genes. Therefore, an epistatic relationship between tolerance and resistance is predicted to underlie genetic trade-offs (Simms & Triplett, 1994). The boundaries between QDR and tolerance are therefore unclear and both mechanisms probably show some overlap. In the present study, the analysis of ARPC4 sequence and expression diversity in A. thaliana indicated that a recent insertion upstream of the ARPC4 coding sequence (allele ARPC4 R ) resulted in an average c. 30% gain in induction of ARPC4 upon S. sclerotiorum inoculation (Fig. 7). The polymorphic region upstream of ARPC4 R shows high sequence similarity with a portion of A. thaliana chromosome 2, suggesting that the insertion results from an interchromosomal duplication. The inserted sequence includes putative stress responsive promoter boxes that may be responsible for its enhancer activity upon pathogen challenge. Instead, alternative splicing and alteration of epigenetic marks due to insertion in the promoter and intronic regions of ARPC4 R may underlie expression polymorphism at the ARPC4 locus, similar to the tobacco N gene [START_REF] Dinesh-Kumar | Alternatively spliced N resistance gene transcripts: their possible role in tobacco mosaic virus resistance[END_REF] or A. thaliana RMG1 gene [START_REF] Yu | Dynamics and biological relevance of DNA demethylation in Arabidopsis antibacterial defense[END_REF]. Further work is needed to test whether the insertion/deletion polymorphism in ARPC4 promoter region is directly responsible for ARPC4 gene expression polymorphism, which regions of the insert control this activity, and through which mechanisms. Likewise, the POQR prolyl-oligopeptidase gene was recruited for QDR following gene duplication and gain of induction upon S. sclerotiorum inoculation (Badet et al., 2017b). These examples point towards genetic duplication and expression polymorphisms being important drivers in the evolution of QDR against S. sclerotiorum in A. thaliana. The transcriptional control of NLR genes is critical for efficient Resistance (R)-mediated disease resistance [START_REF] Lai | Transcript-level expression control of plant NLR genes[END_REF]. Gene expression polymorphism has been associated to QDR in diverse plant-pathogen interactions, such as S. sclerotiorum on Brassica napus [START_REF] Wu | Identification of QTLs for resistance to sclerotinia stem rot and BnaC.IGMT5.a as a candidate gene of the major resistant QTL SRC6 in Brassica napus[END_REF], leaf rust in Salix [START_REF] Martin | Identification of a differentially expressed TIR-NBS-LRR gene in a major QTL associated to leaf rust resistance in Salix[END_REF] and rough dwarf virus in Maize [START_REF] Shi | Identification of promoter motifs regulating ZmeIF4E expression level involved in maize rough dwarf disease resistance in maize (Zea Mays L.)[END_REF], suggesting a broad impact of transcriptional regulation in QDR across plants.

range expansion in multiple species [START_REF] Griffin | Post-glacial history of Trillium grandiflorum (Melanthiaceae) in eastern North America: inferences from phylogeography[END_REF][START_REF] Schmitt | Molecular biogeography of Europe: Pleistocene cycles and postglacial trends[END_REF][START_REF] Dixon | Post-Pleistocene range expansion of the recently imperiled eastern little brown bat (Myotis lucifugus lucifugus) from a single southern refugium[END_REF][START_REF] Combe | After the Ice Age: The Impact of Post-Glacial Dispersal on the Phylogeography of a Small Mammal, Muscardinus avellanarius[END_REF]. Postglacial colonization from refugium participated to species diversity known today [START_REF] Hewitt | Post-glacial re-colonization of European biota[END_REF][START_REF] Beatty | Refugial persistence and postglacial recolonization of North America by the cold-tolerant herbaceous plant Orthilia secunda[END_REF][START_REF] Van Der | Predicting species distribution and abundance responses to climate change: why it is essential to include biotic interactions across trophic levels[END_REF][START_REF] Windmaißer | Glacial refugia and postglacial expansion of the alpine-prealpine plant species Polygala chamaebuxus[END_REF]. However, the impact of cold adaptation on post glaciations range expansion is not known. In the context of climate change, it is important to address the potential consequences of temperature shift on evolution of parasite virulence. The white-nose syndrome is an infectious disease in bats caused by the cold adapted fungal parasite Pseudogymnoascus destructans. In North America Pseudogymnoascus destructans is able to infect multiple bat species inducing high mortality [START_REF] Blehert | Bat White-Nose Syndrome: An Emerging Fungal Pathogen?[END_REF]. However, the molecular basis of Pseudogymnoascus destructans virulence remains mostly unknown. Pseudogymnoascus destructans genome encode multiple enzymes presumably involved in saprotrophic growth and virulence [START_REF] Reynolds | Comparison of the white-nose syndrome agent Pseudogymnoascus destructans to cave-dwelling relatives suggests reduced saprotrophic enzyme activity[END_REF]. Enzyme activity is tightly related to physical parameters such as pH and temperature [START_REF] Peterson | The dependence of enzyme activity on temperature: determination and validation of parameters[END_REF]. Temperature has been shown to modulate secretome of phytopathogenic fungi [START_REF] Félix | Temperature Modulates the Secretome of the Phytopathogenic Fungus Lasiodiplodia theobromae[END_REF]. During infection, S. sclerotiorum endo-polygalacturonases maintain activity at low pH induced by oxalate production [START_REF] Favaron | Relationships Among Endo-Polygalacturonase, Oxalate, pH, and Plant Polygalacturonase-Inhibiting Protein (PGIP) in the Interaction Between Sclerotinia sclerotiorum and Soybean[END_REF]). In Pseudogymnoascus destructans, relative enzymatic activity associated with metabolic capacities varies regardless of optimal growth temperatures, suggesting that enzyme properties are resilient to temperature changes. Cold adapted enzymes are able to maintain effective rates at low temperatures but have their optima at mesophilic temperatures [START_REF] Siddiqui | Cold-adapted enzymes[END_REF][START_REF] Isaksen | Protein Surface Softness Is the Origin of Enzyme Cold-Adaptation of Trypsin[END_REF][START_REF] Isaksen | Enzyme surface rigidity tunes the temperature dependence of catalytic rates[END_REF]. The impact of enzymatic cold adaptation on niche expansion is not documented. In our study, we show that secreted enzymes show signatures of adaptation to S. borealis lifestyle in Sclerotiniaceae family. To test whether those signatures are retrieved across fungal phylogeny, we computed S. borealis lifestyle adaptation index in 39 fungal parasite species (protein and annotation data from Badet et al. 2017). Preliminary results show signatures of S. borealis lifestyle adaptation (sTEKhot index) among proteome of four other parasite orders (Pleosporales, Capnodiales, Hypocreales and Pucciniales). In Helotiales and Pleosporales orders secreted proteins have in average higher sTEKhot index values than non-secreted protiens. Conversely, Capnodiales, Hypocreales and Pucciniales orders secreted proteins have lower sTEKhot index than non-secreted proteins in average [Figure18A]. Interestingly, secreted proteins with chitin and xylan degrading activity display strong signatures of S. borealis lifestyle adaptation in fungal parasites [Figure18B]. Among the 39 species, average sTEKhot index of fungal non-secreted proteins show slight but not statistically supported correlation with host range (cor=0. [START_REF] Huard-Chauveau | An Atypical Kinase under Balancing Selection Confers Broad-Spectrum Disease Resistance in Arabidopsis[END_REF]. Correlation was stronger (0.44) and statistically supported when considering fungal secreted proteins . In particular, Encephalitozoon intestinalis had the lower index of S. borealis lifestyle adaptation (sTEKhot=~0.13). Encephalitozoon intestinalis is an obligate intracellular parasite causing microsporidiosis in mammals with an optimal growth temperature around 37°C [START_REF] Raynaud | Identification of Encephalitozoon intestinalis in travelers with chronic diarrhea by specific PCR amplification[END_REF]. The other pathogen of animals Batrachochytrium dendrobatidis has an optimal growth temperature between 17 and 25 °C and display average sTEKhot index of ~0.30. Data on growth temperature ranges for the 39 fungal pathogens suggests that sTEKhot index is negatively correlated with temperature optimality (cor= -0.43, p-val = 0.005) [Figure20]. However, current work does not allow assessing the relative importance of cold temperature adaptation on S. borealis lifestyle protein signatures. Our data on Sclerotiniaceae family suggests that secreted proteins share common protein signatures that are important for environment 

Generalism and necrotrophism in fungal parasites

Important genetic diversity is associated with changes in lifestyle among fungal species [START_REF] Ohm | Diverse lifestyles and strategies of plant pathogenesis encoded in the genomes of eighteen Dothideomycetes fungi[END_REF]. Few studies reported the identification of genetic determinants driving lifestyle switching in fungal species [START_REF] Redman | Fungal symbiosis from mutualism to parasitism: who controls the outcome, host or invader?[END_REF][START_REF] Tanaka | Reactive oxygen species play a role in regulating a fungus-perennial ryegrass mutualistic interaction[END_REF][START_REF] Álvarez-Loayza | Light Converts Endosymbiotic Fungus to Pathogen, Influencing Seedling Survival and Niche-Space Filling of a Common Tropical Tree, Iriartea deltoidea[END_REF][START_REF] Kuo | Secret lifestyles of Neurospora crassa[END_REF]. Mutualistic interaction between the fungal endophyte Epichloë festucae and its grass host Lolium perenne shifted to parasitic in Epichloë festucae mutant lines deleted for the NADPH oxidase gene noxA [START_REF] Lana | Endophytic and pathogenic isolates of the cacao fungal pathogen Moniliophthora perniciosa (Tricholomataceae) are indistinguishable based on genetic and physiological analysis[END_REF]. In this work, we show that generalist lifestyle is associated with codon optimization in fungal parasites. In plant fungal parasites, obligate biotrophic lifestyle is often associated to extreme host specialization [START_REF] Baxter | Signatures of adaptation to obligate biotrophy in the Hyaloperonospora arabidopsidis genome[END_REF]Duplessis et al. 2011). Conversely, other parasites are able to live as saprotrophs and often infect their hosts when opportunities such as entry point breaches, weakened host or low resource conditions are met. Among fungi, necrotrophic lifestyle is often associated opportunistic or facultative parasitism [START_REF] Gijzen | Nep1-like proteins from plant pathogens: Recruitment and diversification of the NPP1 domain across taxa[END_REF]Choquer et al. 2007;Amselem et al. 2011;[START_REF] Hane | Genome Sequencing and Comparative Genomics of the Broad Host-Range Pathogen Rhizoctonia solani AG8[END_REF]. In our set of fungal species for this study, all generalist plant parasites are described as necrotroph or hemibiotroph, while specialists have essentially biotrophic lifestyle. Over the literature, it is difficult to uncouple fungal obligate biotrophy from extreme host specialization [START_REF] Baxter | Signatures of adaptation to obligate biotrophy in the Hyaloperonospora arabidopsidis genome[END_REF]Duplessis et al. 2011). Botzman and Margalit investigated codon bias in 518 prokaryote species with contrasted lifestyles (Botzman & Margalit 2011). The study highlights that species with a broad-range of habitats show stronger codon bias than species with specialized habitats. Strong correlation was found between species habitat type and codon bias. Moreover, they show that codon bias is stronger in pathogenic species than in non-pathogens, suggesting that life-style might associate with codon usage patterns. In our dataset, Parastagonospora nodorum is a necrotrophic pathogen causing disease on wheat and its host range is delimited by the presence of a NB-LRR resistance protein encoded by the host and a toxin produced by the fungus [START_REF] Breen | Wheat PR-1 proteins are targeted by necrotrophic pathogen effector proteins[END_REF]. In accordance with its restricted host range, we show that P. nodorum displays low codon optimization, suggesting that in this specific case necrotrophic lifestyle and codon optimization are uncoupled. Interestingly, hemibiotrophic fungal parasites, which include a first biotrophic phase followed by necrotrophic lifestyle, display strong codon optimization. Nevertheless, the impact of necrotrophic lifetyle on host range has not been documented. Necrotrophic fungi show important variation in host range (Wang et al. 2014;Badet et al. 2017). Investigating the patterns of codon bias in an extended set of necrotrophic fungal parasites with contrasted host ranges could help unravelling the putative impact of fungal parasitic lifestyle on codon optimization.

Codon optimization affects gene expression, translational efficiency and protein folding [START_REF] Shah | Effect of Correlated tRNA Abundances on Translation Errors and Evolution of Codon Usage Bias[END_REF]Plotkin & Kudla 2011;[START_REF] Quax | Codon Bias as a Means to Fine-Tune Gene Expression[END_REF]. In this work, we did not directly assess the impact of codon optimization on gene expression and protein synthesis. We hypothesize that strong codon optimization supports lower costs of virulence mechanisms in generalist fungal parasites. In virus parasites, codon usage has been reported to rapidly affect virulence and evolutionary capacity [START_REF] Hayden | Cryptic genetic variation promotes rapid evolutionary adaptation in an RNA enzyme[END_REF][START_REF] Lauring | Codon usage determines the mutational robustness, evolutionary capacity, and virulence of an RNA virus[END_REF][START_REF] Albers | Exploiting tRNAs to Boost Virulence[END_REF]. Codon-usage sub-optimization in the human respiratory syncytial virus leads to hypo virulence and restricted host range on mammal species [START_REF] Le Nouen | Attenuation of human respiratory syncytial virus by genome-scale codon-pair deoptimization[END_REF]. However, the effect of codon usage in fungal virulence and its evolution is not determined. Addressing the impact of codon usage change on fungal virulence should provide valuable answers regarding to the role of codon optimization in host range expansion. Accordingly, codon bias patterns could prove useful for the identification of important genetic determinants of virulence in generalist fungal parasites.

Virulence determinants diversity

The genome of generalist plant parasite S. sclerotiorum encodes multiple putative virulence factors with no annotated function associated (Amselem et al. 2011;Derbyshire et al. 2017). Few of them have been identified and characterized for their impact on host immunity (Table2) (Zhu et al. 2013;[START_REF] Lyu | A Small Secreted Virulence-Related Protein Is Essential for the Necrotrophic Interactions of Sclerotinia sclerotiorum with Its Host Plants[END_REF]. However, little is known about their diversity in S. sclerotiorum natural populations. S. sclerotiorum mainly develops through asexual cycles and occasionally undergo sexual reproduction (Bolton et al. 2006;[START_REF] Attanayake | Inferring outcrossing in the homothallic fungus Sclerotinia sclerotiorum using linkage disequilibrium decay[END_REF]. Identifying the main drivers of genetic diversity in asexual reproducing fungi such as S. sclerotiorum is crucial to better understanding the evolution of virulence. Curated genome annotation and bioinformatic prediction of putative S. sclerotiorum effector proteins identified more than 70 candidates (Guyon et al. 2014;Derbyshire et al. 2017). In this work, we focused on protein coding genes to identify virulence factors. Many genomic studies based on protein annotation successfully highlighted putative determinants or virulence and host range [START_REF] Gibriel | The Age of Effectors: Genome-Based Discovery and Applications[END_REF][START_REF] Delaye | Comparative analysis of the predicted secretomes of Rosaceae scab pathogens Venturia inaequalis and V. pirina reveals expanded effector families and putative determinants of host range[END_REF]. However, other molecules can also play important role in fungal virulence [START_REF] Lu | DFVF: database of fungal virulence factors[END_REF][START_REF] Perez-Nadales | Fungal model systems and the elucidation of pathogenicity determinants[END_REF]. Secondary metabolites are produced by many fungal parasites and are important determinants of virulence [START_REF] Scharf | Human and Plant Fungal Pathogens: The Role of Secondary Metabolites[END_REF][START_REF] Pusztahelyi | Secondary metabolites in fungus-plant interactions[END_REF]. Multiple studies recently highlighted the role of interfering RNAs in plant-microbe interactions and fungal virulence [START_REF] Navarro | A Plant miRNA Contributes to Antibacterial Resistance by Repressing Auxin Signaling[END_REF][START_REF] Pumplin | RNA silencing suppression by plant pathogens: defence, counter-defence and counter-counter-defence[END_REF]Wang et al. 2015bWang et al. , 2016)). Cross-Kingdom RNA interference has been recently reported in the generalist fungal parasite B. cinerea (Weiberg et al. 2013(Weiberg et al. , 2014;;[START_REF] Wang | Botrytis small RNA Bc -siR37 suppresses plant defense genes by cross-kingdom RNAi[END_REF]. Translocation of B. cinerea Bc-siR37 small RNA into host plant induce downregulation of at least eight target genes [START_REF] Wang | Botrytis small RNA Bc -siR37 suppresses plant defense genes by cross-kingdom RNAi[END_REF]. Interestingly, despite relative specificity towards targeted complementary sequences, Bc-siR37 is able to induce effective downregulation of multiple host genes. At the opposite, fungal effector proteins often have one specific host target (Wit [START_REF] De | Fungal effector proteins: past, present and future[END_REF]. Production of small interfering RNAs probably engage lower cost that protein synthesis (Kafri et al. 2016). Those results suggest that small RNAs able to interfere with multiple host defense mechanisms are important virulence determinants in fungal parasites.

S. sclerotiorum populations show high level of clonality and no consistent differentiation due to host species, despite intra-population genetic diversity [START_REF] Kohli | Clonal dispersal and spatial mixing in populations of the plant pathogenic fungus, Sclerotinia sclerotiorum[END_REF][START_REF] Cubeta | Clonality in Sclerotinia sclerotiorum on Infected Cabbage in Eastern North Carolina[END_REF][START_REF] Hambleton | Clonal lineages of Sclerotinia sclerotiorum previously known from other crops predominate in 1999-2000 samples from Ontario and Quebec soybean[END_REF][START_REF] Sexton | Microsatellite markers reveal genetic differentiation among populations of Sclerotinia sclerotiorum from Australian canola fields[END_REF][START_REF] Attanayake | Inferring outcrossing in the homothallic fungus Sclerotinia sclerotiorum using linkage disequilibrium decay[END_REF][START_REF] Clarkson | A Model for Sclerotinia sclerotiorum Infection and Disease Development in Lettuce, Based on the Effects of Temperature, Relative Humidity and Ascospore Density[END_REF][START_REF] Clarkson | Population Structure of Sclerotinia subarctica and Sclerotinia sclerotiorum in England, Scotland and Norway[END_REF][START_REF] Lehner | Independently founded populations of Sclerotinia sclerotiorum from a tropical and a temperate region have similar genetic structure[END_REF]. During the last month of my PhD, I characterized the genetic diversity of a S. sclerotiorum French population. We report at least 67 756 SNP among the 32 S. sclerotiorum isolates, in association with strong linkage disequilibrium across the 16 chromosomes. Previous studies on S. sclerotiorum population structure are based on microsatellite markers and are therefore difficult to compare with our SNP data. Nevertheless, our results highlight that S. sclerotiorum field population from a same region and isolated the same year show some extent of genetic diversity. In addition, we show that polymorphic positions are in strong linkage, in agreement with previous studies that reported high levels of clonallity in S. sclerotiorum populations. However, we report here that S. sclerotiorum isolates from Blois 2010 are apart three other Japanese isolates, suggesting inter-population differentiation. Interestingly, we also show some level of inter-population differentiation, with few isolates from Blois 2010 that departs from majority. Our data suggests stronger inter-than intra-population differentiation as S. sclerotiorum isolates from Japan departed from Blois French population.

French isolates are from oilseed-rape fields while Japanese isolates have been collected on the other different host species (Abelmoschus esculentus, Eschscholzia californica and Triticum aestivum). Current data set do not allow inferring the relative effect of host species (on which isolates have been collected) on genetic differentiation. Previous studies have found contradictories results regarding to the genetic host differentiation among S. sclerotiorum isolates. Previous study on S. sclerotiorum isolates from nine different crop species in the North-Central United States concluded that there is little evidence of isolation by distance among S. sclerotiorum isolates and highlighted stronger genetic diversity within than among host crop populations [START_REF] Aldrich-Wolfe | Genetic Variation of Sclerotinia sclerotiorum from Multiple Crops in the North Central United States[END_REF]. Alternatively, genetic diversity of S. sclerotiorum populations isolated from crop and wild host species revealed differentiation on buttercup species [START_REF] Clarkson | Population structure of Sclerotinia sclerotiorum in crop and wild hosts in the UK[END_REF]). Kohn L. M. analysis of S. sclerotiorum clonal dynamic on canola and Ranunculus ficaria wild host species suggested strong differentiation between crop and wild host populations, with signs of local adaptation among canola isolates but little differentiation among Ranunculus ficaria isolates [START_REF] Kohn | The clonal dynamic in wild and agricultural plant-pathogen populations[END_REF]. Recent study by Clarkson et al, characterized population structure of 800 S. sclerotiorum isolates coming from England, Scotland, Norway, and Australia using microsatellite data. Results show that Australian and Norwegian isolates are differentiated and delineate two clusters [START_REF] Clarkson | Population Structure of Sclerotinia subarctica and Sclerotinia sclerotiorum in England, Scotland and Norway[END_REF]. We show here that polymorphic positions in S. sclerotiorum isolates are in strong linkage, in accordance in high level of clonality in this fungal pathogen. However, we highlight that patterns of LD and in particular LD decay in a 10kb window differs among and within S. sclerotiorum chromosomes.

Clustering of genomic regions into fast evolving regions has been reported in several fungal pathogens. Recently, analysis of the genetic diversity among isolates of the generalist pathogen Verticillium dahliae highlighted fast evolving lineage specific genetic regions associated with repetitive elements [START_REF] Faino | Transposons passively and actively contribute to evolution of the twospeed genome of a fungal pathogen[END_REF]. In this work, we do not show evidence of fast evolving S. sclerotiorum genomic regions. However, our preliminary results on chromosomal LD might suggest natural selection or epistasis occurring at specific genetic regions within S. sclerotiorum Blois population. Further investigation of S. sclerotiorum genetic structure in this French population through synteny analysis at the MAT locus would provide further evidence for structural differentiation. In the long term perspective, assessing whether the genetic differentiation among S. sclerotiorum isolates is associated with phenotypic variation, notably pathogenicity, could open the way for association studies in this fungal pathogen.

QDR maintenance and evolution of generalist parasitism

A. thaliana show high genetic diversity within natural populations despite major self-fertilization [START_REF] Platt | The Scale of Population Structure in Arabidopsis thaliana[END_REF]. Over the past years, several genes underlying microbial disease resistance have been identified in this model plant species through genome wide association approaches [START_REF] Bartoli | Genome-Wide Association Studies In Plant Pathosystems: Toward an Ecological Genomics Approach[END_REF]. Among the genes identified, few have been functionally characterized for their role in plant immunity. Moreover, little is known about the evolutionary determinants of natural variation at resistance loci. Here, we conducted a genome wide analysis searching for putative disease resistance loci conferring QDR to S. sclerotiorum. Results highlighted three loci in association with disease resistance phenotype, two of which were validated for their role in QDR to S. sclerotiorum. As expected, we did not identified presence/absence polymorphism of NB-LRR resistance gene controlling disease. Allelic variants of a prolyl endopeptidase (POQR) and actin-related protein 4 (ARPC4) were associated with increased resistance in A. thaliana accessions. Both POQR and ARPC4 expression is induced upon S. sclerotiorum infection. Interestingly, Solanum lycopersicum plants also induce expression of POQR and ARPC4 genes upon S. sclerotiorum infection. Importantly, higher ARPC4 and POQR induction are associated with increased disease resistance. Current work did not investigate the mechanisms leading to differential expression patterns in both alleles. We suspect that variations in cis-regulatory regions are responsible for variation in gene expression among ARPC4 alleles. Assessing the effect of resistant and susceptible allele promoters on a same genetic background would help identifying the mechanisms regulating gene expression.

The role of transposable elements in cis-regulatory divergence at resistance loci

Upon S. sclerotiorum infection, expression of more than 5 000 genes is induced in A. thaliana. Understanding what are the cis regulatory mechanisms leading to parasite responsiveness in plant genomes is challenging. In this work, we highlight that many duplicated genes across A. thaliana genome gained responsiveness to S. sclerotiorum. Transposable elements are main drivers of genome diversification and gene duplication in eukaryotes [START_REF] Wessler | Transposable elements and the evolution of eukaryotic genomes[END_REF]). More specifically, TEs are key actors of evolution of plant stress response [START_REF] Negi | Moving through the Stressed Genome: Emerging Regulatory Roles for Transposons in Plant Stress Response[END_REF]. In rice and flax, TE insertions have been associated with allelic variation in disease resistance genes [START_REF] Luck | A flax transposon identified in two spontaneous mutant alleles of the L6 rust resistance gene[END_REF][START_REF] Song | Identification and characterization of 14 transposon-like elements in the noncoding regions of members of the Xa21 family of disease resistance genes in rice[END_REF][START_REF] Richter | The evolution of disease resistance genes[END_REF]. Insertion of a copia-R7 transposon in the first intron of RPP7 NB-LRR resistance gene has been shown to mediate complex regulation of coding transcript expression in A. thaliana [START_REF] Tsuchiya | An alternative polyadenylation mechanism coopted to the Arabidopsis RPP7 gene through intronic retrotransposon domestication[END_REF]. In this work we identified CRK8 as a putative QDR gene and highlight a presence/absence polymorphism of a reverse transcriptase (RVT2) domain in its promoter region. Expression of CRK8 transcript in A. thaliana accessions suggests that RVT2 region has an impact on gene expression. Investigating putative epigenetic marks at promoter region in both CRK8 alleles would help identifying the mechanisms by which RVT2 region may modulates CRK8 gene expression. The two other QDR genes revealed in this work (ARPC4 and POQR) also underlie expression polymorphism, suggesting that fine-tuning of disease resistance genes expression is an important step towards pathogens tolerance. Lower expression of ARPC4 gene associated with deletion events in intergenic regions. Characterizing the molecular mechanisms by which those deletions alter ARPC4 gene expression would provide new insights the complexity of QDR in plants. Genome wide scale studies of transposon insertions among accessions of maize, rice and sorghum highlighted important insertion events in intergenic regions, suggesting that adaptive mechanisms through transposon-driven epigenetic gene regulation is active in crop species (Wei et al. 2016a). Identifying the mechanisms governing epigenetic polymorphism is therefore a promising research area for improvement of crop breeding strategies.

Resistance trade-offs

Regulation of gene expression into time but also into space is important for plant development and disease resistance [START_REF] Jansen | Consistency between degree of susceptibility of barley root and spike tissue toFusarium culmorum[END_REF][START_REF] Ma | Organ-specific expression of Arabidopsis genome during development[END_REF]. Expression of disease resistance genes differs among plant species and plant organs [START_REF] Munch | Organ-Specific NLR Resistance Gene Expression Varies With Plant Symbiotic Status[END_REF]. In maize, different compositions in secondary metabolites were observed between leaves and roots upon Colletotrichum graminicola infection, suggesting distinct defense mechanisms [START_REF] Balmer | Induced resistance in maize is based on organ-specific defence responses[END_REF]. The same study also highlights faster and higher expression of defense related hormones in maize roots as compared to leaves. Modelling studies have tried to unravel the fitness costs associated with gene expression [START_REF] Keren | Massively Parallel Interrogation of the Effects of Gene Expression Levels on Fitness[END_REF]. In plants, expression of the RPM1 resistance gene is associated with costs on seed production and plant biomass (Tian et al. 2003). Similarly, constitutive expression on a regulator of systemic acquired resistance gene (NPR1) resulted in important developmental costs on rice [START_REF] Fitzgerald | Overexpression of (At)NPR1 in Rice Leads to a BTH-and Environment-Induced Lesion-Mimic/Cell Death Phenotype[END_REF]). However, recent work shows that green tissue-specific expression of NPR1 increases resistance to the fungal pathogen Rhizoctonia solani without negative impact on rice fitness [START_REF] Molla | Rice oxalate oxidase gene driven by green tissue-specific promoter increases tolerance to sheath blight pathogen ( Rhizoctonia solani ) in transgenic rice[END_REF]. In this study, we focused on gene expression patterns on leaves only as S. sclerotiorum infection is reported to often initiate from senescent petals dropped on Brassica leaves. Investigating POQR and ARPC4 expression in other plant organs would inform on the putative tissue-specificity of the associated QDR mechanisms. Moreover, assessing the resistance of poqr and arpc4 mutants to other pathogens with other infection strategies should tell us whether POQR and ARPC4 are involved in broad-spectrum quantitative disease resistance.

In the case of CRK8 and ARPC4 we show that promoter diversity associates with disease resistance. Assessing the impact of promoter diversity on tissue specific expression of CRK8 or ARPC4 should help unravelling the putative mechanisms of expression polymorphism underlying QDR. Constitutive expression of resistance genes often bears putative trade-offs. Here we report high diversity at ARPC4 promoter region in A. thaliana natural population, in association with variability in gene expression. Furthermore, mapping ARPC4 allele's distribution on the world map highlighted that the two alleles segregates along a latitudinal gradient. We show that A. thaliana accessions with susceptible allele often originate from northern latitudes (Figure21A). Recent work led on worldwide populations suggested that freezing tolerance correlates with latitude of origin in A. thaliana accessions [START_REF] Horton | The genetic architecture of freezing tolerance varies across the range of Arabidopsis thaliana[END_REF]). Here we show that ARPC4 expression is induced upon S. sclerotiorum infection but differentially regulated among Arabidopsis accessions. Considering actin filaments cold reorganization, we speculate that ARPC4 together with arp2/3 complex expression is down regulated upon cold conditions as supported by the work on ARPC2 and ARPC3 [START_REF] Fišerová | ARP2 and ARP3 are localized to sites of actin filament nucleation in tobacco BY-2 cells[END_REF]. Differential regulation of ARPC4 expression upon cold conditions and S. sclerotiorum infection may have therefore led to a fitness tradeoff co selecting for both R and S alleles in Arabidopsis natural populations. As revealed by the genetic architecture at ARPC4 promoter region among A. thaliana accession and A. lyrata, we suggest that the insertion event that occurred after A. thaliana speciation is at the origin of a biotic/abiotic tradeoff supported by the differential regulation of ARPC4 gene expression upon both conditions. In addition, by using data from Horton study we show that freezing tolerance is negatively correlated with disease resistance to S. sclerotiorum in A. thaliana accessions (Figure21B). In order to investigate putative trade-off between QDR and freezing tolerance we monitored freezing survivorship of arpc4 mutant seedlings after exposure to freezing temperatures. Preliminary results show that arpc4 mutants naturally underexpress ABA1, the enzyme involved in the first step of ABA biosynthesis, and are impaired in freezing tolerance (Figure21C). These results are in accordance with ABA signalling pathway being described to mediate positive regulation of freezing tolerance in plants [START_REF] Gilmour | Cold acclimation and cold-regulated gene expression in ABA mutants of Arabidopsis thaliana[END_REF][START_REF] Mantyla | Role of Abscisic Acid in Drought-Induced Freezing Tolerance, Cold Acclimation, and Accumulation of LT178 and RAB18 Proteins in Arabidopsis thaliana[END_REF][START_REF] Shinkawa | Abscisic acid induced freezing tolerance in chilling-sensitive suspension cultures and seedlings of rice[END_REF] [START_REF] Gilmour | Cold acclimation and cold-regulated gene expression in ABA mutants of Arabidopsis thaliana[END_REF][START_REF] Mantyla | Role of Abscisic Acid in Drought-Induced Freezing Tolerance, Cold Acclimation, and Accumulation of LT178 and RAB18 Proteins in Arabidopsis thaliana[END_REF][START_REF] Shinkawa | Abscisic acid induced freezing tolerance in chilling-sensitive suspension cultures and seedlings of rice[END_REF]. Quantifying ABA molecule in association with cold-responsive genes in arpc4 mutant plants compared to wild type would be a more accurate measure of ARPC4 impact on cold-response. Moreover, evaluating the tissue-specific expression of ARPC4 may help clarifying the putative role of ARPC4 in response to freezing temperatures [START_REF] Nylander | Stress-induced accumulation and tissue-specific localization of dehydrins in Arabidopsis thaliana[END_REF]. Alternatively, investigating expression of ABA related genes and freezing tolerance of arpc4 mutants complemented with resistant and susceptible promoter alleles would bring supplemental evidences for a putative trade-off between ARPC4 alleles. More generally, assessing the putative trade-off between freezing tolerance and disease resistance to S. sclerotiorum in A. thaliana accessions will help understanding the dynamics of allelic variation. Further work integrating pathogen virulence, environmental variance and QDR diversity should provide valuable tools for better understanding the evolution of plant resistance mechanisms. 

Biotrophy and necrotrophy: different lifestyles, different resistance mechanisms

Over the past years, several studies investigated microbial communities in association with plant tissues [START_REF] Lundberg | Defining the core Arabidopsis thaliana root microbiome[END_REF][START_REF] Bodenhausen | Bacterial Communities Associated with the Leaves and the Roots of Arabidopsis thaliana[END_REF]. Microbiomes in association with plants show high species diversity. Plant associated microbiota often includes pathogenic species, and co-infections are common in wild conditions [START_REF] Tollenaere | Evolutionary and Epidemiological Implications of Multiple Infection in Plants[END_REF][START_REF] Tollenaere | Virus-Bacteria Rice Co-Infection in Africa: Field Estimation, Reciprocal Effects, Molecular Mechanisms, and Evolutionary Implications[END_REF]. Recent work highlighted contrasted impacts of co-infection on disease dynamics [START_REF] Tollenaere | Evolutionary and Epidemiological Implications of Multiple Infection in Plants[END_REF]). In the case of the host plant Plantago lanceolate and its natural pathogen Podosphaera plantaginis, co-infection resulted in increased disease severity. Conversely, co-infection of Mycosphaerella graminicola strains on wheat decreased disease symptoms as compared to single infections [START_REF] Schürch | Comparing single-vs. mixed-genotype infections of Mycosphaerella graminicola on wheat: effects on pathogen virulence and host tolerance[END_REF]. Similarly, phyllosphere microbial community has been reported to protect A. thaliana from B. cinerea infection [START_REF] Ritpitakphong | The microbiome of the leaf surface of Arabidopsis protects against a fungal pathogen[END_REF]. In microbial communities, biotrophy and necrotrophy are two antagonist pathogenic lifestyles. Antagonistic relation is supposed to lie in their respective nutrition strategy (e.g living tissues vs. dead tissues). Infection of virulent biotrophic pathogens often favours non-biotrophic (e.g necrotroph or hemibiotroph) pathogens [START_REF] Spoel | Regulation of tradeoffs between plant defenses against pathogens with different lifestyles[END_REF][START_REF] Orton | Reduction of Growth and Reproduction of the Biotrophic Fungus Blumeria graminis in the Presence of a Necrotrophic Pathogen[END_REF]. Infection by avirulent biotrophic pathogens triggers plant resistance pathways involving salicylic acid production and host programmed cell-death that may favour development of co-infecting necrotrophic pathogens (Govrin & Levine 2000;[START_REF] Spoel | Regulation of tradeoffs between plant defenses against pathogens with different lifestyles[END_REF]. Susceptibility to the necrotrophic fungal pathogen Cochliobolus victoriae is induced by detection of a cyclic peptide produced by the pathogen (the Host-Specific Toxin victorin) by the host resistance gene NB-LRR resistance protein LOV1, suggesting that this pathogen evolved hijacking of plant defense mechanisms as an effective infection strategy (Lorang et al. 2007;Wang et al. 2014).

There is therefore a need for the identification of novel QDR genes to improve disease management strategies in crop production. Here we report the identification of two novel mechanisms leading to increased resistance to the necrotrophic fungal pathogen. However, we did not found any significate difference in resistance to the biotrophic bacterial pathogen Xanthomonas campestris for the QDR mutants we tested. Identifying QDR genes with synergic effects upon biotroph and necrotroph infection is challenging, but should provide promising tools for innovative crop breeding. Besides host resistance, tolerance provides a second strategy against pathogens (Koch et al. 2016). The molecular mechanisms driving plant tolerance to pathogens has been poorly investigated. Disease tolerance consists in the reduction of the impact on fitness caused by pathogen infection. As for QDR, tolerance can only be measured when disease occurs. The boundaries between QDR and tolerance are therefore unclear and both mechanisms probably show some overlap. By limiting the fitness decrement due to infection, tolerance is expected to be effective against a broad range of pathogens (Best et al. 2010). On the evolutionary perspective, high levels of tolerance are predicted to release selection at resistance genes. Therefore, epistatic relationship between tolerance and resistance is predicted to underlie genetic trade-offs (Simms & Triplett 1994). Studies in A. thaliana accession revealed high levels of genetic diversity controlling QDR and tolerance to the bacterial pathogen Pseudomonas syringae [START_REF] Kover | Genetic variation for disease resistance and tolerance among Arabidopsis thaliana accessions[END_REF]. To improve disease management strategies it is therefore important to understand the crosstalk between plant qualitative and quantitative resistance, but also to get better insights the mechanisms that may affect plant disease dynamics.
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  Figure2. Coevolutionary models of the arms race (A) and the trench warfare (B) shaping allele distribution in host-microbe populations
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  Figure4. Sclerotinia sclerotiorum developmental life cycle

FIGURE 1 |

 1 FIGURE 1 | An overview of the molecular players involved in Botrytis cinerea/Sclerotinia sclerotiorum interactions with plants and their effect on quantitative disease resistance (QDR). Only pathways discussed in this review are shown, some elements were omitted for clarity. Fungal molecules are shown in red, plant molecules in green. (A) Effects of oxalic acid (OA) biosynthesis and secretion by fungi. (B) Small proteins secreted by fungi can activate hypersensitive response (HR)-like programmed cell death (PCD) or suppress jasmonic acid (JA) and ethylene (ET) signaling pathways to suppress QDR. (C) Fungal small RNAs hijack plant argonaute (AGO) proteins to suppress QDR. (D) Perception of microbe associated molecular patterns (MAMPs) such as SCFE1, nlp20, and BcPG3 by receptor-like proteins (RLPs) activate QDR. (E) The plant hormone abscisic acid can either activate QDR against S. sclerotiorum (Ss) or suppress QDR against B. cinerea (Bc). (F) Mechanical deformation caused by appressorium formation and fungal colonization of plant tissues prime plant cells for QDR through calcium and reactive oxygen species (ROS). (G) The plant general transcription machinery involves multiprotein complexes such as Elongator and Mediator that recruit the RNA polymerase II (RNAPII) to modulate gene expression upon fungal challenge. Some histone post-translational modifications are epigenetic marks altered after inoculation that regulate the activity of plant general transcription factors and control QDR. (H) Plant small bioactive peptides (green hexagons) have contrasted effects on QDR. (I) PCD in plant cells can either have a positive or negative effect on QDR depending on the type of cell death program activated.
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  Figure8. Genetic diversity analysis on 35 S. sclerotiorum isolates Plot of the two first components of the principal component analysis computed with TASSEL on SNP data on 35 S. sclerotiorum isolates. Two first components (PC1+PC2) explained 29.2% of total covariance.

Figure9.

  Figure9. Linkage Desiquilibrium decay as a function of genetic distancePlot of linkage desiquilibrium values (estimated by the R2 value) against distance between polymorphic SNPs in a range of 20kb. Regression line (dashed line) is the estimate of the non-linear regression based onHill and Weir (1988).
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  Figure10. Heatmap of R2 values in a 50kb window among S. sclerotiorum 16 chromosomes. Plot of squared correlations of allele frequencies (R2) between polymorphic SNPs in a range of 50kb. Blocks of strong LD are represented by red regions according to the scale of colors.

FIGURE 1 |

 1 FIGURE 1 | Sclerotinia borealis colonizes different niches than its close relatives S. sclerotiorum and Botrytis cinerea. Number of host plant genera (A) and geographic distribution (B) of the three fungal species according to the USDA Systematic Mycology and Microbiology Laboratory Fungus-Host Database[START_REF] Farr | Fungal Databases[END_REF].
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 3 FIGURE 3 | Adaptation to S. borealis lifestyle associates with specific amino acid usage and protein disorder patterns. Distribution of the p-values of Wilcoxon sum rank tests performed to identify intrinsic disorder probabilities (A) and amino acid frequencies (B) that are significantly different in S. borealis core orthologs. For each amino acid frequency and intrinsic disorder probability, three pairwise tests were performed to compare (i) values in B. cinerea and S. sclerotiorum orthologs (p-values shown along the X-axis), (ii) values in S. borealis and B. cinerea orthologs (p-values shown along the Y-axis in green), and (iii) values in S. borealis and S. sclerotiorum orthologs (p-values shown along the Y-axis in red). Amino acid frequencies and intrinsic disorder probabilities that fell in the shaded areas were considered significantly different between S. borealis and the other fungi (p < 0.05) but not between S. sclerotiorum and B. cinerea (p > 0.05). These properties were considered as associated with S. borealis lifestyle.

  proteomes of S. borealis, S. sclerotiorum, and B. cinerea. First, we compared the distribution of sTEKhot values in COGs by plotting all values in a ternary plot (Figure4A). This revealed that sTEKhot values are distributed along an axis pointing toward S. borealis angle, clearly showing that sTEKhot values of S. borealis orthologs are major contributors to the structure of the dataset. There was 692 COGs in which S. borealis sTEKhot value accounted for >40% of the total sTEKhot for the COG, but only 388 and 345 in which S. sclerotiorum and B. cinerea sTEKhot values respectively accounted for >40% of the total sKTEHhot for the COG (Figure4A). Consistently, S. borealis has the highest sTEKhot value in 42.7% of COGS (2761), whereas S. sclerotiorum and B. cinerea have the highest sTEKhot value in 28.3% (1845) and 28.8% (1865) of the COGs respectively (Figure4B).

FIGURE 4 |

 4 FIGURE 4 | The sTEKhot index discriminates S. borealis proteins in core ortholog groups and whole predicted proteomes. (A) Overall distribution of sTEKhot values from the three fungal species within COGs. Each bubble represents a COG positioned according to the contribution of each ortholog (sTEKhot%) to the total sTEKhot of the COG. Therefore, orthologs that have similar sTEKhot values in all three species appear at the center of the plot, while COGs appear near the corner of the species harboring the ortholog with the highest sTEKhot otherwise. The size of bubbles is proportional to the sTEKhot value of S. borealis orthologs. Data points are frequent above the 40% line for S. borealis sTEKhot, and less so for S. sclerotiorum and B. cinerea sTEKhot indicating frequent higher sTEKhot values in S. borealis orthologs. (B) Species distribution of orthologs having the highest sTEKhot value in COGs. (C) Distribution of the sTEKhot index in the whole predicted proteome of the three fungi.

FIGURE 5 |

 5 FIGURE 5 | Network representation of gene ontologies (GOs) of proteins with sTEKhot >1 in S. borealis proteome. Nodes correspond to GOs are sized according to the number of proteins with sTEKhot >1. They are colored from yellow to orange according to the p-value of a hypergeometric test for enrichment in proteins with sTEKhot >1 compared to whole proteomes. White nodes are GOs not significantly enriched among proteins with sTEKhot > 1 (p > 0.05). GOs labeled in bold font correspond to functions possibly associated with host interaction.

FIGURE 6 |

 6 FIGURE 6 | Predicted secreted proteins have high sTEKhot values. (A) Distribution of sTEKhot values in the proteome and the secretome of (Continued)

FIGURE 7 |

 7 FIGURE 7 | Proportion of S. sclerotiorum proteins encoded by genes differentially expressed in planta according to sTEKhot cutoff values.In S. sclerotiorum complete genome (sTEKhot ≥ 0), the proportion of genes induced ≥2-fold in planta is ∼4.31%, whereas it reaches ∼27.1%.among proteins with sTEKhot ≥ 2 (dotted line).

FIGURE 8 |

 8 FIGURE 8 | Candidate proteins associated with colonization of the environment identified based on high sTEKhot values. (A) Multiple protein sequence alignment of B. cinerea BC1G_03854 (sTEKhot = 4.29), S. borealis SBOR_9046 (sTEKhot = 10.01), S. sclerotiorum SS1G_10836 (sTEKhot = 7.34) and the hyperactive Type I antifreeze protein "Maxi" from Pseudopleuronectes americanus (4KE2_A). (B) Superimposition of Maxi antifreeze protein structure (tan) and SS1G_10836 model structure (rainbow). (C) Surface hydrophobicity of SS1G_10836 model dimer. Dotted line corresponds to the position of the section shown on the right, illustrating the characteristic hydrophilic inner core of the dimer. (D) Multiple protein sequence alignment of B. cinerea BC1G_07573 (sTEKhot = 7.07), S. borealis SBOR_1255 (sTEKhot = 3.79), S. sclerotiorum SS1G_03146 (sTEKhot = 1.58) and the AA11 Lytic Polysaccharide Monooxygenase from Aspergillus oryzae (4MAH_A). (E) Superimposition of A. oryzae AA11 structure (tan) and SS1G_03146 model structure (rainbow). (F) SS1G_10836 and SS1G_03146 gene expression in vitro (PDB, Potato Dextrose Broth), during colonization of Arabidopsis thaliana (lesion periphery and lesion center) and in sclerotia. Error bars show standard error of the mean from two independent biological replicates.

  • C, followed by 45 cycles of 5 s at 95 • C, 10 s at 65 • C, and 20 s at 72 • C. Expression values of SS1G_10836 and SS1G_03146 were normalized based on expression of SS1G_04652 and SS1G_12196 housekeeping genes. Values from two biological replicates are shown, error bars show standard error of the mean.
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 S1S2S3 Figure S1. Network representation of gene ontologies (GOs) of proteins with sTEKhot >1 in S. sclerotiorum proteome. Nodes correspond to GOs are sized according to the number of proteins with sTEKhot >1. They are colored from yellow to orange according to the p-value of a hypergeometric test for enrichment in proteins with sTEKhot >1 compared to whole proteomes.

Figure11.

  Figure11. The predominant effect of selection on synonymous site on gene expression (fromGingold & Pilpel Molecular Systems Biology, 2011) 

Figure 1 .

 1 Figure1. Contrasted length distribution in proteomes is expected to increase selection on codon optimization in generalist fungi. (A) Distribution of length (number of codons) in the ribosomal, intracellular and predicted secreted proteomes of 13 specialist fungal parasites and 15 generalist fungal parasites. (B) Relationship between codon decoding rate (number of codons translated per second) and cell growth rate of typical specialist and generalist fungi predicted by a cellular model of protein translation. Dotted lines highlight the higher codon decoding rate required in generalist fungi compared to specialist fungi to achieve a growth rate of 4000 cells produced per day. (C) Distribution of length in the proteomes (left) and relationship between codon decoding rate and cell growth rate (right) in related specialist and generalist fungi from the Basidiomycetes, Ascomycetes and Basal Fungi. The width of boxplots is proportional to the number of values. Spe., specialist (green); Gen., generalist (brown). Welch's t-test p: *<10 À01 , **<10 À04 , ***<10 À08 . Figure1continued on next page

Figure 1 continued

 1 Figure 1 continued DOI: 10.7554/eLife.22472.002The following source data is available for figure1:Source data 1. Equations forming the mathematical model of protein biosynthesis related to protein length and codon optimization parameters; list of parameters and variables used for modeling of growth rate based on proteome properties; and values of parameters used for modeling of growth rate based on proteome properties. DOI: 10.7554/eLife.22472.003 

  Figure 2. Codon optimization correlates with host range in fungal parasites. Genome-scale codon optimization correlates with host range in 36 parasites across the kingdom Fungi. Species considered as specialists (less than four host genera) are shown in green, species considered as generalists (over 10 host genera) are shown in brown. Error bars show 95% confidence interval, dotted line shows logarithmic regression of the data. Codon optimization calculated based on knowledge on the tRNA pool (A), on codon usage in ribosomal protein genes (B) and on self-consistent relative codon adaptation (C) correlated with host range at Spearman r!0.59 (p 2.7 10 À05 ) under phylogenetic independent contrasts. (D) Codon optimization is stronger in core orthologs from generalist fungal parasites than in core orthologs from specialist fungal parasites. Left: Distribution of tRNA adaptation indices in 1620 core ortholog genes show significantly higher values in generalist fungi (**, Welch's t-test p<0.01). Right: Codon optimization calculated as the degree of coadaptation of core ortholog genes to the genomic tRNA pool is significantly higher in generalist fungi (***, Welch's t-test p<10 À04 ). DOI: 10.7554/eLife.22472.004 The following source data is available for figure2:

Figure 3 .

 3 Figure 3. Codon optimization and host range co-evolved multiple times across fungal phylogeny. (A) Phylogeny, genome-scale codon optimization and host range in 36 parasites across the kingdom Fungi. Nine non-pathogenic species belonging to the major branches of Fungi are shown for comparison. The phylogenetic tree was generated using the TimeTree database (Hedges et al., 2015) and PATHd8 (Britton et al., 2007). Codon optimization shown as the size of terminal nodes corresponds to the degree S of coadaptation of all genes to the genomic tRNA pool (dos Reis et al., 2004). Terminal nodes are sized according to genome-scale codon optimization and colored according to host range (grey was used for non pathogen species). Internal nodes are sized according to reconstructed ancestral genome-scale codon optimization, with ancestral S value indicated as a blue label. (B) Correlogram of genome-scale codon optimization and phylogenetic distance along the tree shown in A. Dotted lines delimit 95% confidence interval. DOI: 10.7554/eLife.22472.008 The following source data is available for figure 3: Source data 1. Overview of host range features for the 45 fungal species analyzed in this work. DOI: 10.7554/eLife.22472.009 Source data 2. Phylogenetic tree of the 45 fungal species analyzed in this work. DOI: 10.7554/eLife.22472.010

Figure 4 .

 4 Figure 4. Biased synonymous substitution patterns underpin codon optimization in local populations of a generalist but not a specialist fungal parasite. (A) Genome-wide frequencies of variant codons in local populations of the host generalist Sclerotinia sclerotiorum and the host specialist Zymoseptoria tritici, according to the number of genomic copies of cognate tRNAs. The number of cognate tRNAs for each codon type was determined using wobble rules for codon-anticodon pairing. Dotted lines show linear regression of the data (Z. tritici: Pearson r = 0.06; p=0.62; S. sclerotiorum r = À0.60; p=4.6 10 À07 ). (B) Adjusted variant frequencies for intergenic nucleotide triplets, optimal and non-optimal codons. Synonymous and non-synonymous SNPs are shown separately. Differences between optimal and non-optimal codon rates were assessed by Welch's t-test (***p<0.001). (C) Predicted evolution of genome-wide content in optimal codons in S. sclerotiorum and Z. tritici based on observed and random mutation patterns. DOI: 10.7554/eLife.22472.011

Figure Supplement 1

 1 Figure Supplement 1 Experimental determination of S. sclerotiorum tRNA accumulation supports a good correlation between genomic copy numbers and tRNA accumulation. The accumulation of tRNA transcripts was determined by sequencing small RNAs of S. sclerotiorum grown in vitro and in planta. (A) Normalized read depth correlated exponentially with tRNA copy number for each tRNA species both in vitro and in planta. (B) A comparison of tRNA transcripts accumulation in vitro and in planta. Correlation of tRNA transcripts accumulation with codon usage (C) and tRNA adaptive value (D) calculated as described in dos Reis et al. (2004). The exponential regression of the data is shown as a dotted line. The Spearman rank correlation coefficient ρ and the p-value for Spearman's test are given.

Figure Supplement 2

 2 Figure Supplement 2 Analysis of Single Nucleotide Polymorphisms (SNPs) in a natural population of the generalist plant pathogen Sclerotinia sclerotiorum. (A) IGS-based phylogeny of the S. sclerotiorum isolates re-sequenced in this work. (B) Frequency of SNPs according to codon position and SNP type. (C) SNPs in coding regions do not show significant bias toward enrichment in A or T nucleotides as shown by the rate of AT conversion. (D) Frequency of each substitution type among synonymous, non-synonymous and intergenic SNPs shows higher transition rate among synonymous substitutions. (E) Transition/transversion ratio per SNP type shows ~threefold increase in synonymous substitutions. (B-E) Error bars show the standard deviation of means for each isolate. Distribution of non-synonymous (F) and synonymous (G) SNPs among the five re-sequenced isolates.

Figure 5 .

 5 Figure 5. Codon optimization strongly associates with host colonization in generalist fungal parasites. (A) Genes induced during host infection are enriched among high tRNA adaptation index genes in generalist but not specialist parasite genomes. Error bars show standard error of the mean. (B) Genes encoding predicted secreted proteins are more strongly enriched among high tRNA adaptation index genes in generalist parasite genomes compared to specialist and non-parasitic fungi genomes. Error bars show standard error of the mean. (C) Degree of coadaptation of secreted protein genes and other genes to the genomic tRNA pool in non parasitic, specialist and generalist fungi (*** Student's paired t-test p<0.002). (D) Distribution of tRNA adaptation indices according to gene functions in generalist and specialist fungal parasites. For each Gene Ontology (GO), the average normalized tRNA adaptation indices in all genes from generalist and specialist genomes are shown. Bubbles are sized according to the total number of genes, and colored according to the percentage of predicted secreted proteins when values for generalists and specialists differ by over 10%. Selected GOs are labeled. DOI: 10.7554/eLife.22472.017 The following source data is available for figure 5: Source data 1. Summary of gene expression data used for the analysis of tAI in host-induced genes. DOI: 10.7554/eLife.22472.018 Source data 2. Distribution of host-induced genes according to tAI (as % of all host-induced genes). DOI: 10.7554/eLife.22472.019 Source data 3. Distribution of secreted protein genes according to tAI (as % of all host-induced genes). DOI: 10.7554/eLife.22472.020 Source data 4. Codon optimization values in secreted and non-secreted proteins for each of the 45 fungal genomes analyzed in this work. DOI: 10.7554/eLife.22472.021 Source data 5. Distribution of tRNA adaptation indices per Gene Ontology in generalist and specialist genomes. DOI: 10.7554/eLife.22472.022

  bs_bs_banner MOLECULAR PLANT PATHOLOGY (2014) 15(5), 427-432 DOI: 10.1111/mpp.12138 126 lacking kinase domains. Although numerous disease resistance QTLs have been identified in plants, the genes and mechanisms underlying QDR remain largely unknown.

Fig. 1

 1 Fig.1The qualitative-quantitative duality of plant disease resistance from the population biology and molecular biology points of view. The figure illustrates the qualitative (left panels) and quantitative (right panels) nature of resistance. From a population biology point of view (A), the disease resistance phenotype follows a binary 'susceptible or resistance' distribution for qualitative resistance, but a continuous distribution from susceptibility towards resistance for quantitative resistance. From a molecular biology point of view (B), qualitative resistance results from the perception of a single pathogen effector (Avr) by a plant resistance (R) gene, whereas quantitative resistance results from the integration of multiple perception pathways activated simultaneously, each having a relatively minor contribution to the overall resistance phenotype. QDR, quantitative disease resistance.

Figure12.

  Figure12. Genome wide association mapping in A. thaliana population associates At4g23160 with quantitative disease resistance against S. sclerotiorum A. Manhattan plot of GWAS results for DSI after S. sclerotiorum inoculation. Dotted blue line show q-value < 0.01 threshold and dotted red show q-value < 0.002 threshold, the circle highlight the position of the top associated SNP at CRK8 locus. Chr. = chromosome. B. Predicted CRK8 structure. RVT2 = reverse transcriptase domain 2, TM = transmembrane domain, GnK2 = Ginkbilobin-2 domain (DUF26), Ser/Thr Kinase = serine/threonine kinase domain.

  Figure15. RVT2 region associates with disease resistance and CRK8 expression in A. thaliana accessions A. Table showing RVT2 region status, top SNP allele and disease score for 45 A. thaliana accessions (1001 genomes) B. Disease score distribution among 45 A. thaliana accessions according to RVT2 status; DEL = deletion at RVT2 region, RVT2 = RVT2 region is present C. Relative expression of CRK8 transcript in uninfected leaves (green) and S. sclerotiorum infected leaves (red) in A. thaliana accessions with RVT2 region (n=10 uninfected and 7 infected) or deleted RVT2 region (DEL) (n=11 uninfected and 7 infected). Results are shown for one experiment. Normalization was performed with At2g28390 housekeeping gene.

Figure16.

  Figure16. Characterization of two CRK8 insertion mutant lines. A. Are shown by green triangles the two T-DNA insertion mutant lines available at the beginning of the study (crk8.1 and crk8.3). Red dot shows the position of the 12131010 SNP from the GWA study. B. Relative expression of CRK8 transcript in Col-0 and two A. thaliana crk8 mutant lines. Normalization was performed with At2g28390 housekeeping gene.

  Figure17. Two crk8 mutant lines show contrasted disease resistance to S. sclerotiorum A. Disease score index kinetic upon S. sclerotiorum infection in control accessions Col-0 (wildtype), Rub (resistant) and Sha (susceptible) compared to two crk8 mutant lines (crk8.1 and crk8.3) (16 < n < 23) B. Disease resistance estimate by lesion size 2 days after S. sclerotiorum inoculation (6 < n < 9). Error bars are the estimate of standard error for each sample.

:

  Parallel evolution of the POQR prolyl oligo peptidase gene conferring plant quantitative disease resistance https://doi.org/10.1371/journal.pgen.1007143 Parallel evolution of the POQR prolyl oligo peptidase gene conferring plant quantitative disease resistance Thomas Badet, Derry Voisin, Malick Mbengue, Marielle Barascud, Justine Sucher, Pierre Sadon, Claudine Balague ´, Dominique Roby, Sylvain Raffaele LIPM, Universite ´de Toulouse, INRA, CNRS, Castanet-Tolosan, France * sylvain.raffaele@inra.fr

  Parallel evolution of a plant quantitative disease resistance gene PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007143 December 22, 2017 2 / 24 project VariWhim) to SR and the French Laboratory of Excellence project TULIP (ANR-10-LABX-41; ANR-11-IDEX-0002-02). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Fig 1 .

 1 Fig 1. Genome wide association mapping in a European A. thaliana population associates At1g20380 with quantitative disease resistance against S. sclerotiorum. (A) Distribution of disease severity index (DSI) at 6 days after inoculation by S. sclerotiorum in 84 A. thaliana European accessions. Values shown are averages for 6 to 16 plants per genotype, with error bars showing standard deviation. Points are colored from blue to red according to average DSI. (B) Geographic origin of the accessions used in this work, in relation with their average DSI (same color code as in A). Points are sized according to DSI standard deviation. (C) Manhattan plot of GWAS results for DSI after S. sclerotiorum inoculation. Dotted green lines show false discovery rate thresholds, the red line show the position of the POQR locus. Chr., chromosome. (D) Close-up of the major association peak centered on POQR locus. Only SNPs with association score greater than 1.25 are shown. https://doi.org/10.1371/journal.pgen.1007143.g001

Fig 2 .

 2 Fig 2. POQR confers enhanced quantitative disease resistance against S. sclerotiorum. (A) Representative pictures of area colonized by S. sclerotiorum expressing GFP, 24 hours after inoculation. Bar = 2.5 mm. (B) Measure of leaf area colonized by S. sclerotiorum 24 hours after inoculation. Values are shown for n = 7 to 17 individual plants per genotype from two independent biological experiments. Significance of the difference from Col-0 was assessed by a Student's t test with Benjamini-Hochberg correction for multiple testing (p-values indicated above boxes). (C) Pictures of representative symptoms on A. thaliana leaves 10 days after inoculation by X. campestris pv. campestris. (D) Proportion of plants presenting a disease severity index of 1, 2, 3 or 4 at 10 days after inoculation (dpi) by X. campestris pv. campestris. Counts from n = 32 to 48 individual plants per genotype from three independent biological experiments. https://doi.org/10.1371/journal.pgen.1007143.g002

Fig 3 .Fig 4 .

 34 Fig 3. Natural diversity at POQR locus in A. thaliana associates sequence and expression polymorphism with QDR. (A) Distribution of disease severity index for accessions harboring either a C or a T at position 7061677 of chromosome 1, corresponding respectively to a proline or serine at POQR amino acid position 5 ( ⇤⇤⇤ Student's t test p-value<0.01). (B) Maximum likelihood phylogenetic tree of POQR protein sequences in 46 A. thaliana accessions. Identical sequences were collapsed; nodes are sized proportionally to the number of accessions with identical POQR isoform, and colored according to the average disease severity index after S. sclerotiorum inoculation, indicated at the center of each node. Nodes are labeled with accessions forming the corresponding group. Portions of the network corresponding to clades A, S and R are highlighted with colored background. Branches carrying POQR isoforms with a proline at position 5 are shown as bold dotted lines. Support corresponding to an SH-like approximate likelihoodratio test is shown for major branches. (C) Distribution of disease severity index 6 days after S. sclerotiorum inoculation in major POQR clades ( ⇤⇤⇤ Student's t test p-value<0.01). https://doi.org/10.1371/journal.pgen.1007143.g003

  4C). Eighteen days after delivery of the viral constructs, plants were inoculated with a GFP-expressing S. sclerotiorum strain. Plants carrying the POQR-silencing construct showed an average ~57% reduction in POQR expression during S. sclerotiorum infection as compared to wild type plants and plants carrying the empty viral construct (S3 Fig). The area colonized by the fungus 24 hours after inoculation was measured using fluorescence imaging. Consistent with results obtained in A. thaliana poqr mutant lines, we found that POQR silencing in tomato resulted in colonized areas ~1.42 times larger than in wild type plants and ~1.36 times larger than plants carrying the empty viral construct. These results indicate parallel duplication and convergent sequence evolution of POQR homologs in multiple plant lineages. wild type tomato plants, plants silenced for POQR by virus induced gene silencing (VIGS) and plants carrying the empty viral vector (e.v.). Values are shown for n = 16 individual plants per genotype from two independent biological experiments. Significance of the difference from wild type was assessed by a Student's t test with Benjamini-Hochberg correction for multiple testing (p-values indicated above boxes). https://doi.org/10.1371/journal.pgen.1007143.g004 155 Parallel evolution of POQR gene induction upon S. sclerotiorum infection in A. thaliana and S. lycopersicum The A. thaliana Prolyl-olypeptidase (POP) family includes 11 members harboring a peptidase S9 catalytic domain (PF00326) (S4 Fig, S7 File). Two AtPOPs have been studied functionally:

  (S4 Fig). In tomato, the POP family includes 13 members, four of which harbor the N-terminal beta-propeller domain (S4 Fig). In phylogenies including A. thaliana and S. lycopersicum POPs, At1g76140 and AtPOQR on the one hand, and Solyc08g022070 and Solyc04g082120 (SlPOQR) on the other hand, formed well resolved pairs, supporting the conclusion that they duplicated after the divergence of the two plant species (Fig 5A, S7 File).

Fig 5 .

 5 Fig 5. Parallel evolution of POQR gene induction upon S. sclerotiorum infection in A. thaliana and S. lycopersicum. (A) Maximum likelihood phylogenetic tree of A. thaliana (green) and S. lycopersicum (purple) prolyl-oligopeptidase (POP) family. Support corresponding to an SH-like approximate likelihood-ratio test is shown for major branches. Stars indicate gene duplication events. (B) Expression of A. thaliana and S. lycopersicum POP genes upon inoculation by S. sclerotiorum. Values show average log 2 fold change (LFC) compared to mock-treated plants from three independent biological replicates, error bars show s.e.m. (C) Distribution of duplicated gene pairs according to their difference in LFC. Distribution is shown for duplicated gene pairs from A. thaliana (green, 1083 pairs) and genes duplicated both in A. thaliana and S. lycopersicum (red, 216 pairs of pairs). (D) Distribution of 21 clusters of gene duplicated both in A. thaliana and S. lycopersicum according to the delta LFC in A. thaliana gene pair (X-axis) and S. lycopersicum gene pair (Y-axis). The color code shows median of the two highest LFCs in a cluster. Labels refer to clusters commented in the text. https://doi.org/10.1371/journal.pgen.1007143.g005

Fig 6 .

 6 Fig 6. A model for convergent evolution of the POQR gene in A. thaliana and S. lycopersicum. Our analyses suggest that a single POQR ancestral gene was inherited by A. thaliana and S. lycopersicum ancestors when lineages diverged, about 120 million years ago (Mya). The ancestral POQR gene then duplicated in parallel in A. thaliana lineage between 88 and 44 Mya (At-and At-events) and S. lycopersicum lineage about 64 Mya (Sl-T event). After duplication, POQR ancestral genes underwent parallel amino acid substitutions, notably leading to the emergence of proline 5 (P5) and tyrosine 613 (Y613), and parallel gain or gene induction upon S. sclerotiorum infection (red arrow) in A. thalina and S. lycopersicum lineages. https://doi.org/10.1371/journal.pgen.1007143.g006

Fig. 2

 2 Fig. 2 Disruption of ARPC4 has a negative impact on quantitative disease resistance against Sclerotinia sclerotiorum. (a) Size of disease lesions measured 28 h post-inoculation (hpi) by S. sclerotiorum. Measures from n = 13 to 26 individual plants per genotype from two independent agar plug inoculations (data points shown in different colors). Significance of the difference from Col-0 was assessed by Tukey's HSD test (***, P < 0.01; **, P < 0.05). (b) Representative pictures of leaf areas colonized by a green-fluorescent protein (GFP)-expressing strain of S. sclerotiorum 24 h after agar plug inoculation. Bars, 2.5 mm. (c) Leaf area colonized by a GFP-expressing strain of S. sclerotiorum 24 h after agar plug inoculation. Significance of the difference from Col-0 was assessed by a Student's t-test (**, P < 0.05, *, P < 0.1). Values from n = 7 to 20 individual plants per genotype from two independent biological experiments. (d) Size of disease lesions measured 24 h after agar plug inoculation by S. sclerotiorum on several ARP mutants. Measures from n = 34 to 54 individual plants per genotype from three independent biological experiments (data points shown in different colors). Significance of the difference from Col-0 was assessed by Tukey's HSD test (***, P < 0.01, **, P < 0.05). (e) Pictures of representative symptoms on A. thaliana leaves at 7 dpi by X. campestris pv campestris. (f) Proportion of plants presenting a disease index score of 1, 2, 3 or 4 at 7 dpi by X. campestris pv campestris. Counts from three independent biological experiments representing 49-93 plants per genotype. Boxplots show 1 st and 3 rd quartiles (box), median (horizontal line) and the most dispersed values within 1.5 times the interquartile range (whiskers).Ó 2018 The Authors New Phytologist Ó 2018 New Phytologist Trust

Fig. 3

 3 Fig. 3 Infection by Sclerotinia sclerotiorum and disruption of ARPC4 alter actin filaments (AFs) organization. (a) Representative confocal maximal projections of Col-0 and arpc4-t2 plants epidermal cells expressing the GFP-fABD2 actin marker at 0 and 3 h post-inoculation (hpi) by S. sclerotiorum mycelium suspension. Bars, 25 µm. (b) Quantitative assessment of AF organization in epidermal cells of Col-0 and arpc4-t2 plants at 3 hpi. Anisotropy measures the similarity of the orientation of AFs, skewness measures the diversity in thickness and brightness of AFs, and density estimates the cell volume occupied by the AFs. Values from n = 77 to 88 cells were analyzed for each genotype. Letters indicate groups of significance determined by post hoc pairwise t-tests (P < 0.01). Boxplots show 1 st and 3 rd quartiles (box), median (horizontal line) and the most dispersed values within 1.5 times the interquartile range (whiskers). (c) Time course of AF remodeling following S. sclerotiorum inoculation in Col-0 and arpc4-t2 plants. Curves show mean values (dotted lines) and 90% confidence intervals (colored areas) obtained from 35 to 76 cells imaged every hour following inoculation. A majority of cells were dead after 6 hpi.

Fig. 4

 4 Fig. 4 Disruption of ARPC4 alters callose deposition and the expression of defense genes. (a) Left: Pictures of representative leaves stained with aniline blue 3 h after wounding. Arrowheads show the edge of the cut applied for wounding. Bars, 500 µm. Right: Number of callose deposits in 6.5 mm 2 areas centered on the wound. Values from n = 25 to 41 pictures from distinct individual plants, obtained in three independent biological experiments, were analyzed for each genotype. (b) Left: Pictures of representative leaves stained with aniline blue 16 h post-inoculation (hpi) by Sclerotinia sclerotiorum mycelium suspension. Dotted lines delimit the area colonized by the fungus. Bars, 150 µm. Right: Number of callose deposits in 2.5 mm 2 areas centered on S. sclerotiorum lesion. Values from n = 6 to 20 pictures from distinct individual plants were analyzed for each genotype. Relative expression of genes of the jasmonic acid defense pathway (c), the abscisic acid pathway (d) and the salicylic acid pathway (e) in nontreated and S. sclerotiorum-treated plants (agar plug, 24 hpi). Values shown are means from two (d) or three (c, e) independent biological experiments, error bars show standard error of the mean. (Student's t-test: *, P < 0.1; **, P < 0.05; ***, P < 0.01). Boxplots show 1 st and 3 rd quartiles (box), median (horizontal line) and the most dispersed values within 1.5 times the interquartile range (whiskers).

16 Fig. 5

 165 Fig. 5 Natural diversity at the ARPC4 locus defines haplotypes with contrasted resistance to Sclerotinia sclerotiorum and contrasted ARPC4 gene expression in Arabidopsis thaliana populations. (a) Maximum-likelihood phylogenetic tree generated using an alignment of a 5-kbp region including ARPC4 gene and upstream noncoding region for 45 A. thaliana worldwide accessions. Branch support is shown for major clades. (b) An overview of the multiple sequence alignment used for generating the tree shown in (a). Nucleotides are color-coded (A, yellow; C, red; G, green; T, blue) and gaps are shown in grey. A. thaliana accessions are ordered as in (a). (c) Distribution of disease severity index (DSI) at 6 d post-inoculation by S. sclerotiorum for 31 A. thaliana worldwide accessions belonging to ARPC4 R and ARPC4 S . Each data point corresponds to the average DSI for one accession obtained from scoring on six to 16 individual plants (shown by dot size). (d) Relative expression of ARPC4 in plants from 31 A. thaliana accessions non-and S. sclerotiorum-treated (agar plug inoculation). Each data point corresponds to the average relative expression for one accession obtained from the analysis of two or three biological experiments (shown by dot size). Student's t-test: **, P < 0.05; ***, P < 0.01. Boxplots show 1 st and 3 rd quartiles (box), median (horizontal line) and the most dispersed values within 1.5 times the interquartile range (whiskers).

Fig. 6

 6 Fig. 6 The Col-0 allele of ARPC4 restores wild-type (WT)-like quantitative disease resistance in the arpc4-t2 mutant. (a) Expression of ARPC4 transcripts in uninoculated plants and 24 h post-inoculation (hpi) with Sclerotinia sclerotiorum. Values shown are from five to eight plants per genotype. (b) Size of disease lesions measured 24 hpi by S. sclerotiorum on agar plug. Measures from n = 18 to 31 individual plants per genotype from three independent biological experiments (data points shown in different colors). Significance of the difference from WT was assessed by Tukey's HSD test (***, P < 0.01). Boxplots show 1 st and 3 rd quartiles (box), median (horizontal line) and the most dispersed values within 1.5 times the interquartile range (whiskers).

Figure20.

  Figure20. sTEKhot index negatively correlates with optimal growth temperature in fungal parasites Correlation between average sTEKhot index of non-secreted proteins among 39 fungal parasites (Puccinia striiformis, Batrachochytrium dendrobatidis, Dothistroma septosporum, Blumeria graminis, Melampsora larici-populina, Taphrina deformans, Parastagonospora nodorum, Ophiocordyceps unilateralis, Pyrenophora tritici-repentis, Botrytis cinerea, Sclerotinia sclerotiorum, Passalora fulva, Penicillium digitatum, Sporisorium reilianum, Pestalotiopsis fici, Zymoseptoria tritici, Erysiphe necator, Aspergillus fumigatus, Verticillium dahliae, Fusarium oxysporum, Fusarium graminearum, Beauveria bassiana, Colletotrichum graminicola, Colletotrichum higginsianum, Alternaria brassicicola, Puccinia triticina, Moniliophthora roreri, Magnaporthe oryzae, Pseudocercospora fijiensis, Rhizoctonia solani, Metarhizium acridum, Metarhizium robertsii, Rhizopus oryzae, Wolfiporia cocos, Puccinia graminis, Cryptococcus neoformans, Nosema ceranae, Encephalitozoon intestinalis, Pseudogymnoascus destructans) and growth temperature. cor and p-values are given by the result of a Pearson's correlation test

  Figure21. Diversity at ARPC4 locus may underlie a cold / QDR trade-offs in A. thaliana accessions A. Distribution of A. thaliana accessions from GWAS according to latitudinal and longitudinal gradient. Boxplots show the distribution of latitude of origin in A. thaliana accessions with susceptible allele (in red) and resistant allele (in grey). p = p-value of a pairwise Student t Test B. Correlation of disease score index with freezing tolerance (residual survivorship) among 75 A. thaliana accessions. Are shown correlation coefficient (cor) and p-value from simple correlation test C. Freezing tolerance of wild-type plants (Col-0) compared to arpc4 mutants (arpc4-t1 and -t2). Freezing survivorship is estimated by the percentage of green tissue remaining after two weeks of recovery post treatment (over-night period at -5°C). Error bars show standard deviation from two to three experiments.

  

  

  

  

  

  

  

  

  

  

  

  

  For actin imaging, seedlings were grown for two weeks on Murashige and Skoog media with kanamycin selection [50mM].

Growth conditions

Arabidopsis thaliana accessions and mutant plants used in this study are listed in table above. All Arabidopsis mutant lines used in this study were in the Col-0 background, the Nottingham Arabidopsis Stock Centre accession number N1093 Col-0 was used as wild type. Plants for inoculation purposes were grown in Jiffy pots under controlled conditions at 22°C, with a 9 hour light period and a light intensity of 120 μmol/m 2 /s 4 weeks prior to infection.

Primers used in this study Name Function Sequence (5'->3') Chapter

  

	Rqcrk8	mutants transcript expression GGAGGCGTAGACCCCGGAAACA defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-	Chapter II, part I (CRK8) Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	R1744_T1-T2 mutants genotyping F_qARPC4-5' UTR primers test FRK1-100-R sion assay CBF3 F sion assay COR15A R sion assay	AGGTTTCGAGAGAGACTTGCC AGCATGCATAAAAAATACACTCGAGG AAGACTATAAACATCACTCT CAACTTGCGCTAAGGACA TAACTGATTAGGTAAGACCC	(ARPC4) (ARPC4) (ARPC4) (ARPC4) (ARPC4)
	Rcrk8_0	mutants full transcript assay ATTAGTAAACAATCTCATTCTCATTAATCA Chapter II, part I (CRK8)
		defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-		Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	Fcrk8_4503 mutants full transcript assay CCCGTAAAGGTCCCGACTGA F866_T2 mutants genotyping TAATATGCCGAAATGAGGCTG R_qARPC4-5' UTR primers test TCAGCCTCATTTCGGCATATTAAAA PAD3-F sion assay CTTTAAGCTCGTGGTCAAGGAGAC CBF3 R sion assay TCTCAAACATCGCCTCAT LTI78 F sion assay CTGAAGAACGAATCTGATATCG	Chapter II, part I (CRK8) (ARPC4) (ARPC4) (ARPC4) (ARPC4) (ARPC4)
	Fqcrk8	accessions transcript assay defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-	CCATCAATAGAATGATGCCACT	Chapter II, part I (CRK8) Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	Rqcrk8 R1744_T1-T2 mutants genotyping accessions transcript assay F_qARPC4-3' UTR primers test PAD3-R sion assay COR8.5 F sion assay LTI78 R sion assay	GGAGGCGTAGACCCCGGAAACA AGGTTTCGAGAGAGACTTGCC TAACAAACTACCACTGCGAAGAGATG TGGGAGCAAGAGTGGAGTTGTTG CCGATGCGAAAGCTCCGTG CCAGGTCTTCCCTTCGCCAG	Chapter II, part I (CRK8) (ARPC4) (ARPC4) (ARPC4) (ARPC4) (ARPC4)
		transcript expression for nor-defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-		Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	TK 322 R_qARPC4-3' UTR primers test malization PR4-F sion assay COR8.5 R sion assay KIN1 F sion assay	AACTCTATGCAGCATTTGATCCACT AACTGTTTCAAGAACTCCGTAGCAA GCAAGTATGGCTGGACCGCCT CTCGAACTTTAGCATTCAGC ATTCGGGTCAAATTTGGGAG	(ARPC4) (ARPC4) (ARPC4) (ARPC4) (ARPC4)
	FWD_0187_p			Chapter II, part II
	oqr	mutants genotyping transcript expression for nor-defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-	ATGTTGGTTGAGTTGACGGAG	(POQR) Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	REV_1299_p oqr TK 323 PR4-R GOLS2 F KIN1 R F-JAZ10	mutants genotyping malization defense-related genes expres-sion assay sion assay sion assay sion assay defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-	TTGATCAGTCCCAAGGAAATG TGATTGCATATCTTTATCGCCATC CCAAGCCTCCGTTGCTGCATTG AAGAAGCAACAGACACTTCAGCAG TGAATATAAGTTTGGCTCGTC CGCTCCTAAGCCTAAGTTCCA	(ARPC4) (ARPC4) (ARPC4) (ARPC4) Chapter II, part III Chapter II, part II (ARPC4) (POQR) Chapter II, part III Chapter II, part III Chapter II, part III Chapter II, part III
	FWD_2682_p oqr F_qARPC4 mutants transcript expression AGGTCAAGCAAGCGGATGAA mutants genotyping GATCTCTTTGGGTGTGCTCTG defense-related genes expres-CYP71A13-F sion assay GTGCTTCGGTTGCATCCTTCTC GOLS2 R sion assay TGAAGAGGCGTATGCAGCAAC COR47 F sion assay TCGTTGATTGCATTTGATCC R-JAZ10 sion assay TCGAAATCGCACCTTGAATA defense-related genes expres-cold-regulated genes expres-cold-regulated genes expres-	(ARPC4) (ARPC4) (ARPC4) (ARPC4) Chapter II, part III Chapter II, part II (POQR) Chapter II, part III (ARPC4) Chapter II, part III Chapter II, part III Chapter II, part III
	REV_0068_p oqr R_qARPC4 mutants transcript expression AAGCTTCTGCCCTCATGGAC mutants genotyping CTTGTATCGATGAGCTGGCTC defense-related genes expres-CYP71A13-R sion assay CGCCCAAGCATTGATTATCACCTC RAP2.1 F sion assay CCAGAGTCGACGCTCTTCTAGC COR47 R sion assay CACACACAACTTACACAAAC F-WRKY33 sion assay GGGAAACCCAAATCCAAGA cold-regulated genes expres-cold-regulated genes expres-	(ARPC4) (ARPC4) (ARPC4) (ARPC4) Chapter II, part III Chapter II, part II (ARPC4) (POQR) Chapter II, part III Chapter II, part III Chapter II, part III
	TK 322 arpc4_Fwd_0 mutants full transcript assay ATGGCAAACTCATTACGGCTG transcript expression for nor-malization AACTCTATGCAGCATTTGATCCACT defense-related genes expres-callose synthesis related genes RAP2.1 R sion assay TCTAGATCAATGGAAAGAGAACAAGAA CHS F sion assay TCGCCGAGAACAACCGTGGA R-WRKY33 sion assay GTTTCCCTTCGTAGGTTGTGA F-AtGSL5 expression assay CTGGAATGCTGTTGTCTCTGTTG arpc4_Rev_5 cold-regulated genes expres-cold-regulated genes expres-	(ARPC4) Chapter II, part III (ARPC4) (ARPC4) Chapter II, part III Chapter II, part II (ARPC4) (ARPC4) (POQR) Chapter II, part III Chapter II, part III Chapter II, part III
	TK 323 PDF1-2-F R-AtGSL5 10 ABF1 F CHS R	transcript expression for nor-malization cold-regulated genes expres-sion assay expression assay mutants full transcript assay CTACTTCAAGAGCTGCTTTAC TGATTGCATATCTTTATCGCCATC TCATGGCTAAGTTTGCTTCC TCGCCTTTTGATTTCTTCCCAGT defense-related genes expres-callose synthesis related genes sion assay GGCCTGGAGAAGGTTGTTGAGAGA sion assay CGGCGGCGCCATCACTGAAA	Chapter II, part III Chapter II, part III (POQR) (ARPC4) (ARPC4) Chapter II, part II (ARPC4) Chapter II, part III Chapter II, part III (ARPC4) (ARPC4)
	F_qPCR_en-dopep F_qARPC4 accessions transcript assay mutants transcript expression GTATCGAAGGTGGTAGTAACG AGGTCAAGCAAGCGGATGAA defense-related genes expres-callose synthesis related genes ABF1 R sion assay GCCTGTTTTCGAGCCCTTGATCTA PDF1-2-R sion assay AATACACACGATTTAGCACC F-AtGSL6 expression assay GAAGGGTTTGGGCGTTGGAAG cold-regulated genes expres-	(ARPC4) Chapter II, part III (ARPC4) Chapter II, part III Chapter II, part II (POQR) Chapter II, part III (ARPC4) (ARPC4) Chapter II, part III
	R_qPCR_en-dopep R_qARPC4 accessions transcript assay mutants transcript expression TCAGAAGTCCAAGCATGTCC AAGCTTCTGCCCTCATGGAC defense-related genes expres-callose synthesis related genes TOC33 F sion assay CATCCCTCTTATCATAGGCGCTCAGTA F-PR1 sion assay GGAGCTACGCAGAACAACTAAG R-AtGSL6 expression assay CAATGAGAAGCATTCCCCATCCAGTT cold-regulated genes expres-	(ARPC4) Chapter II, part III (ARPC4) Chapter II, part III Chapter II, part II (ARPC4) (ARPC4) (POQR) Chapter II, part III
	Fcrk8_1300 mutants genotyping Rcrk8_2392 mutants genotyping Fcrk8_2753 mutants genotyping endo-pep_Fwd_0 mutants full transcript assay ATGGGATCTCTCCCTGCGTTT ATTCTTCTCAAGCTGAAATGCAAC GTTCTCCTTCGTATGTAACTGTCG GTCTACGCCTCCGTTGACATCC defense-related genes expres-callose synthesis related genes TOC33 R sion assay CCTCTTAAAGTGGCTTTCCACTTGTCT S. sclerotirum DNA quantifica-R-PR1 sion assay CCCACGAGGATCATAGTTGCAAC F-AtGSL11 expression assay TTTAGGGGTTTGGGACTCGGTGAAA XJJ21 tion GTTGCTTTGGCGTGCTGCTC cold-regulated genes expres-defense-related genes expres-callose synthesis related genes ERF5 F sion assay ACTTTCCGCTTCTGTCGCCG endo-pep_Rev_21 75 mutants full transcript assay CTAGTCGATCCATGAAGCATC F-sid2 sion assay GCGTCGTTCGGTTACAGG R-AtGSL11 expression assay TGTCTTTCCGACCAGCGAGAATCA XJJ22 S. sclerotirum DNA quantifica-tion CTGACATGGACTCAATACCAATCTG cold-regulated genes expres-defense-related genes expres-ERF5 R sion assay CGTCCACGTCAGCATACACATCGT Rcrk8_4249 mutants genotyping GCTACTAACGTTACGTGTTG F_Qendopep accessions transcript assay TGCTATCGCAAACGACGAGA RVT2 presence/absence geno-R-sid2 sion assay ACAGCGAGGCTGAATCTCAT defense-related genes expres-CBF1 F cold-regulated genes expres-sion assay GTCAACATGCGCCAAGGATA cold-regulated genes expres-ERF4 F sion assay TTTTGGACCTGATGGGGATCGGTA	Chapter II, part I (CRK8) Chapter II, part I (CRK8) Chapter II, part II Chapter II, part III (ARPC4) Chapter II, part III Chapter II, part II (POQR) & Chapter II, (ARPC4) (ARPC4) (POQR) Chapter II, part III part III (ARPC4) Chapter II, part III (ARPC4) Chapter II, part III Chapter II, part II (ARPC4) (ARPC4) Chapter II, part II (POQR) Chapter II, part III (POQR) & Chapter II, Chapter II, part III (ARPC4) part III (ARPC4) Chapter II, part I (CRK8) Chapter II, part I (CRK8) Chapter II, part II (POQR) (ARPC4) Chapter II, part III Chapter II, part III Chapter II, part III (ARPC4) (ARPC4)
	TK 322 TK 323 R_Qendopep accessions transcript assay transcript expression for nor-malization transcript expression for nor-malization F_12128450 typing Rcrk8_2040 F-ATG18a sion assay defense-related genes expres-CBF1 R cold-regulated genes expres-sion assay cold-regulated genes expres-ERF4 R sion assay RVT2 presence/absence geno-typing R-ATG18a sion assay defense-related genes expres-CBF2 F cold-regulated genes expres-sion assay cold-regulated genes expres-COR15A F sion assay	AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC TCAGTCCAACTGCTCGGTTC AGCATCACCACCGATTGAAAAATT CATCCCCATCGTCGTCTCTG TCGGCATCCCAAACATTGTC GCGATCTAAACGCCGATGTCACAG AGCAGAAGCTTTGAAGCTAGT TGTAGAAGCTCCCATCCATGC GAATCCCGGAATCAACCTGT GAAACCGCAGATACATTGGG	Chapter II, part I (CRK8) Chapter II, part I (CRK8) Chapter II, part II (POQR) Chapter II, part III Chapter II, part I (CRK8) (ARPC4) Chapter II, part III Chapter II, part III Chapter II, part III (ARPC4) (ARPC4) Chapter II, part I (CRK8) (ARPC4) Chapter II, part III Chapter II, part III Chapter II, part III (ARPC4) (ARPC4)
	Fqcrk8 F658_T1 FRK1-100-F CBF2 R	mutants transcript expression CCATCAATAGAATGATGCCACT mutants genotyping GAGAATGGGGTGCTCTTCTTC sion assay AGCGGTCAGATTTCAACAGT cold-regulated genes expres-sion assay CCCAACATCGCCTCTTCATC	(ARPC4) (ARPC4) Chapter II, part III Chapter II, part I (CRK8) (ARPC4)

Fungal species, S. sclerotiorum strains and mutants

  

	Species	Isolate name	Origin	Notes
	Sclerotinia sclerotiorum	1980	USA	reference isolate
				Collected in 1987 in the US -isolate used
	Sclerotinia sclerotiorum	S55	USA	for scoring A. thaliana accessions
				(Perchepied et al. 2010)
	Sclerotinia sclerotiorum	1980-OAH::GFP	mutant	fluorescent isolate -GFP under native promoter for OAH synthase
	Sclerotinia sclerotiorum	BloC064	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP234	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP244	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P31	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	A5	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	Ss_48	Japan	On Abelmoschus esculentus -2007
	Sclerotinia sclerotiorum	Ss_49	Japan	On Eschscholzia californica petiole -1996
	Sclerotinia scleroriorum	Ss_50	Japan	On Triticum aestivum -1991
	Sclerotinia sclerotiorum	P34	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	marielle	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P12	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P5	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P13	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP034	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	A6	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	A7	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P20	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P22	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P36	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP144	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P21	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P37	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	A4	France	On rapeseed -2010 in Blois
	Sclerotinia scleroriorum	BloP134	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP154	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P27	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P32	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P25	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P39	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloP274	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P35	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloC014	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	BloC104	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P163	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	P314	France	On rapeseed -2010 in Blois
	Sclerotinia sclerotiorum	FrB5	France	On clover seeds -2010 in Dijon

  DNA sequencing was outsourced to Fasteris SA (Switzerland) to produce Illumina paired-end reads (2 x 125 bp) using a HiSeq 2500 instrument. Raw reads data was first trimmed using trimmomatic software for TruSeq3-PE adapters removing and quality filtering[LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15 and MINLEN:36].

	Paired-end reads for each S. sclerotiorum isolate were then mapped to version 2 of
	the S. sclerotiorum 1980 reference strain genome (Derbyshire et al. 2017) using bwa-
	mem software with default parameters (Li & Durbin 2009). Variants' calling was pro-
	cessed with FreeBayes tool using default parameters. Resulting vcf file was then fil-
	tered for quality [minQ>30], allele count [mac>3], missing data [max-mising>0.5] then
	for depth [minDP>3] and finally for allele frequency [maf>0.05], average depth [min-
	meanDP>20] and missing data [max-missing>0.95]. Only bi-allelic SNP positions were
	retained for further analysis.
	Trace solution
	ZnSO4, 7•H2O (75mM), H3BO3 (185mM), MnCl2, 4•H2O (25mM), CoCl2, 6•H2O (6mM),
	CuSO4, 5•H2O (6mM), (NH4)6Mo7O24, 4•H2O (1mM),
	Salt solution
	MgSO4, 7•H2O (160mM), (NH4)2, SO4 (150mM), KCl (130mM), NaCl (170mM), KH2PO4
	(120mM), K2HPO4 (120mM)
	Carbone solution
	50mM glucose as sole carbone source
	Agar 1.5%

for DNA/RNA extractions For genome sequencing of new S. sclerotiorum isolates, 4 days old PDB cultures were filtered using miracloth paper and mycelium ground in liquid nitrogen. One gram of grinded mycelium powder was used for DNA extraction using a DNA Maxi Kit (Quiagen) and following manufacturer's instructions. For quantification of S. sclerotiorum DNA, A. thaliana infected leaves were sampled before lesion reach leaf bordure and frozen in liquid nitrogen. DNA extraction was then performed using DNA mini Kit (Quiagen) following manufacturer's instructions. For RNA extraction of S. sclerotiorum 1980 strain growing in planta, infected A. thaliana leaves were frozen on glass plates in liquid nitrogen and tissue at the border of infection zone (front zone = FRT, zone from ~1mm into necrotic area to ~1mm into healthy plant tissues) were isolated by cutting the leaves with sterile razor blade. PDB growing fungal mycelium was sampled for controls.

for sequencing

(illumina RNA and DNA) 

Figure7. Three types of host response to filamentous leaf pathogens (from Stotz et al. Trends in Plant Science, 2014) This

  

	controls hyphal apoplastic fungal leaf pathogens. Extracellular recognition of effectors from fungal pathogens
	sac1 growing underneath the host cuticle (C) or between mesophyll cells by receptor-like proteins adenylate cyclase growth, sclerotia and in planta develop-(Jurick II & Rollins no 2007) (RLPs) can result in resistance without visible host cell death (▨). Host cell death typically oc-
	ment curs in only a few cells several days or weeks after infection. The pathogen does not die ( )
	Ss-Rhs1 but can resume growth after host senescence begins or after the immune response is other-secreted repeat-containing protein affects growth and in yes (Yu et al. 2017) wise compromised. (B) In compatible interactions, in the absence of an RLP, the host stays planta development alive (□) and the virulence function of the effector can promote extensive fungal proliferation (
	Ss-Bi1	putative bax-inhibi-tor protein	affects growth and in planta development	no	(Yu et al. 2015)
	Ss-caf1	Ca 2+ -binding EF-hand motif protein	affects compound ap-tia pressoria and sclero-	no	(Xiao et al. 2014)
	PG	endopolygalac-turonase	induce host-cell death	yes	(Zuppini et al. 2005)
	SsNEP	necrosis and eth-ylene-inducing peptide	induce host-cell death	yes	(Dallal Bashi et al. 2010)
	Gene	Annotation	Function	Secreted	Reference
	SSITL	integrin alpha N-terminal domain	suppress host im-munity	yes	(Zhu et al, 2013)
	SSVP1	small cysteine rich secreted protein	induce host-cell death	yes	(Lyu et al. 2016)
	pac1	pacC transcription factor homolog	pH sensitive regula-tion of growth in vitro and in planta	no	(Rollins 2003)
	SsMAD S	MADS box tran-scription factor	controls growth in vitro and in planta	no	(Qu et al. 2014)
			affects sclerotia, apo-		
	Ss-pth2	catalase	thecia, appressoria and in planta devel-	no	(Liberti et al. 2013)
			opment		
	Ss-odc2	oxalate decarbox-ylase	affects compound ap-pressoria formation	no	(Liang et al. 2015)
		atypical forkhead-	affects growth, scle-		
	SsFKH1	box-containing pro-	rotia and in planta	no	(Fan et al. 2017)
		tein	development		

diagram illustrates specific interactions between single pathogen effectors and corresponding host gene products. In reality, pathogens secrete numerous effectors that directly or indirectly interact with corresponding host gene products. (A) Resistance (R) gene-mediated effector-triggered defence (ETD) results in incompatible interactions with hemibiotrophic

3.1. Review: Emerging Trends in Molecular Interactions between Plants and the Broad Host Range Fungal Pathogens Botrytis cinerea and Sclerotinia sclerotiorum

  

	single host genus
	https://doi.org/10.3389/fpls.2016.00422
	INTRODUCTION
	A majority of studies on plant interactions with fungal pathogens over the last years have focused
	on specialized host-pathogen interactions. For instance the powdery mildew fungus Blumeria
	graminis, the cereal rust fungi of the Puccinia spp., and the corn smut fungus Ustilago maydis are
	among the most studied fungal pathogens and are obligate biotrophic pathogens restricted to a

  Distribution of best BlastP bit scores (log-scaled scores) using S. borealis non-secreted proteins and secreted proteins as queries against S. sclerotiorum or B. cinerea proteomes. Lower scores for searches using S. borealis secretome as query indicate that S. borealis secreted proteins are less conserved than non-secreted proteins. P-values of a Student t-test for differences between non-secreted and secreted proteins are indicated.

						Protein Set
			4			Non-secreted
						Mature Secretome
			3			
		sTEKhot value	2	4.87 e -11		2.84 e -11
			1			
		1500				
	Best BlastP bit score (log-scaled score)	500 1000	0	B. cinerea	S. borealis	S. sclerotiorum
	Figure S4. 0		non secreted S. borealis vs S. sclerotiorum secreted	non secreted S. borealis vs B. cinerea secreted

Table 1 .

 1 List of fungal species analyzed in this work, their host range and genome-scale codon optimization values. Genome-scale codon optimization was calculated using tRNA adaptation indiced (S), codon adaptation indices (S CAI ) or self-consistent normalized relative codon adaptation indices (S scnRCA ).

	Short report			Genomics and Evolutionary Biology
	Species	Host range	Class *	S	S CAI	SscnRCA
	Cryptococcus neoformans	800	Gen.	0.843	0.870	0.860
	Rhizoctonia solani	690	Gen.	0.432	0.624	0.583
	Botrytis cinerea	556	Gen.	0.597	0.675	0.653
	sclerotinia sclerotiorum	332	Gen.	0.524	0.583	0.553
	Beauveria bassiana	269	Gen.	0.616	0.619	0.747
	Metarhizium acridum	228	Gen.	0.647	0.595	0.712
	Aspergillus fumigatus	175	Gen.	0.609	0.643	0.684
	Batrachochytrium dendrobatidis	153	Gen.	0.545	0.521	0.602
	Verticilium dahliae	78	Gen.	0.537	0.426	0.627
	Fusarium graminearum	72	Gen.	0.788	0.818	0.819
	Colletotrichum graminicola	59	Gen.	0.572	0.444	0.644
	Rhizopus oryzae	28	Gen.	0.625	0.563	0.691
	Penicillium digitatum	17	Gen.	0.545	0.602	0.630
	Alternaria brassicicola	16	Gen.	0.400	0.592	0.628
	Pyrenophora tritici-repentis	11	Gen.	0.419	0.569	0.570
	Pseudogymnoascus destructans	8		0.484	0.513	0.505
	Encephalitozoon intestinalis	7		0.313	0.558	0.528
	Melampsora larici-populina	7		0.194	0.142	0.055
	Stagonospora nodorum	7		0.155	0.431	0.462
	Colletotrichum higginsianum	6		0.393	0.295	0.480
	Sporisorium reilianum	5		0.476	0.200	0.429
	Taphrina deformans	4		0.403	0.679	0.671
	Magnaporthe oryzae	4		0.437	0.424	0.575
	Puccinia graminis	2	Spe.	À0.032	0.344	0.249
	Wolfiporia cocos	2	Spe.	0.217	0.266	0.316
	Moniliophthora roreri	2	Spe.	0.406	0.530	0.551
	Passalora fulva	2	Spe.	À0.011	0.513	0.514
	Rozella allomycis	1	Spe.	0.236	0.096	0.259
	Nosema ceranae	1	Spe.	0.021	À0.155	À0.085
	Puccinia triticina	1	Spe.	0.204	0.501	0.472
	Dothistroma septosporum	1	Spe.	0.211	0.447	0.354
	Pseudocercospora fijiensis	1	Spe.	0.227	0.495	0.490
	Zymoseptoria tritici	1	Spe.	À0.019	0.355	0.248
	Blumeria graminis	1	Spe.	0.116	À0.187	0.164
	Erysiphe necator	1	Spe.	0.174	À0.092	0.117
	Ophiocordyceps unilateralis	1	Spe.	0.166	0.268	0.458
	Gonapodya prolifera	0	np	0.115	0.311	0.363
	Rhodotorula toruloides	0	np	0.344	0.385	0.470
	Serpula lacrymans	0	np	À0.001	0.379	0.395
	Laccaria bicolor	0	np	À0.026	0.237	0.155
	Agaricus bisporus	0	np	0.361	0.432	0.400
	Table 1 continued on next page					
	Badet et al. eLife 2017;6:e22472. DOI: 10.7554/eLife.22472					6 of 35

Table 1 continued

 1 

	Species	Host range	Class *	S	S CAI	S scnRCA
	Tuber melanosporum	0	np	0.230	0.319	0.349
	Oidiodendron maius	0	np	0.147	0.442	0.388
	Myceliophthora thermophila	0	np	0.246	0.123	0.323
	Chaetomium globosum	0	np	0.148	0.204	0.342
	* The class column indicates whether species were considered as generalist (Gen.), specialist (Spe.) or non-parasitic
	(np).					
	DOI: 10.7554/eLife.22472.007					

  Codon optimization is dependent on breadth of host range but not genome assembly parameters. DOI: 10.7554/eLife.22472.005 Source data 2. List of core ortholog genes and their codon adaptation indices. DOI: 10.7554/eLife.22472.006
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  1.42 in WT noninoculated cells to c. 1.99 3 hpi with S. sclerotiorum (t-test P = 4.7e À11 ). Noninoculated epidermal cells of arpc4-t2 plants had an average skewness of 1.15 (difference with Col-0, t-test P = 0.002). By contrast to

WT plants, there was only a minor increase in AFs bundling upon inoculation in arpc4-t2 plants (average 1.36; P = 0.06). AF density associated significantly with plant genotype (ANOVA P = 2.1 À15 ) but not with S. sclerotiorum inoculation (P = 0.14) (Table

S7

). AF density decreased from c. 36.8% to c. 22.6% upon 3-h challenge with S. sclerotiorum (t-test P = 8.2e À16 ). The average AF density was 31.6% in noninoculated arpc4-t2, significantly lower than in WT cells (P = 4.0e À4 ). It decreased slightly 3 hpi by S. sclerotiorum to reach an average 25.5% (P = 0.002). These observations are consistent with abundant radial actin bundles observed in arpc4 guard cells upon H 2 O 2 treatment

(Li et al., 2014)

, and a role for ARPC4 in AF branching.
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Author summary

Plant disease resistance is mediated by molecular components depending on pathogens infection strategy. Sclerotinia sclerotiorum is a devastating plant pathogenic fungus notorious for its ability to infect a wide variety of plant species by rapidly triggering cell death. Plant exhibit a response designated as quantitative disease resistance (QDR) when challenged by S. sclerotiorum, the molecular bases of which are largely unknown. Here we used genome wide association mapping a natural population of Arabidopsis thaliana host
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Duplicated genes analyses

The list of old and recent duplicated gene pairs in A. thaliana was retrieved from [START_REF] Blanc | Functional divergence of duplicated genes formed by polyploidy during Arabidopsis evolution[END_REF]. To identify genes that duplicated in parallel in A. thaliana and S. lycopersicum, we used the Markov Cluster algorithm [START_REF] Enright | An efficient algorithm for large-scale detection of protein families[END_REF] implemented in Biolayout Express 3D [START_REF] Freeman | Construction, visualisation, and clustering of transcription networks from microarray expression data[END_REF] with default parameters, minimum cluster size = 4. The output of a self BlastP search with A. thaliana and S. lycopersicum complete proteomes with an e-value cutoff 1.0e -90 was used as input. Clusters containing 163 two A. thaliana and two S. lycopersicum genes were considered for further analyses. Delta LFC was calculated as the difference between LFC for two duplicated genes in a given species. 

Supporting information

Author Contributions

Conceptualization: Claudine Balague ´, Dominique Roby, Sylvain Raffaele.

Data curation: Thomas Badet, Derry Voisin.

Formal analysis: Thomas Badet, Malick Mbengue, Justine Sucher, Sylvain Raffaele.

Funding acquisition: Dominique Roby, Sylvain Raffaele.

Investigation: Thomas Badet, Derry Voisin, Malick Mbengue, Marielle Barascud, Pierre Sadon, Claudine Balague ´.

Methodology: Thomas Badet, Marielle Barascud.

Project administration: Dominique Roby, Sylvain Raffaele.

Supervision: Claudine Balague ´, Dominique Roby, Sylvain Raffaele.

Validation: Thomas Badet, Derry Voisin.

Visualization: Thomas Badet, Sylvain Raffaele. Expression polymorphism at the ARPC4 locus links the actin cytoskeleton with quantitative disease resistance to Sclerotinia sclerotiorum in Arabidopsis thaliana

Writing

Phylogenetic and molecular diversity analyses

The sequence of the ARPC4 locus from 45 A. thaliana accessions was obtained from the Arabidopsis 1001 genomes database (Alonso-Blanco et al., 2016), using the VCF subset tool (http://tools.1001genomes.org/vcfsubset/#select_strains) with query region Chr4:8154062..8159062. The phylogenetic tree was built as described in Badet et al. (2017a). Sequence alignment was rendered using JALVIEW 2 [START_REF] Waterhouse | Jalview Version 2-a multiple sequence alignment editor and analysis workbench[END_REF]. Linkage disequilibrium analysis was performed using TASSEL 5.0 [START_REF] Bradbury | TASSEL: software for association mapping of complex traits in diverse samples[END_REF] with P-values for r 2 estimates obtained with a two-sided Fisher's exact test.

Data availability
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Results

Identification of a locus centered on ARPC4 as associated with quantitative disease resistance to S. sclerotiorum In order to search for genes associated with plant quantitative disease resistance (QDR) to S. sclerotiorum, we scored disease severity index (Perchepied et al., 2010) on > 1100 Arabidopsis plants of 100 worldwide accessions at 3, 5, 6 and 7 d post-inoculation (dpi) (Fig. S1; Table S1). We focused on disease severity index at 6 dpi as the most discriminating parameter between accessions (Figs S1, 1a). We conducted GWA mapping using a mixed model algorithm [START_REF] Yu | A unified mixed-model method for association mapping that accounts for multiple levels of relatedness[END_REF][START_REF] Kang | Efficient control of population structure in model organism association mapping[END_REF] which has been shown to correct population structure confounding (Seren et al., 2012), and SNP data from the 250K SNP chip (Horton et al., 2012). Broad-sense heritability of the disease index score used in this mapping was estimated to 0.38. Association study with disease index at 6 dpi as phenotype values revealed five significant loci at the FDR level of q < 0.002, which corresponds to -log 10 (P-value) = 4.87. These SNPs mapped to four genomic regions in chromosomes I and IV (Fig. 1b; Table S2).

We focused on a peak around position 8155 000 on chromosome IV that included eight SNPs significant at q < 0.01 (Fig. 1c). This peak was surrounded by a 5-kb region with high linkage disequilibrium, encompassing a total of four predicted genes. The most associated SNPs in this area fell into predicted introns of the AT4G14147 gene. This gene encodes the Actin-Related Protein Complex 4 (ARPC4) protein, a member of the Arp2/3 complex of actin-binding proteins [START_REF] Deeks | Arp2/3 and SCAR: plants move to the fore[END_REF]. A correlation test indicated that these two top SNPs explained c. 22% of observed phenotypic variance.

Two arpc4 mutant lines show compromised quantitative disease resistance to S. sclerotiorum

In order to assess the role of ARPC4 in QDR, we studied the phenotype of the T-DNA insertion mutant lines arpc4-t1 and arpc4-t2 upon challenge with pathogens. The arpc4-t1 and arpc4-t2 alleles were previously suggested to be null because they result in truncated ARPC4 transcripts lacking C-terminal residues essential for ARPC4 function [START_REF] Kotchoni | The association of the Arabidopsis actin-related protein2/3 complex with cell membranes is linked to its assembly status but not its activation[END_REF]. These mutants show defects in trichome and epidermal pavement cells morphology and in stomatal closure upon hydrogen peroxide treatment, but do not show clear macroscopic defects in plant growth [START_REF] Kotchoni | The association of the Arabidopsis actin-related protein2/3 complex with cell membranes is linked to its assembly status but not its activation[END_REF]Li et al., 2014). To precisely assess the degree to which arpc4-t1 and arpc4-t2 plants are compromised in QDR against S. sclerotiorum, we measured the size of disease lesions on leaves inoculated by S. sclerotiorum (Fig. 2a; Table S3). A strong genotype effect and a weak experiment replicate effect were detected on lesion size (ANOVA P-value = 7.2e À7 and 3.2e À3 , respectively). As expected, 48 h post-inoculation (hpi) by S. sclerotiorum, lesions were c. 1.7 times smaller on the A. thaliana resistant accession Rubeznhoe-1 (Perchepied et al., 2010) than on the WT Col-0 and 1.14 times larger on the rlp30-1 mutant compromised in S. sclerotiorum disease resistance (Zhang et al., 2013) than on Col-0. On the arpc4-t1 and arpc4-t2 plants, lesions were c. 1.56 and c. 1.52 times larger than on Col-0 plants (Tukey's HSD test P = 3.9e À3 and 3.3e À2 , respectively). To test whether enhanced disease symptoms on arpc4 mutant plants are accompanied by enhanced fungal colonization, we quantified the degree of fungal colonization 20 hpi by a S. sclerotiorum strain constitutively expressing the green fluorescent protein (Badet et al., 2017b) (Fig. 2b,c; Table S4). Colonized area was c. 73.4 mm 2 on Col-0, c. 45.6 mm 2 on the Rubeznhoe-1 and c. 99.7 mm 2 on rlp30-1 mutant plants. The arpc4 mutant lines showed enhanced fungal colonization compared to WT with an average c. 93.8 mm 2 colonized area for arpc4-t1 (Student's t-test P = 0.039) and c. 88.9 mm 2 for arpc4-t2 (Student's t-test P = 0.089). The colonized area associated with plant genotype but not with experiment replicate (ANOVA P = 3.7e À4 and 0.31, respectively). These analyses demonstrate that arpc4-t1 and arpc4-t2 plants display both enhanced disease symptoms and enhanced fungal colonization. We conclude that arpc4-t1 and arpc4-t2 plants are significantly more susceptible to S. sclerotiorum than WT plants.

In order to determine whether multiple members of the actinrelated protein 2/3 (arp2/3) complex play a role in QDR against S. sclerotiorum, we measured the QDR phenotype of plants mutated in ARPC1A (AT2G30910), ARPC2B (AT2G33385) and ARPC5, CRK (AT4G01710) (Fig. 2d; Table S5). In this dataset, lesion size associated with plant genotype much more strongly than with experiment replicate (ANOVA P = 1.4e À15 and 2.6e À5 , respectively). Average lesion size was 64.1 mm 2 in Col-0, 84.8 mm 2 in arpc5, 94.8 mm 2 in arpc4-t2, 68.8 mm 2 in arpc2b and 71.9 mm 2 in arpc1a. Lesions were significantly larger than in Col-0 in arpc5 (Tukey's HSD test P < 1.0e À7 ), in arpc4-t2 (P < 1.0e À7 ) and in arpc1a (P = 0.07), but not in arpc2b (P = 0.54). Thus, several members of the arp2/3 complex are required for QDR to S. sclerotiorum.

In order to estimate the range of pathogens affected by ARPC4-mediated QDR, we performed inoculation of Col-0 plants, the susceptible Kas-1 accession, the susceptible 
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Research 483 campestris (Xcc). At 7 dpi, the proportion of plants showing disease symptoms was c. 15% for Col-0, arpc4-t1 and arpc4-t2, whereas it reached c. 60% for rks1-1 and c. 90% for Kas-1 (Fig. 2e,f; Table S6). Only at 10 dpi could a slightly higher proportion of arpc4-t1 and arpc4-t2 symptomatic plants than WT be detected. We conclude that the disruption of ARPC4 has a major impact on early steps of quantitative disease resistance against S. sclerotiorum but not Xcc.

ARPC4 mediates actin filaments reorganization upon S. sclerotiorum infection

The rapid reorganization of actin filaments (AFs) is one of the earliest plant cell responses to fungal penetration and to the perception of pathogen-associated molecular patterns (PAMPs) [START_REF] Opalski | The receptor-like MLO protein and the RAC/ROP family G-protein RACB modulate actin reorganization in barley attacked by the biotrophic powdery mildew fungus Blumeria graminis f.sp. hordei[END_REF][START_REF] Hardham | Rapid and dynamic subcellular reorganization following mechanical stimulation of Arabidopsis epidermal cells mimics responses to fungal and oomycete attack[END_REF][START_REF] Henty-Ridilla | The plant actin cytoskeleton responds to signals from microbe-associated molecular patterns[END_REF][START_REF] Li | Capping protein integrates multiple MAMP signalling pathways to modulate actin dynamics during plant innate immunity[END_REF]. The importance of AFs in the response to pathogen is further supported by pathogen effectors altering the dynamics of AFs [START_REF] Porter | Arabidopsis Actin-Depolymerizing Factor-4 links pathogen perception, defense activation and transcription to cytoskeletal dynamics[END_REF][START_REF] Kang | HopW1 from Pseudomonas syringae disrupts the actin cytoskeleton to promote virulence in Arabidopsis[END_REF]. To determine the extent to which AFs reorganize upon S. sclerotiorum infection, we imaged AF arrays by confocal microscopy in cotyledons of Col-0 and arpc4-t2 plants expressing the well-characterized actin reporter GFP-fABD2. For this, we introgressed the arpc4-t2 mutation within Col-0 plants expressing GFP-fABD2, and compared AF arrays properties to that of WT plants (Fig. 3a). We quantified AF anisotropy, bundling (skewness) and density 3 hpi with S. sclerotiorum in maximum-intensity 
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GENERAL DISCUSSION

The work initiated during my PhD aimed at getting a better understanding of the molecular determinants of the interaction between a generalist fungal pathogen S. sclerotiorum and its host plant A. thaliana. For this purpose, I focused on genotypic variability as a point of entry for the identification of genes underlying phenotypic variability. To identify major virulence genes in S. sclerotiorum, I first conducted a genomic comparative analysis between three fungal parasites of the Sclerotiniaceae family with contrasted lifestyle. In a second time, to get insights into the genomics of generalist fungal parasitism I led a comparative analysis of codon usage among 45 fungal species. Last, to pinpoint genes involved in QDR to S. sclerotiorum I computed a genome wide association analysis on A. thaliana natural accessions. The main results associated to this work are i) a new focus for the identification of candidate virulence proteins in S. sclerotiorum and ii) the identification of natural selection acting on codon optimization in generalist fungal parasites. We also preliminary characterized the population structure of S. sclerotiorum French field isolates and highlighted important genetic diversity despite little differentiation. In addition, we iii) report the identification of a prolyl oligopeptidase evolved from a duplication event in multiple plant lineages as a new QDR gene to S. sclerotiorum v) together with the actin related complex protein 4 that provides a new role for actin filaments in QDR to S. sclerotiorum. Preliminary results suggested that expression polymorphism at ARPC4 promoter region might underlie a trade-off between cold tolerance and disease resistance to S. sclerotiorum. Moreover, data generated on CRK8 candidate QDR gene suggested that the insertion of a RVT2 domain in CRK8 promoter region mediates expression polymorphism in association with QDR to S. sclerotiorum. Those results bring novel insights into the evolution of genetic determinants of generalist parasitism and quantitative disease resistance, opening the way for improved sustainable breeding strategies in agriculture.

Cold adaptation and generalism in fungal parasites

The Sclerotiniaceae family includes numerous devastating plant pathogens [START_REF] Berbee | The phylogeny of plant and animal pathogens in the Ascomycota[END_REF]). Among them, S. borealis is known as the snow mold causing disease on crop plants at northern latitudes (Mardanov et al. 2014). S. borealis has an optimal growth between 4 and 10°C (Hoshino et al. 2010). By comparison, S. sclerotiorum and B. cinerea optimal growth range between 21 and 24 °C (Wu et al. 2008;Judet-Correia et al. 2010). Here we report that orthologous protein sequences of S. borealis were enriched for threonine but depleted for glutamate, lysine and show less disorder in hotloops as compared to S. sclerotiorum and B. cinerea. We highlight that secreted proteins of S. sclerotiorum and B. cinerea show similar signatures specific to orthologous regions of S. borealis. In our paper, we discuss the putative role of these signatures for protein stability and cold tolerance in S. borealis. However, we could not exclude that these signatures are the mirror of other traits of S. borealis lifestyle. In the history of Earth, glaciations period have been recurrent leading to important changes on its living community [START_REF] Ibrahim | Spatial patterns of genetic variation generated by different forms of dispersal during range expansion[END_REF][START_REF] Hewitt | The genetic legacy of the Quaternary ice ages[END_REF][START_REF] Anderson | Progressive Cenozoic cooling and the demise of Antarctica's last refugium[END_REF]. In particular, post Pleistocene glaciations period has been followed by dispersal and colonization in fungal pathogens. Comparative analysis of amino acid bias in other lineages including cold living fungal parasites could help clarifying whether protein signatures of adaptation to cold environment are associated with secretion in close related mesophilic parasites. It will also allow assessing putative bias that could be due to fungal phylogeny or protein function. Whether those specific protein signatures are under natural selection is not documented in our study and could shed light on their evolution across phylogeny. Similarly, identifying the putative protein signatures shared by multiple psychrophilic fungi with different lifestyles should provide new insights on cold adaptation mechanisms and evolution of host range.
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