RESUME SUBSTANTIEL

Les approches de métagénomique basées sur les techniques de séquençage haut débit (high throughput sequencing, HTS) ont ouvert une nouvelle ère pour la découverte non biaisée et la caractérisation des virus. Comme pour les autres virus, de tels efforts de métagénomique montrent que la diversité des virus de plante (phytovirus) était jusqu'à très récemment largement sousestimée. Il est donc nécessaire d'explorer la diversité de virus associés aux populations végétales et de comprendre les forces évolutives structurant cette diversité dans le temps et dans l'espace.

Dans le même temps, le développement de telles études est toujours confronté à des questions d'ordre méthodologique concernant, par exemple, le choix des populations d'acides nucléiques cibles, la reproductibilité des analyses ou l'implémentation d'une stratégie pour la comparaison fiable de la richesse virale dans différent environnements. Dans cette thèse le phytovirome associé à des populations végétales échantillonnées dans différents écosystèmes, avec un focus sur les espèces sauvages ou les adventices, a été caractérisé par des approches de métagénomique par HTS. Dans ces expériences, l'analyse bioinformatique de la complexité des viromes a été conduite par deux stratégies, l'une classique basée sur l'annotation Blast des contigs pour l'identification des familles virales présentes dans un échantillon et l'autre, nouvelle, implémentée dans le pipeline "VirAnnot" et qui permet de classifier les séquences virales identifiées en OTU (operational taxonomic units) représentant un proxy des espèces virales.

Le pipeline VirAnnot a été décrit et validé au cours de cette thèse. Il permet l'identification automatisée des OTU viraux et a été utilisé dans toutes les analyses rapportées dans ce mémoire.

Dans son principe, une analyse RPS-Blast est utilisée pour détecter des motifs protéiques viraux conservés codés par les contigs. Les contigs ainsi identifiés sont alors alignés et une analyse de clustering permet de regrouper dans un OTU toutes les séquences proches partageant une identité protéique ou nucléotidique supérieure à une valeur seuil. Un seuil de 10% de divergence a ainsi été validé comme permettant d'identifier des OTU basés sur la séquence conservée de la RNA polymérase RNA dépendante virale (RdRp) représentant dans de nombreuses familles virales une approximation raisonnable des espèces virales telles que décrites dans la taxonomie établie par l'ICTV (International Committee for the Taxonomy of Viruses).

Grace à la stratégie implémentée dans VirAnnot, deux approches d'enrichissement en séquences virales, la purification d'ARN bicaténaires (double-stranded RNA, dsRNA) ou d'acides nucléiques associés aux virions (Virion-associated nucleic acids, VANA), ont été comparées pour la description du virome associé à des pools complexes représentatifs des espèces végétales les plus prévalentes dans divers écosystèmes cultivés ou sauvages. Une large diversité virale, dominée par des virus dsRNA nouveaux a été détectée dans tous les sites d'étude, avec une très large variabilité inter-sites qui a limité la capacité à tirer des conclusions quant à l'impact des pratiques culturales sur la diversité virale. Une tendance à la présence d'une diversité plus grande des virus dsRNA dans les sites non cultivés (118 vs 77 OTUs unique) a cependant été observée. L'approche basée sur les dsRNA purifiés a constamment révélé une diversité virale plus large que celle basée sur les VANA, et ce quel que soit le critère d'évaluation utilisé. Par ailleurs, des analyses de dissimilarité ont montré que les deux approches sont largement reproductibles mais qu'elles ne donnent pas systématiquement des résultats totalement convergents. Ces résultats illustrent des propriétés des phytoviromes associées aux écosystèmes étudiés et montrent l'intérêt de l'approche par les OTU pour estimer et comparer précisément la richesse des populations virales, permettant de raisonner les choix méthodologiques pour l'étude des phytoviromes et, vraisemblablement, des autres viromes.

Par une approche de HTS de dsRNAs purifiés, nous avons analysé le virome associé à des espèces cultivées et aux adventices et espèces sauvages environnantes dans un contexte horticultural du sud-ouest de la France. Les variations temporelles du virome ont été analysées par une approche de ré-échantillonnage sur deux années successives des mêmes populations végétales. Au total, 126 échantillons composites espèce-spécifiques représentant un total de 48 espèces végétales ont été ainsi analysés. Les données HTS obtenues ont été annotées au niveau des familles virales par Blast ainsi que par une approche de clustering des OTUs. Une large diversité virale a été identifiée, avec un total de 231 OTUs représentant 18 familles virales. La majorité des virus ainsi identifiés correspond à des virus à génome dsRNA jusqu'à présent non caractérisés. Pour les virus ssRNA (single stranded RNA), la proportion de virus nouveaux n'a été que de 48.1%. Les infections virales se sont révélées fréquentes, avec 86.5% des échantillons composites présentant au moins un OTU. Le nombre d'OTU uniques augmente linéairement avec le nombre d'échantillons analysés pour une espèce donnée, suggérant que le virome de chaque espèce végétale est probablement beaucoup plus grand et que sa description pourrait nécessiter l'analyse de plusieurs centaines de plantes pour une espèce donnée. La structure globale du virome s'est révélée relativement stable au fil du temps, en particulier s'agissant du ratio des virus ssRNA versus dsRNA et du nombre de familles virales détectées. Cependant, la composition du virome en termes d'OTU s'est révélée remarquablement dynamique, 68.8% des OTU n'étant détectés que dans un seul échantillon et seulement 6 OTUs (2.6%) étant détectés de façon reproductible au long des deux ans de l'étude. La recherche des OTUs partagés entre espèces cultivées et sauvages a par ailleurs démontré une sur-représentation des virus ssRNA.

Bien que les virus dsRNA soient abondants et divers dans les phytoviromes, leur origine reste une question car ils pourraient être soit des virus infectant les plantes échantillonnées soit des mycovirus infectant des champignons associés à ces plantes. Afin de tenter d'éclairer cette question, j'ai analysé en parallèle le virome associé à des pools végétaux complexes et le virome (mycovirome) associé à des pools fongiques cultivés à partir des mêmes échantillons végétaux. La diversité fongique (mycobiome) associée à ces deux types d'échantillons a également été analyse par une approche de barcoding. L'objectif était de tenter de répondre à deux questions : [START_REF] Wren | Plant virus biodiversity and ecology[END_REF] quelle est l'origine, fongique ou végétale, des virus dsRNA identifiés et [START_REF] Roossinck | Metagenomics of plant and fungal viruses reveals an abundance of persistent lifestyles[END_REF] quel est l'effet des pratiques culturales sur les communautés virales et fongiques associées aux diverses populations végétales échantillonnées. Les communautés fongiques identifiées montrent une riche diversité et sont dominées par des Dothideomycetes, Sordariomycetes and Leotiomycetes. L'analyse des viromes par séquençage HTS de dsRNAs purifiés a révélé un total de 18 familles virales comprenant des virus ssRNA de polarité positive ou négative, des virus dsRNA et des virus dsDNA, pour un total de 249 OTUs RdRp. Les approches de culturomique fongique ont capturé de l'ordre de 10% de la diversité fongique présente dans les échantillons végétaux mais les analyses de virome n'ont révélé pratiquement aucune corrélation entre les phytoviromes directement obtenus à partir des échantillons végétaux et les mycoviromes obtenus à partir des cultures fongiques. Les compositions des mycobiomes et, encore plus, des viromes ont montré une grande spécificité de site. Les comparaisons entre sites ont montré une plus grande diversité des mycobiomes dans les sites non cultivés alors que les viromes ont montré une richesse en familles virales plus importante dans les sites cultivés, suggérant que mycobiomes and phytoviromes sont structurés par des forces évolutives différentes. Des analyses complémentaires seront nécessaires pour confirmer ces données dans d'autres environnements et pour commencer à identifier les forces contribuant à structure les populations virales et fongiques associées aux plantes.

Il a été suggéré que certaines familles virales pouvaient être préférentiellement associées aux environnements cultivés ou, au contraire, aux environnements non-cultivés, soulevant à nouveau la question des forces évolutives contribuant à la composition des communautés virales. Sous ce type de questionnement général existent en métagénomique et en écologie virale des nombreuses sous-questions, comme celles de la contribution de la diversité des populations d'hôtes à la diversité des viromes, de la contribution des changements dans les populations d'hôtes à l'évolution de la pathogénicité des virus ou à l'émergence de nouveaux virus, de la contribution du virome au fonctionnement des populations végétales ou au phénotype étendu des holobiontes les hébergeant.

De la même façon, alors que les plantes sauvages et les adventices poussant à proximité des cultures constituent un réservoir potentiel pour de futures épidémies ou pour l'émergence de virus nouveaux, la fréquence et la directionnalité des flux de virus entre ces deux compartiments restent très peu documentées. Nous avons étudié par des approches de métagénomique HTS la diversité et les échanges de populations virales entre deux espèces botaniquement proches, la tomate (Solanum lycopersicum) et la morelle noire (Solanum nigrum). Une large variabilité du virome a été observée mais sans pouvoir relier cette diversité à un hôte particulier ou au contexte d'échantillonnage. Seuls 17.9% des OTU ont été trouvés partagés entre la tomate et la morelle.

L'assemblage de contigs très longs a permis une analyse détaillée des populations de plusieurs virus. Deux souches (NTN et C1) du virus Y de la pomme de terre (potato virus Y, PVY) ont été fréquemment détectées dans les populations de tomate et dans les populations de morelle échantillonnées dans les champs de tomate. Par contre, le PVY s'est révélé rare dans les populations de morelle poussant au sein d'autres cultures, suggérant que les infections du PVY sont une conséquence d'un phénomène de spill-over depuis les cultures de tomate. Des populations très diverses du virus 1 du flétrissement de la fève (broad wilt bean virus 1, BBWV1) présentant des pseudo-recombinaisons entre segments génomiques ont été détectées uniquement chez la morelle, suggérant l'existence de barrière limitant le transfert du BBWV1 vers la tomate. Un nouvel Ilarvirus infectant préférentiellement la morelle mais retrouvé chez la tomate a également été identifié et nommé Solanum nigrum ilarvirus 1. Les résultats obtenus enrichissent nos connaissances du virome de ces deux espèces et des flux viraux entre elles.

L'objectif central de cette thèse était d'explorer la diversité des phytovirus par des approches de métagénomique HTS, d'étudier la prévalence et la dynamique des populations virales dans le temps et dans l'espace et d'aborder la question des forces structurant les phytoviromes dans divers environnements. L'utilisation des approches de métabarcoding a aussi permis d'analyser en parallèle les mycobiomes. Les résultats acquis les plus significatifs concernent principalement deux aspects. L'un, méthodologique, permet aujourd'hui de mieux raisonner le choix des approches mises en oeuvre et de mesurer précisément la diversité virale par l'identification d'OTU qui représentent un proxy acceptable des espèces virales. L'autre, porte sur la description fine et la comparaison de viromes (et dans un cas, de mycobiomes) entre différentes situations contrastées, apportant de nouvelles connaissances sur la diversité, la dynamique et les forces structurant ces communautés virales.

LES VIROMES ASSOCIES AUX PLANTES SAUVAGES : VERS DES STRATEGIES DE CARACTERISATION OPTIMISEES ET VARIABILITE DANS DIVERS ENVIRONNEMENTS RESUME :

Les approches de métagénomique basées sur l'utilisation des techniques de séquençage haut débit indicate that the diversity of plant viruses was until recently far underestimated. As potentially important components of unmanaged and cultivated ecosystems, there is a need to explore the diversity of the viruses associated with plant populations and to understand the drivers shaping their diversity in space and time. At the same time, the development of such studies is still faced by methodological questions concerning, for example, the choice of target nucleic acids populations, the reproducibility of the analyses or the implementation of a strategy to accurately compare virus richness in different environments. In the present thesis the phytovirome associated with plant populations sampled in various ecosystems, with an emphasis on wild plant or weed species was characterized using HTS-based metagenomics. In these experiments, the bioinformatic analysis of the virome complexity was performed using two strategies, a classical one based on Blast-based contigs annotation for the identification of the viral families present in a sample and a novel one, described and validated here, and which allows to classify the metagenomic viral sequences into operational taxonomic units (OTUs) as a proxy to viral species.

Also from the methodological perspective, the results obtained using complex plant pools such as those used in the "lawn-mower" sampling strategy allowed to compare the performance of the two currently used viral enrichment methods, double-stranded RNA (dsRNA) or Virion-associated nucleic acids (VANA) purification. The results indicate both of approaches uncovered rich viromes and suggest that the dsRNA approach should be preferred when analyzing complex plant pools since it consistently provided a more comprehensive description of the analysed phytoviromes, with the exception of the DNA viruses. The virome characterization results obtained showed, for the temperate plant populations from unmanaged and cultivated sampling sites, a high virus incidence (up to 86.5% in 126 single species pools collected over a two-year period) and confirmed the predominance of dsRNA viruses with greater than 70% of the phytovirome OTUs. While a significant proportion of detected single-stranded RNA (ssRNA) viruses are already known agents, more than 90% of the dsRNA viruses are novel and had not previously been characterized. A large scale culturomics effort to contrast the phytovirome with the mycovirome of fungal cultures obtained from the same plant samples revealed an extremely low number of shared OTUs, further deepening the debate about the phytovirus or mycovirus nature of the dsRNA viruses identified in plant viromes. The OTU composition of the analyzed phytoviromes varied significantly between sampling sites but was also shown to be highly dynamic over time, with a very low proportion of OTUs consistently re-sampled in the same plant population over a 2 years period. Taken together, these exploratory studies allow a more reasoned choice of methodology for the study of plant-associated viromes and expand our knowledge of plant virus diversity especially in neglected wild plant populations, providing important references for the further viral ecology and evolution studies. Many times it was her who sent me messages to comfort my homesickness, and it was her who always gave me great encouragements when I was lost and frustrated, which made me feel so warm in this foreign country. She is wise, capable, straightforward and thoughtful and I am lucky for their great help on data processing. I also want to thank Tania Fort for her suggestions and patient instructions for the fungi metabarcoding experiments and subsequent data processing, analysis and the article revision. Here, I would also like to thank my colleague at the same time my best friend Shuo Liu who has provided many help for my experiments and constant encouragements and confidence for the completion of this thesis. Sincere thanks also to Charlie Pauvert for insightful suggestions and discussions.
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GENERAL INTRODUCTION

A Brief Overview of Viruses

Viruses are infectious biological entities that replicate only inside living cells of their host(s).

Collectively, they can infect all life forms including animals, plants, bacteria, fungi and archaea [START_REF] Koonin | The ancient Virus World and evolution of cells[END_REF]. The vast majority of viruses are much smaller than bacteria with a diameter of between 20 and 300 nanometers. That is the reason why the Chamberland bacteria filters cannot intercept viruses and why the crushed leaf extracts from infected tobacco plants remain infectious after filtration, as was found by Dmitri Ivanovsky in 1892 and validated by Martinus Beijerinck in 1898. That was the first evidence of the existence of a virus which is now known as tobacco mosaic virus (TMV) [START_REF] Creager | Tobacco Mosaic Virus: Pioneering Research for a Century[END_REF].

Outside the cell, viruses exist as free particles called virions, which are typically nucleic acids surrounded by a protective protein shell called a capsid (Breitbart andRohwer, 2005, Gelderblom, 1996). Some viruses also have a lipid "envelope" derived from the host cell membrane. Virion shapes can be simple helical and icosahedral forms for some viruses and be more complex structures for others. The virus nucleic acids vary between different species, as they can be either DNA or RNA, single stranded (ss) or double stranded (ds), positive sense (+) or negative sense (-) and can be linear or circular [START_REF] Abrescia | Structure Unifies the Viral Universe[END_REF][START_REF] Lodish | Viruses: structure, function, and uses[END_REF]Zhang et al., 2019). The viral genome can be encoded on a single molecule or segmented. The diversity of the ways viruses store their genetic information is therefore extremely large and without equivalent in cellular organisms. Notably, viral genomes share no absolutely conserved genes such as 16S Ribosomal RNA gene for Bacteria [START_REF] Olsen | Microbial ecology and evolution: a ribosomal RNA approach[END_REF] and ITS region for fungi [START_REF] Schoch | Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi[END_REF] that could be used as a target for barcoding approaches.

Based on these various types of genomes and on the mechanism(s) of replication (Baltimore, 1974, Temin and[START_REF] Temin | RNA-Directed DNA Synthesis and RNA Tumor Viruses[END_REF], the Because their small genome size and high mutation rates make it difficult to determine viral ancestry beyond the order level, the Linnaean hierarchical system was only partially accepted by the International Committee on Taxonomy of Viruses (ICTV) with the hierarchical ranks of order, family, genus and species. The Baltimore classification was therefore used as an independent, longtime supplement to the official virus taxonomy. However, the latest 2018b taxonomy release of ICTV expands the available taxonomic ranks to 15 including Class, Phylum, Kingdom and Realm and comprises 14 orders, 143 families, 64 subfamilies, 846 genera, and 4,958 species including subviral agents such as satellites and viroids [START_REF] Siddell | Additional changes to taxonomy ratified in a special vote by the International Committee on Taxonomy of Viruses (October 2018)[END_REF], with a current push to further define higher order taxa.

Plant viruses: diversity was much underestimated

While as indicated above, the number of recognized viral species remains relatively small, largescale environmental metagenomics studies, enabled by high-throughput sequencing technologies, have revealed that viruses are the most abundant biological entities on earth with an estimated number of 10 30-31 species (Breitbart and Rohwer, 2005). As another example, it has been estimated that ca. 1.7 million undiscovered viral species belonging to key zoonotic families may exist in mammals and birds [START_REF] Carroll | The Global Virome Project[END_REF]. Yet most of what we know about viral populations comes from the marine environment and human microbiome (Brum et al., 2015;Reyes et al., 2010). Plant viruses, or plant-associated viruses, have been targeted by more limited efforts than animal viruses and are consequently generally less well understood, while their diversity is similarly grossly underestimated. For example, the newly released 2018b ICTV taxonomy listed a total of 4,958 virus species, however only about 1,337 species (27.0%) are plant viruses [START_REF] Siddell | Additional changes to taxonomy ratified in a special vote by the International Committee on Taxonomy of Viruses (October 2018)[END_REF].

This percentage is to be compared with the ca. 5,500 known mammalian species contrasted with an estimated ca 400,000 described plant species and ca. 2,000 new plant species described each year [START_REF] Bachman | State of the World's Plants Report[END_REF].

Two main reasons may explain this underestimation of plant virus diversity. The first one is that viruses have traditionally been thought of as pathogens, which has led to biased studies, largely focusing efforts on viruses causing visible symptoms in economically important crops (Wren et al., 2006). Indeed, the Viral Identification Data Exchange (VIDE) Database shows that most known plant viruses were initially identified from cultivated crop species (http://biomirror.im.ac.cn/mirrors/pvo/vide/sppindex.htm). However, crop species only comprise a minute fraction of all plant species. In addition, while the efforts of pathologists and virologists have historically been focused towards symptomatic hosts, there is also evidence that only a small fraction of viruses causes obvious symptoms and which were known as acute or chronic plant viruses (Roossinck, 2005). These acute plant viruses are frequently transmitted horizontally and their infection may cause the death of the host, or lead to recovery of the host or conversion to chronic infections [START_REF] Roossinck | Lifestyle of plant viruses[END_REF]. In contrast to acute viruses, persistent viruses, previously called cryptic viruses [START_REF] Boccardo | Cryptic Plant Viruses[END_REF], are generally asymptomatic, transmitted vertically through host cell division and sexual reproduction and generally exist with low titer in host plants.

Most currently known persistent viruses have double-stranded RNA genomes encoding only an RNA dependent RNA polymerase (RdRp) and a coat protein such as viruses in family

Partitiviridae [START_REF] Roossinck | Lifestyle of plant viruses[END_REF]. As an exception, persistent viruses in the Endornaviridae family, that were previously regarded as dsRNA viruses, have recently been reclassified as ssRNA viruses on the basis of phylogenetic affinities, the genomic dsRNA found in infected plants being now interpreted as replication intermediates [START_REF] Siddell | Additional changes to taxonomy ratified in a special vote by the International Committee on Taxonomy of Viruses (October 2018)[END_REF]. Persistent viruses have been revealed

to be abundant in plants, however they were so far poorly studied [START_REF] Roossinck | Lifestyle of plant viruses[END_REF]Roossinck, 2012;Roossinck, 2015). Taken together, these biases towards cultivated crops and acute/chronic viruses suggest that similar to other parts of virology, there exists a huge gap in our understanding of plant virus diversity, evolution and ecology (Wren et al., 2006).

To bridge this gap, some recent studies have started to analyze virus populations with a focus on wild plant populations, which are likely to represent reservoirs for both novel epidemies of known viruses and for novel, emerging agents (Anderson et al., 2004;Cooper and Jones, 2006;Elena et al., 2014;McLeish et al., 2019;[START_REF] Stobbe | Plant virus metagenomics: what we know and why we need to know more[END_REF]. The few metagenomic studies performed to date have shown that virus occurrence is quite common in wild plants, independently of the presence of symptoms, with as high as 70% prevalence and most them are novel to science [START_REF] Roossinck | Lifestyle of plant viruses[END_REF]. These viruses were usually detected from the Partitiviridae, Endornaviridae, Totiviridae and Chrysoviridae families, the latter two families being only considered as suspected/potential persistent plant viruses because all or the vast majority of the viruses they contain are known as fungal viruses. However, members of these families are frequently and abundantly detected from plants (Roossinck, 2015). Consequently, it remains to be determined whether all or part of the persistent viruses identified from plant viromes have a fungal origin and infect fungi associated with the analyzed plant samples or whether they are plant viruses replicating in the sampled plants. It has been argued that the latter hypothesis seems more plausible given the very small amount of fungal tissue that is found in plants harboring endophytes [START_REF] Roossinck | Lifestyle of plant viruses[END_REF].

The second reason for our limited knowledge of plant virus diversity lies with the limitation of traditional virus detection technologies, which are based either on virus biological properties related to the interaction(s) with host(s) and/or vector(s) or on intrinsic properties of the virus itself such as its coat protein and nucleic acid(s) [START_REF] Naidu | Methods for the detection of plant virus diseases[END_REF]. Precipitation/agglutination tests, enzyme-linked immunosorbent assays (ELISA) and immunoblotting are all generally based on the detection of the viral coat protein and molecular hybridization assays and polymerase chain reaction (and its many variants) are based on the detection of the virus nucleic acid(s) [START_REF] Boonham | Methods in virus diagnostics: From ELISA to next generation sequencing[END_REF][START_REF] Naidu | Methods for the detection of plant virus diseases[END_REF][START_REF] Yadav | Plant Virus Detection and Diagnosis: Progress and Challenges[END_REF]. These methods have for a long time helped virologists detect and identify viruses but have serious limitations, such as requiring a priori knowledge of the virus, being often slow and/or labor-intensive, often lacking sensitivity or throughput. These limitations have over the years imposed strong restrictions to the virus discovery process, highlighted for example by the range of diseases for which the causal virus was only identified recently or even still remains to be identified. This situation has dramatically changed with the development of next-generation sequencing (NGS) technologies [START_REF] Delwart | Viral metagenomics[END_REF][START_REF] Mokili | Metagenomics and future perspectives in virus discovery[END_REF]Roossinck et al., 2015;Rosario and Breitbart, 2011;[START_REF] Wu | Identification of viruses and viroids by next-generation sequencing and homology-dependent and homology-independent algorithms[END_REF].

The next generation sequencing combines three major improvements: (i) instead of cloning of DNA fragments, it relies on the preparation of libraries in a cell free system; (ii) thousands-tomillions of sequencing reactions are conducted in parallel and (iii) the sequencing output is directly detected without the need for electrophoresis, base interrogation being performed cyclically and in parallel [START_REF] Van Dijk | Ten years of next-generation sequencing technology[END_REF]. Thanks to the very high volume of sequence data thus produced at relatively low cost and to progress in the bioinformatic analysis of these sequence data, high throughput sequencing (HTS), also referred to as NGS, deep sequencing or large scale sequencing has largely superseded in the past 15 years all previously used virus discovery approaches [START_REF] Maree | Application of HTS for Routine Plant Virus Diagnostics: State of the Art and Challenges[END_REF]Massart et al., 2014;Rott et al., 2017;Villamor et al., 2019).

Application of high throughput sequencing (HTS) in plant virology

In the plant virology research field, HTS has been used to unravel the etiology of some disease through the discovery of both known and unknown viruses, for the study of viral intraspecific genetic diversity, for the analysis of plant response to infection and in epidemiology and virus ecology studies (Massart et al., 2014;Villamor et al., 2019).

First of all, HTS has been used in etiology efforts for viral pathogen discovery, largely displacing the previously used, biossay-based approaches. One well-known and particularly illustrative example concerns the discovery of Grapevine red blotch virus (GRBV). Initially grapevine red blotch disease, with symptoms resembling those of grapevine leafroll disease, was first observed in 2008 in a Vitis vinifera 'Cabernet Sauvignon' vineyard in California and a 'Cabernet franc' vineyard in New York [START_REF] Sudarshana | Grapevine Red Blotch-Associated Virus, an Emerging Threat to the Grapevine Industry[END_REF]. However, extensive conventional testing showed negative results for all known leafroll-associated viruses. The identification of GRBV was first achieved in 2011 using Illumina HTS on cDNAs prepared from purified double stranded RNA (dsRNA) [START_REF] Rwahnih | Association of a DNA Virus with Grapevines Affected by Red Blotch Disease in California[END_REF]. Meanwhile other similar studies using other target nucleic acids populations for HTS also revealed the existence of this novel ssDNA Gemini-like virus in the infected samples [START_REF] Krenz | Complete genome sequence of a new circular DNA virus from grapevine[END_REF][START_REF] Poojari | A Leafhopper-Transmissible DNA Virus with Novel Evolutionary Lineage in the Family Geminiviridae Implicated in Grapevine Redleaf Disease by Next-Generation Sequencing[END_REF]. Since then, many symptomatic, leafrollnegative vines have been shown to be positive for GRBV [START_REF] Krenz | Grapevine red blotch-associated virus Is Widespread in the United States[END_REF]. Subsequently the infectivity of GRBV and its involvement in the disease have been validated by the construction of an infectious clone which reproduced typical disease symptoms upon inoculation in grapevine [START_REF] Cieniewicz | Insights Into the Ecology of Grapevine red blotch virus in a Diseased Vineyard[END_REF][START_REF] Yepes | Causative Role of Grapevine Red Blotch Virus in Red Blotch Disease[END_REF]. In another example, the causal agent of mulberry mosaic dwarf disease, which has reduced mulberry production in China for a century was finally identified when the results of small RNA sequencing on the Illumina platform indicated the existence of a new geminivirus seemingly responsible for this disease [START_REF] Lu | Complete genome sequence of a novel monopartite geminivirus identified in mulberry (Morus alba L.)[END_REF][START_REF] Ma | Identification and molecular characterization of a novel monopartite geminivirus associated with mulberry mosaic dwarf disease[END_REF]. A highly significant correlation between virus presence and disease was then observed, and the virus correspondingly named mulberry mosaic dwarf-associated virus (MMDaV) and the causal role later demonstrated by bioassays [START_REF] Ma | Identification and molecular characterization of a novel monopartite geminivirus associated with mulberry mosaic dwarf disease[END_REF][START_REF] Yang | Identification of the Potential Virulence Factors and RNA Silencing Suppressors of Mulberry Mosaic Dwarf-Associated Geminivirus[END_REF].

High throughput sequencing has similarly been applied in plant materials undergoing quarantine or post-quarantine screening, revealing viral infections that had escaped more classical tests. For example, Candresse et al. (2014) discovered by HTS of virus-derived small interfering RNAs (siRNAs) and of virion-associated nucleic acids (VANA) a novel mastrevirus named sugarcane white streak virus (SWSV) in two quarantined sugarcane plants. In another example, Bag et al.

(2015) detected using HTS a new luteovirus from nectarine plants after post-entry quarantine.

Through this study, they suggested the importance of including HTS analysis as an essential tool to assess the plant health status of traded propagation plant materials, as a supplement to the traditionally used biological indexing process [START_REF] Bag | Detection of a New Luteovirus in Imported Nectarine Trees: A Case Study to Propose Adoption of Metagenomics in Post-Entry Quarantine[END_REF]. These studies highlight the "blind spot" that exists in most classical approaches through their reliance on prior knowledge of the viruses that are to be detected. For its part, biological indexing does not rely on such prior knowledge but is only effective if specific symptoms are observed in the indicator plant(s) used.

The current quarantine-testing protocols, that are therefore largely limited to the testing of known pathogens incompletely address the risk of invasion of new viral pathogens, explaining the interest to complement them with HTS-based approaches that have the potential to detect any viral agent present, irrespective of the existence of any prior knowledge [START_REF] Bag | Detection of a New Luteovirus in Imported Nectarine Trees: A Case Study to Propose Adoption of Metagenomics in Post-Entry Quarantine[END_REF]Candresse et al., 2014;[START_REF] Maliogka | Recent Advances on Detection and Characterization of Fruit Tree Viruses Using High-Throughput Sequencing Technologies[END_REF][START_REF] Maree | Application of HTS for Routine Plant Virus Diagnostics: State of the Art and Challenges[END_REF]Villamor et al., 2019).

High throughput sequencing has also been applied in the study of intra-host or intra-specific diversity of viruses. As we know, viruses have very high mutation rates (and particularly RNA viruses), short generation times and large population sizes, all factors that may result in high degree of genetic diversity of virus populations in an infected host [START_REF] Duffy | Rates of evolutionary change in viruses: patterns and determinants[END_REF]. Because of their diversity, intra-host virus populations are often referred to as mutant clouds, swarms, or viral quasispecies [START_REF] Beerenwinkel | Challenges and opportunities in estimating viral genetic diversity from next-generation sequencing data[END_REF][START_REF] Lauring | Quasispecies theory and the behavior of RNA viruses[END_REF]. Based on HTS and bioinformatic analyses, [START_REF] Jo | The pepper virome: natural coinfection of diverse viruses and their quasispecies[END_REF] have revealed viral populations and identified their quasi-species in susceptible and resistant pepper plants. HTS approaches also enable the complete assembly of viral genomes and reveal single nucleotide variations at a pangenomic level [START_REF] Jo | In silico approach to reveal viral populations in grapevine cultivar Tannat using transcriptome data[END_REF][START_REF] Jo | Integrated analyses using RNA-Seq data reveal viral genomes, single nucleotide variations, the phylogenetic relationship, and recombination for Apple stem grooving virus[END_REF]. High intra-host and intra-species diversity of plum bark necrosis stem pitting-associated virus (PBNSPaV) [START_REF] Marais | Characterization by Deep Sequencing of Divergent Plum bark necrosis stem pitting-associated virus (PBNSPaV) Isolates and Development of a Broad-Spectrum PBNSPaV Detection Assay[END_REF] and little cherry virus 1 (LChV1) [START_REF] Katsiani | High-Throughput Sequencing Reveals Further Diversity of Little Cherry Virus 1 with Implications for Diagnostics[END_REF] has been accurately explored through HTS indicating new era of highly accurate virus diagnosis. It has also been reported that mathematical models coupled with HTS can accurately describe both selection and genetic drift shaping the evolutionary dynamics of viruses within or between hosts [START_REF] Fabre | Modelling the Evolutionary Dynamics of Viruses within Their Hosts: A Case Study Using High-Throughput Sequencing[END_REF]. HTS has been used to reveal the intra-and inter-hosts genetic diversity of zucchini yellow mosaic viruses under natural and greenhouse conditions [START_REF] Simmons | Deep sequencing reveals persistence of intra-and inter-host genetic diversity in natural and greenhouse populations of zucchini yellow mosaic virus[END_REF].

The obtained high resolution sequencing data suggested that some mutations persisted during inter-host transmission as well as within individual hosts, an indication that vector-imposed transmission bottleneck and systemic bottleneck may not be as strong as initially thought [START_REF] Simmons | Deep sequencing reveals persistence of intra-and inter-host genetic diversity in natural and greenhouse populations of zucchini yellow mosaic virus[END_REF]. The development and application of the next wave of very long reads HTS approaches such as the Minion, may bring further improvements to our ability to analyze viral diversity at a viral pangenomic scale (Filloux et al., 2018b) In addition, HTS-based metagenomics has been used for the non-targeted discovery and description of viral communities in a wide range of environments or holobionts by analyzing viral nucleic acids (virome). Virome studies have been conducted on various plant individuals, cultivars and species. For example, the virome in a single grapevine has been characterized by HTS of double-stranded RNAs, revealing the presence of a substantial set of mycoviruses among the detected viruses (Al Rwahnih et al., 2011). Still for grapevine, the grapevine population in a vineyard has been screened by HTS of dsRNA and a census virome built [START_REF] Coetzee | Deep sequencing analysis of viruses infecting grapevines: Virome of a vineyard[END_REF].

The viromes in peach cultivars [START_REF] Jo | Peach RNA viromes in six different peach cultivars[END_REF], in sweet potato cultivars [START_REF] Gu | Exploring the Polyadenylated RNA Virome of Sweet Potato through High-Throughput Sequencing[END_REF], in watermelon pools have also been studied [START_REF] Luria | Insights Into a Watermelon Virome Contribute to Monitoring Distribution of Whitefly-Borne Viruses[END_REF]. These studies generally revealed the presence of both known and novel viruses but they most often represent small scale surveys mainly addressing issues such as the prevalence of specific viruses or monitoring epidemies. Beyond studies of the virome of individual plants or plant species, large and complex plant populations representative of the flora of a given environment or sampling point have also sometimes been analyzed with the aim to gain information on the biotic or abiotic factors shaping the diversity and composition of viromes (Bernardo et al., 2018;Susi et al., 2019;Thapa et al., 2015). In an early work, Thapa et al. (2015) has investigated over four years 400 plants from six wild plant species collected from twenty sites in the Tallgrass Prairie Preserve in northeastern Oklahoma. At species, spatial or temporal scales, the viromes were described and compared and the results indicated that host identity has a significantly stronger effect on virome composition than other factors such as location and sampling year (Thapa et al., 2015). An investigation of the viromes from 1,725 georeferenced plant samples collected over two years in two biodiversity hotspots (Western Cape region of South Africa and Rhône river delta region of France) suggested that agriculture substantially influences plant virus distributions at a landscape scale (Bernardo et al., 2018).

Different from the relatively small scale metagenomic studies focusing on a crop species, these large scale metagenomic studies focused on wild plant species and tried to classify the enormous amount of viral sequences into Operational Taxonomy Units (OTUs) for a better assessment of virus diversity (Bernardo et al., 2018;Thapa et al., 2015). These pioneering studies have started to fill the knowledge gap on virus diversity in wild plant species, and have provided strategies for the implementation of plant virus metagenomics with an ecology perspective, making pioneering efforts towards the precise assessment of viromes diversity.

Critical methodological points for the implementation of the "wet lab" part of HTSbased plant virus metagenomics 1. Sampling

As the earliest step for HTS-based virome study, the choice of the sampling strategy has a major importance, in particular in relation to the question(s) being addressed by the study. As we briefly described above, the analyzed samples can be individual plants, groups of plants of the same species or complex pools containing different plant species and reflecting the sample plant population at a sampling point or in an environment. When the objective is to describe the whole virome of a multispecies plant population, the two main strategies used are the so-called "Metagenomics" and "Ecogenomics" approaches as defined by Roossinck (2012). The "Metagenomics" strategy, also called the "lawnmover" method generally pools all the above ground parts of plants and combines them into a single (highly) composite sample (Roossinck et al., 2015) representative of the sampling site flora and of the associated virome. It thus provides a global vision of the virome but does not preserve the information about the host(s) of the individual detected viruses. The other strategy, "Ecogenomics", allows to trace back each output viral sequence to host plant(s), thus retaining the host(s) information, but may require the analysis of many more sample in order to get a global virome vision for complex plant populations (Bernardo et al., 2018;Roossinck et al., 2015).

Nucleic acids preparation

Plant viruses, like many other viruses, are characterized by two properties: (i) they are highly variable and as a group do not share universally conserved sequences that might be used for barcoding approaches and (ii) they are rarely accessible outside of their hosts or vectors (presence in surface waters of some plant viruses would be a counter example to this second property; [START_REF] Mehle | Survival and Transmission of Potato Virus Y, Pepino Mosaic Virus, and Potato Spindle Tuber Viroid in Water[END_REF][START_REF] Mehle | Chapter Four -Water-Mediated Transmission of Plant, Animal, and Human Viruses[END_REF][START_REF] Ravnikar | Water mediated virus transmission: Sources, detection and inactivation[END_REF]). A practical consequence of these features is that HTS-based metagenomics studies of plant viruses generally use very complex nucleic acids mixtures that contain both hosts and viral nucleic acids. A range of potential nucleic acids populations can be targeted and have in practice been used in virus discovery efforts. These include total RNA (totRNA) with or without ribosomal RNA depletion, polyadenylated RNA (poly(A)RNA), double stranded RNA (dsRNA), virion-associated nucleic acids (VANA), virusderived small interfering RNA (sRNA) and RNA after subtractive hybridization with healthy plant RNA [START_REF] Adams | Diagnosis of plant viruses using next-generation sequencing and metagenomic analysis[END_REF]Roossinck et al., 2015;[START_REF] Wu | Identification of viruses and viroids by next-generation sequencing and homology-dependent and homology-independent algorithms[END_REF]. These methods differ in their efficiency at capturing viruses with different genome types (as listed in the Baltimore classification) and in the enrichment in viral sequences they offer. Their advantages and disadvantages have been reviewed in detail [START_REF] Adams | Diagnosis of plant viruses using next-generation sequencing and metagenomic analysis[END_REF]Roossinck et al., 2015). A brief summary of these approaches is provided here.

Total RNA: one of the most direct approaches, it does not enrich in viral sequences but can detect a large spectrum of RNA viruses, DNA viruses and viroids; its main disadvantage is that large amounts of non-viral sequences are generated, including for host ribosomal RNAs.

As a consequence, high sequencing depth is needed, in particular for low titer viruses, making this approach more costly and more intensive in the bioinformatics analysis phase.

Ribo-depleted total RNA: a modification of the total RNA approach in which the plant ribosomal RNAs are removed from the total RNA before sequencing, resulting in a ca. tenfold enrichment in viral sequences [START_REF] Adams | Diagnosis of plant viruses using next-generation sequencing and metagenomic analysis[END_REF]. Similar to total RNA, it allows the detection of all types of viral agents. The cost of this approach remains significant because of the extra cost imposed by the ribo-depletion step.

Poly(A) RNA: similar to ribo-depletion, the purification of messenger RNAs through the selection of poly-adenylated molecules counter-selects the host ribosomal RNAs (and other noncoding RNAs), allowing some level of enrichment of viral sequences. However, viruses with genomes that do not contain a polyA are also counter-selected [START_REF] Wu | Identification of viruses and viroids by next-generation sequencing and homology-dependent and homology-independent algorithms[END_REF].

Small interfering RNA: This approach focuses on the small 21-24 nucleotides (nt) RNAs which are produced by cleavage of viral RNAs by the host Dicer enzymes as a consequence of the antiviral silencing defense reaction [START_REF] Hamilton | A species of small antisense RNA in posttranscriptional gene silencing in plants[END_REF][START_REF] Lu | Virus-induced gene silencing in plants[END_REF].

The advantage of this approach is the generality of the silencing defense and therefore, the ability to detect RNA viruses, DNA viruses and viroids (Pooggin, 2018). As for total RNA, a lot of host-derived sequences are generated in parallel with viral ones and the proportion of viral reads may be quite low, in particular in woody species [START_REF] Massart | Virus Detection by High-Throughput Sequencing of Small RNAs: Large-Scale Performance Testing of Sequence Analysis Strategies[END_REF]. In addition, assembly of viral genomes from the small siRNA reads is often not as efficient and straightforward as for the long reads produced by other approaches [START_REF] Massart | Virus Detection by High-Throughput Sequencing of Small RNAs: Large-Scale Performance Testing of Sequence Analysis Strategies[END_REF].

Double stranded (ds)RNA: this approach is based on the purification of double-stranded RNAs from the analyzed plant sample (Marais et al., 2018). This particular type of nucleic acids is generally absent from non-infected hosts and is produced during their replication by all types of RNA viruses (Weber et al., 2006). Double-stranded RNAs are also sometimes observed for some DNA viruses (possibly as a consequence of incomplete bi-directional transcription termination) but this is not a general feature so that DNA viruses are largely counter-selected by this approach (Roossinck et al., 2015). This dsRNA-based approach has been also used for the discovery of fungal viruses (Roossinck, 2015). Double-stranded RNA purification may provide a high level of enrichment of viral sequences (Roossinck et al., 2010), thus reducing the sequencing power (and associated cost) needed as compared to no/low enrichment approaches.

Virion-associated nucleic acids (VANA): this is undoubtedly the most widely used technique in viral metagenomics (Bernardo et al., 2018;Filloux et al., 2018a;Thapa et al., 2015), in part because it is particularly well suited to analyze viruses present in environmental water samples [START_REF] Rosario | Metagenomic analysis of viruses in reclaimed water[END_REF]. It is somewhat less direct when host samples are to be used. It relies on the (semi)purification of viral particles by differential centrifugation (Filloux et al., 2015). Non encapsidated nucleic acids are then removed by a nuclease digestion step, before protected viral nucleic acids are finally recovered following the disruption of viral particles. It effectively enriches viral nucleic acids of encapsidated viruses but requires rather complex sample processing. In addition, the way in which its performance might be affected for viruses with unstable particles or by hosts rich in purification-interfering components remains a question.

Nucleic acids selected by subtractive hybridization: it is possible to enrich viral sequences by first performing a substractive hybridization step against healthy host(s) nucleic acids. This approach requires an access to healthy host(s) and involves time-consuming and complex processing; It is therefore considered not well suited in high throughput diagnostic settings but can be useful for etiology studies (Adams et al., 2009).

Sequence-independent sequencing: pointing to.

Amplicon sequencing: it is also possible to sequence amplification products. These can come in the form of rolling circle amplification (RCA) products that have proved useful for the detection or characterization of DNA viruses with circular genomes such as Geminiviridae, Nanoviridae or of viruses with pseudocircular genomes such as Caulimoviridae [START_REF] Idris | Viral metagenomics: analysis of begomoviruses by illumina high-throughput sequencing[END_REF][START_REF] Jeske | Barcoding of plant viruses with circular single-stranded DNA based on rolling circle amplification[END_REF][START_REF] Ng | Exploring the Diversity of Plant DNA Viruses and Their Satellites Using Vector-Enabled Metagenomics on Whiteflies[END_REF][START_REF] Rosario | Discovery of a novel mastrevirus and alphasatellite-like circular DNA in dragonflies (Epiprocta) from Puerto Rico[END_REF]. They can also be PCR products obtained using polyvalent, genus or family-specific primers targeting conserved genomic regions. This approach is then very close to the barcoding approaches used in fungal or bacterial metagenomics but with a narrower taxonomic breadth. Given the upstream PCR amplification, this strategy offers higher resolution for the parallel detection of both high and low titer viruses. The amplicon sequencing strategy can also be tuned to study viral intraspecific diversity such as in a study of the diversity of prunus necrotic ringspot virus (PNRSV)

in Prunus trees [START_REF] Kinoti | Generic Amplicon Deep Sequencing to Determine Ilarvirus Species Diversity in Australian Prunus[END_REF].

Overall, the main difference and advantages/disadvantages of the above approaches mainly concern the spectrum of detectable viruses and the enrichment achieved (with consequences for sequencing depth and cost). There are also some potential considerations on applicability to a wide range of host species. As a consequence, the choice of approach may vary depending of the study objective(s), on the number and complexity of the samples to be analyzed or on the available budget. Given that there have been so far few side-by-side comparisons, it may not be easy to determine the best choice or even whether there exists such a best choice. To gain a clearer vision and reason the choice of target nucleic acids population in a certain context, more comparative analyses are needed. A few such comparisons have so far been performed. For example, a comparison of virus-derived small interfering RNAs (siRNA) and virion-associated nucleic acids (VANA) for a new DNA virus discovery was reported by Candresse et al. (2014). In this case, higher genome coverage and longer contigs were generated using VANA than siRNAs. To test whether the same representation of within-host viral population structure could be obtained, siRNA and VANA-RNA have been compared by Kutnjak et al. (2015). The results revealed that both approaches provided highly similar viral mutational landscapes but also indicated that VANA-derived sequences performed better in complete viral genome reconstruction and allowed to more readily detect recombinant genomes (Kutnjak et al., 2015). The comparison of siRNA and ribosomal RNA depleted total RNA for citrus tristeza virus [(+)ssRNA, Closteroviridae] and citrus dwarfing viroid (Pospiviroidae) characterization in grapefruit showed that rRNA-depleted total RNA is superior to sRNA in de novo genome assembly and coverage for the closterovirus but not for the viroid (Visser et al., 2016). For the detection of viroids and of plant viruses with different genome types in nine different plant samples, the performance of these two approaches was virusdependent, but longer contigs and higher genome coverage were generated using rRNA-depleted total RNA (Pecman et al., 2017). In the sole study to date that incidentally compared dsRNA and VANA for wide scale metagenomics to describe viral diversity in six native plant species from the Nature Conservancy's Tallgrass Prairie Preserve in northeastern Oklahoma, the results showed that more operational viral taxonomic units (OTUs) were discovered by the dsRNA approach ( 29against seven for VANA). In addition, 86% of VANA-OTUs were also detected by dsRNA. The two approaches also showed different performance when analyzing the effects of sites on virome compositions (Thapa et al., 2015). Overall, while all approaches have proven feasible and yielded interesting results in virus discovery studies in which a limited number of simple samples are generally analyzed, two of them, dsRNA and VANA have been consistently chosen for wider scale metagenomics studies because the enrichment of viral sequences they offer directly translate in lower sequencing costs when a larger number of samples or more complex samples need to be analyzed. However, while these two approaches have been shown to perform well in a range of plants and for a range of viruses, there is still very limited information allowing to reason such a methodological choice in plant virus metagenomics studies.

Sequencing platforms

The first HTS platform, Roche 454 was originally released in 2005. This platform captures a template molecule in a bead that is further loaded on a well of a picotiter plate for amplification using emulsion PCR and finally sequenced using pyrosequencing [START_REF] Rothberg | The development and impact of 454 sequencing[END_REF].

The Illumina sequencer, which largely displaced it, is based on sequencing by synthesis using fluorescently labeled dye-terminators and the process of bridge amplification of adaptor-ligated DNA fragments on the glass surface of flow cell [START_REF] Bentley | Accurate whole human genome sequencing using reversible terminator chemistry[END_REF]. The Illumina platform has been and still is the most widely used technology as it provides the highest throughput, lowest error rate and is the most cost effective among currently available HTS platforms (Villamor et al., 2019). SOLiD is a system that utilizes a sequence by ligation method using a DNA ligase [START_REF] Valouev | A high-resolution, nucleosome position map of C. elegans reveals a lack of universal sequence-dictated positioning[END_REF]: it provides the second highest throughput after Illumina but only accommodates 75 bp (100 bp for paired-end read) as the longest read length. The Ion Torrent platform can produce 400 bp read length, however the throughput is still lower than that of the Illumina and SOLiD systems [START_REF] Rothberg | An integrated semiconductor device enabling non-optical genome sequencing[END_REF], while the error rate is higher and comparable to the of the 454 pyrosequencing. Different from the above mentioned second-generation technologies, the thirdgeneration sequencing platforms require no template amplification prior to sequencing since individual RNA/DNA molecules are used as templates [START_REF] Rhoads | PacBio Sequencing and Its Applications[END_REF][START_REF] Wang | VERSE: a novel approach to detect virus integration in host genomes through reference genome customization[END_REF].

For example, PacBio-Illumina is the most popular third-generation platform, and uses hairpin adaptors to form a closed ssDNA template called SMRTbell [START_REF] Rhoads | PacBio Sequencing and Its Applications[END_REF]. This platform can generate very long reads (20 kilobases (kb) and more) but has a high error rate. The other third-generation sequencing platform, proposed by Oxford Nanopore generates similar very long reads but higher error rate output but a lower throughput. On the other hand, it has the advantage of being highly portable in its MinION format [START_REF] Deamer | Three decades of nanopore sequencing[END_REF][START_REF] Jain | The Oxford Nanopore MinION: delivery of nanopore sequencing to the genomics community[END_REF]. Despite the high error rate, >99% accuracy of consensus sequence has been achieved with the MinION and given the low set up cost and portability of this platform, it has already generated interest in the plant virus field for example for the detection of maize streak virus, maize yellow mosaic virus and maize totivirus in maize plants (Adams et al., 2017), of plum pox virus in plum plants [START_REF] Badial | Nanopore sequencing as a surveillance tool for plant pathogens in plant and insect tissues[END_REF] or of viruses affecting water yam plant (Filloux et al., 2018b). The latter study also compared the performance of the Illumina and MinION platforms for the quality of the genomic sequences obtained, demonstrating that high quality sequences (>99.8% accuracy), very close to Illumina ones can be obtained with the MinION despite its high error rate (Filloux et al., 2018b). Since this technology may provide excellent genome reconstruction together with high consensus sequence accuracy, it might represent the future for viral metagenomics because could solve the problems linked to the short read length, such as incomplete, or chimeric genome assemblies (Filloux et al., 2018b).

Critical methodological points for the implementation of the "dry lab" bioinformatics part of HTS-based plant viral metagenomics 1. Reads demultiplexing, cleaning, assembly and annotation

Generally, during the library preparation step, individual "barcode" sequences are added to each DNA fragment, which are called Multiplex Identifiers (MIDs) and allow many libraries to be pooled and sequenced simultaneously in a multiplexed format during a single run. While it effectively reduces the cost of HTS, multiplexing however introduces some other problems for the downstream analysis such as mistagging [START_REF] Esling | Accurate multiplexing and filtering for highthroughput amplicon-sequencing[END_REF] or index-hoping (Illumina, 2017;van der Valk et al., 2019) which may results in a low background of inter-sample cross-talk.

A typical HTS dataset is original stored in a proprietary format or as FASTQ files and sequence quality can be evaluated by FASTQC program [START_REF] Andrews | FastQC: a quality control tool for high throughput sequence data[END_REF]. The generated reports can be used for the subsequent trimming of low quality reads. The trimmed sequences will be demultiplexed using available softwares [START_REF] Blawid | Discovering and sequencing new plant viral genomes by next-generation sequencing: description of a practical pipeline[END_REF]. After this pre-processing, the most widespread approach is de novo assembly into contigs using a range of pipelines (Villamor et al., 2019) or commercial softwares such as CLC Genomics Workbench (https://www.qiagenbioinformatics.com/products/clc-main-workbench/). This assembly step is in particular known to improve the efficiency of identification of viral sequences and to reduce the volume of the unannotated "dark matter" [START_REF] Francois | Increase in taxonomic assignment efficiency of viral reads in metagenomic studies[END_REF]. The annotation of sequences and the search for viral ones are conventionally performed by homology searches using Blast (Altschul et al., 1990) or similar programs. An alternative option is to rely on the targeted search of specific conserved motifs using RPS-Blast (Reverse Position-Specific BLAST; [START_REF] Marchler-Bauer | CDD: specific functional annotation with the Conserved Domain Database[END_REF]) for comparison with motifs databases such as PFAM [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF][START_REF] Punta | The Pfam protein families database[END_REF], NCBIfams [START_REF] Haft | RefSeq: an update on prokaryotic genome annotation and curation[END_REF] or SMART [START_REF] Letunic | 20 years of the SMART protein domain annotation resource[END_REF]. On the other hand, if the identification of known viruses is the objective, the pre-processed reads can be direct mapped on reference viral genomes using a range of available tools [START_REF] Fonseca | Tools for mapping high-throughput sequencing data[END_REF].

Difficulties in linking metagenomics sequence annotation with the ICTV taxonomy

Enormous amounts of viral sequences, including long scaffolds and short fragments, have been identified and annotated, generally by Blast-based approaches, potentially down to virus species level with corresponding identity percentages and e-values. However, these seemingly annotated nucleotide/translated amino acid sequences are not only associated with little/no biological data but also provide quite limited taxonomic reference points. As mentioned above, a large fraction of viruses identified in metagenomics studies are novel and have therefore no counterpart in Genbank or other similar databases. A consequence is that Blast will only identify the closest virus present in the database, even if the relationship to the annotated sequence is only very distant. The speciesand genus-level annotation are frequently considered unreliable for novel viruses so that a conservative family-level annotation is frequently used, even if its reliability is incomplete (Massart et al., 2014;Roossinck et al., 2010). This problem is compounded with other ones reviewed in detail by Simmonds (2015). The frequent incomplete coverage and assembly of virus genomes induced by the random whole genome amplification process or by the mere complexity of the viromes analyzed, the possible assembly problems leading to recombinant contigs and the fact that different genomic regions many have different evolutionary origins or be under very different selection pressures all cause difficulties when trying to assign sequences to the original virus entity. The same applies to the variability in the criteria used to define taxons in different viral families. It should also be considered that HTS can generally not establish links between the genomic segments of multipartite viruses. Lastly, the currently used homology-based annotation approaches may not be able to detect highly novel and divergent viruses which have no counterpart in the databases used for comparison purposes so that other approaches may be needed [START_REF] Soueidan | Finding and identifying the viral needle in the metagenomic haystack: trends and challenges[END_REF].

As mentioned above, the Blast-based annotations of novel agents are rarely acceptable at genuslevel and have to be considered even at family level (Bernardo et al., 2018;Thapa et al., 2015).

For example, in the virome study of wild plant species in Nature Conservancy's Tallgrass Prairie Preserve in northeastern Oklahoma, Thapa et al. (2015) combined viruses into relatively broad taxonomic categories at family and genus level, a consistent process performed for all samples. In another metagenomics study, virus prevalence and diversity were evaluated only at family level and, on the basis of pairwise sequence similarity related virus sequences were grouped into operational taxonomic units (OTUs) at family level for the deeper analysis (Bernardo et al., 2018).

The notion of defining OTUs for viruses was raised as early as 2013, when an OTU-like approach was proposed to analyze virus diversity in an Australian Hypersaline lake sample [START_REF] Emerson | New Approaches Indicate Constant Viral Diversity despite Shifts in Assemblage Structure in an Australian Hypersaline Lake[END_REF]. This was done by first predicting functional domains of query sequences using the InterProScan tool [START_REF] Quevillon | InterProScan: protein domains identifier[END_REF]. The predicted protein sequences were clustered at 40% amino acid identity with 0.3% mis-clustered sequences and then seven "universal" marker genes (viral gene signatures) to group the sequences into OTUs in a way to maximize the included virus populations [START_REF] Emerson | New Approaches Indicate Constant Viral Diversity despite Shifts in Assemblage Structure in an Australian Hypersaline Lake[END_REF]. The use of such broadly but not universally conserved protein signature sequences to regroup viral sequences in OTUs was also proposed by [START_REF] Klingenberg | Protein signature-based estimation of metagenomic abundances including all domains of life and viruses[END_REF] and theorized by Simmonds (2015). This potentially wide ranging solution, has three basic steps (i) the identification and alignment of informative conserved genome regions of contigs and of reference viral genomes, (ii) a phylogenetic analysis of the alignment and the regrouping of related sequences through a clustering approach to define OTUs and, if needed (iii) the annotation of these OTUs by Blast analysis of representative sequences. This last step potentially allows the naming of the new viral entities, indicating the clear analogy with existing virus genera and species (Simmonds, 2015).

The number and diversity of viral sequences that are identified in metagenomic data far exceeds that of experimentally characterized virus isolates. Generally, the approval of a new species by the ICTV depends on the availability of biological data for the corresponding virus, which has always limited the number of recognized virus species catalogued in the master species list (MSL).

Unfortunately, viral sequences discovered by metagenomics are very frequently incomplete and may not be associated with any biological information. Given the importance of metagenomics data in revealing vast, previously unknown parts of the virosphere, the ICTV has recently changed its perspective and rules about the elements needed to describe a novel virus species [START_REF] Simmonds | Consensus statement: Virus taxonomy in the age of metagenomics[END_REF]. It thus decided that, with appropriate quality control, viruses that are known only from metagenomic data can, and should be, incorporated into its official classification scheme. A minimal requirement of many ICTV Study Groups for such a change is today the availability of complete genome information (as opposed to the complete genome, since genomes ends are frequently missing from metagenomics data).

General features of plant-associated viromes

Despite of the limited number of metagenomics studies performed to date, some general features of plant associated viromes can be tentatively identified. Among these is the observation that the richness in DNA viruses tends to be lower than that of RNA viruses, respecting in that the balance between these two groups in the currently recognized ICTV taxonomy (Bernardo et al., 2018). A second observation is that diverse dsRNA viruses, a very large proportion of which appears to be novel, usually dominate the plant-associated viromes (Bernardo et al., 2018;Thapa et al., 2015).

In addition, when enriching specifically for viral nucleic acids by VANA or dsRNA purification, there almost always remains a significant proportion of reads that are not detectably homologous to any known agents (Roossinck, 2015). This fraction has been sometimes referred-to as "dark matter" and its viral nature remains an open question.

As indicated above, dsRNA viruses belonging to such families as Partitiviridae, Amalgaviridae, Endornaviridae (moved to ssRNA virus recently), Totiviridae and Chrysoviridae appear to represent a large fraction of plant-associated viromes with a 70% prevalence (Roossinck et al., 2010). A similar observation of a high frequency of dsRNA viruses belonging to these families was observed in single grapevine virome (Al Rwahnih et al., 2011). While members of the family Amalgaviridae appear so far to be restricted to plants, viruses in the Partitiviridae, Endornaviridae and possibly Totiviridae families [START_REF] Cox | The occurrence of dsRNA species in apparently healthy and virus-infected Ribes cultivars, and evidence that one such species originates from a member of the virus family Totiviridae[END_REF][START_REF] Fermin | Chapter 9 -Viruses of Prokaryotes, Protozoa, Fungi, and Chromista[END_REF] have either plant (as persistent plant viruses) or fungal (mycoviruses) hosts. Chrysoviridae members were only reported so far to infect fungi (Roossinck, 2015). A recurrent question is therefore whether these frequent dsRNA viruses are really plant viruses or whether they infect fungi that are associated with the analyzed plant samples (Roossinck, 2012). Indeed, during the characterization of the virome of a single grapevine by dsRNAs HTS, twenty-six putative fungal virus groups were identified, from which 19% (5/26) were found to infect fungal cultures isolated from the analyzed plant, suggesting that at least part of these agents are indeed mycoviruses (Al Rwahnih et al., 2011). The analysis of the mycovirome of mycelial cultures isolated from plant samples certainly constitutes a way to address this question, even if it is well-known that only a minor fraction of the fungi present can be cultured [START_REF] Blackwell | The fungi: 1, 2, 3 ... 5.1 million species?[END_REF][START_REF] Feldman | Are communities of microbial symbionts more diverse than communities of macrobial hosts?[END_REF].

Different Virus infection patterns in crops and in wild plants?

It has been suggested that virus families characterized from crops may be quite different from those from wild plants (Roossinck, 2012) and the results of Bernardo et al. (2018) suggested that particular viral families may be more frequently associated with agricultural contexts while others would be more frequently associated with native vegetation. Such results or observations raise many questions that, at a more fundamental level, can be regrouped by the general question of the identity of the evolutionary forces and drivers directing the assembly of viral communities. Under this "umbrella" question are many of the problems currently being addressed or raised in viral ecology and metagenomics, such as the contribution of the diversity of plant populations to virome diversity (Malmstrom et al., 2011;[START_REF] Shates | Addressing Research Needs in the Field of Plant Virus Ecology by Defining Knowledge Gaps and Developing Wild Dicot Study Systems[END_REF], the contribution of changes in plant populations on viral pathogenicity or emergence (Elena et al., 2014;Pagán et al., 2012;Rodelo-Urrego et al., 2013;[START_REF] Rodríguez-Nevado | Ecological factors affecting infection risk and population genetic diversity of a novel potyvirus in its native wild ecosystem[END_REF][START_REF] Sacristán | Population dynamics of Cucumber mosaic virus in melon crops and in weeds in central Spain[END_REF], the contribution of viruses to the functioning of plant populations [START_REF] Malmstrom | Effects of crop viruses on wild plants[END_REF], the dynamics of plant-associated viromes and the intensity and directionality of fluxes of viruses between crops and wild plants or whether viruses contribute significantly to the extended phenotype of plant holobionts [START_REF] Shates | Addressing Research Needs in the Field of Plant Virus Ecology by Defining Knowledge Gaps and Developing Wild Dicot Study Systems[END_REF].

SCIENTIFIC QUESTIONS ADDRESSED IN THE PRESENT THESIS

Several aspects related to methodological aspects or to pending questions in plant virus metagenomic research are addressed in the different chapters of this thesis. Each chapter is presented as a manuscript in the process of being submitted. Throughout this work, I have used various approaches to characterize the virome of different plant or fungal samples but a constant logic has been to try as much as possible to do so not only at family level but also using an approach that is based on the definition of OTUs. This has been made possible by the development of an annotation pipeline (virAnnot) which integrates a routine for the automated definition and annotation of OTUs. During this PhD, I contributed to the definition and validation of a clustering cut-off value that allows to define in many families OTUs that are an acceptable proxy to viral species. A submitted Resource Announcement describing this pipeline and to which I am associated is provided in an annex.

 Chapter I. Crop and wild plants/weed species-associated viromes in a horticultural context: diversity, prevalence and stability over a two-year period

The INRA laboratory had initialed a multi-year study in 2010 with the objective to characterize the virome associated with crops, weeds and wild plant species in a horticultural setting and to analyze its stability over time by repeatedly sampling the plant populations in spring and fall over a two-year period. The sampling, sequencing and initial analysis of the results had been performed before my arrival, I continued these efforts, performing a more detailed, OTU-based analysis together with statistical analyses and drafting of the manuscript.

The results obtained show that virus infection was common in the sampled species and identify a rich viral diversity of 245 OTUs representing 18 viral families and confirmed the dominance of novel viruses with dsRNA genomes. A key finding it that virome structure was relatively stable over time when considering the ratio of ssRNA versus dsRNA viruses and number of detected viral families but that it proved remarkably dynamic at the OTU level with a very minor proportion of OTUs consistently detected over the two-year period.

 Chapter Ⅱ. Comparison of double-stranded RNAs (dsRNAs) and Virion-associated nucleic acids (VANA) based metagenomic approaches for phytovirome analyses

As indicated above, a number of methodological questions relevant for phytovirome analyses are yet unexplored. One such aspect concerns the choice of the target nucleic acid population to be submitted to HTS. I directly compared the performance of the HTS analysis of highly purified dsRNAs and of VANA for phytovirome description in six cultivated or unmanaged sampling sites.

The results obtained show that the dsRNA-based approach consistently revealed a broader and more comprehensive diversity for RNA viruses than the VANA approach, whatever the assessment criterion. This study also illustrated the power of the OTU-based approach to virus richness estimation. It allows to escape empirical choices by reasoning the methodological choices in phytovirome studies and, likely, in the study of other viromes.

 Chapter Ⅲ . Viromes and phyllosphere mycobiomes in complex plant samples and in complex fungal populations cultured from these plants

As discussed above, dsRNA viruses are diverse and abundant in plant viromes. However, the origin of these dsRNA viruses is still a matter of debate as they may represent either plantinfecting viruses or viruses infecting fungi associated with the sampled plants. In an effort to bring some further data in this debate, I analyzed in parallel the fungal (mycobiome) and viral populations associated with complex plant samples and with complex fungal pools cultivated from these plant samples.

The results obtained showed that both plant-associated mycobiome and virome composition showed a strong site specificity. Diversity comparisons indicate that the mycobiome was more diverse in unmanaged sites while the plant-associated virome showed a higher family-level richness in cultivated sites, suggesting that mycobiome and virome are under the influence of different driving forces. Fungal culturomics captured ca. 10% of the fungal diversity but there was virtually no correlation between the virome directly obtained from plant samples and the mycovirome from fungal cultures.

 Chapter Ⅳ. Metagenomic analysis of virome cross-talk between cultivated Solanum lycopersicum and wild Solanum nigrum

There is still limited information on the extent and directionality of transfer of viruses between crops and weeds growing in close association with them. Using a metagenomics approach I explored virus diversity in a cultivated crop plant, tomato, and in a common botanically related weed, Solanum nigrum (european black nightshade). I also contrasted the virome of S. nigrum growing in close proximity to tomatoes with that of S. nigrum growing away from tomato, among unrelated crop species.

The results obtained, while preliminary, show that a large variability in virome richness was observed but without a clear ability to link this to a particular host or to local conditions. While only 17.9% of OTUs were shared between tomato and nightshade, the assembly of very long contigs allowed a detailed population analysis for several viruses. In the case of potato virus Y (PVY), the results support a model of infection in nightshade resulting from virus spillover from tomato crops. Highly diverse broad wilt bean virus 1 (BBWV1) populations with potential genome reassortments were only detected from nightshade, suggesting the existence of barriers to the transfer of BBWV1 to tomato. A new ilarvirus infecting both plant species was characterized and tentatively named solanum nigrum ilarvirus 1. The results obtained provide information on the circulation of several viruses between these two Solanum species and enrich our knowledge of the tomato virome. technologies, have revealed that viruses infecting prokaryotes are the most abundant biological entities on earth with an estimated number of 10 30-31 species (Breitbart and Rohwer, 2005). Yet

CHAPTER Ι

Crop and wild plants/weed species-associated viromes in a horticultural

most of what we know about viral populations comes from marine environments and the human microbiome (Brum et al., 2015;Reyes et al., 2010). Recently a ground-breaking large-scale metatranscriptomics study revealed the unprecedented diversity of invertebrate RNA viruses [START_REF] Shi | Redefining the invertebrate RNA virosphere[END_REF]. They discovered 1445 RNA viruses from 220 invertebrate species, some of which are sufficiently divergent to comprise new families, thus redefining the invertebrate virosphere. The same team recently also explored the vast diversity of vertebrate RNA viruses and proposed an evolutionary history for most concerned virus groups [START_REF] Shi | The evolutionary history of vertebrate RNA viruses[END_REF].

Plant virus communities have been generally understudied as compared to animal viruses, and their diversity must correspondingly be largely underestimated. In fact, as early as a dozen years ago it was realized that our understanding of plant virus diversity is both limited and biased (Wren et al., 2006) in particular because efforts in plant virology have been largely focused on diseasecausing viruses in economically important cultivated crops. This lead to an over-representation of crop-infecting viruses, with over 77% of plant viruses then listed in the Viral Identification Data Exchange (VIDE) Database having been initially identified from cultivated crops (Wren et al., 2006). Yet, cultivated plants account for only a minute fraction of all plant species, and virus infections are not always acute and associated with visible symptoms (Cooper and Jones, 2006).

After decades of studying plant viruses [START_REF] Fargette | Molecular ecology and emergence of tropical plant viruses[END_REF], it is now apparent that the emergence of new diseases following changes in viral host ranges is driven by adaptive viral evolution in response to novel ecological conditions [START_REF] Jones | Plant virus emergence and evolution: origins, new encounter scenarios, factors driving emergence, effects of changing world conditions, and prospects for control[END_REF][START_REF] Lefeuvre | Evolution and ecology of plant viruses[END_REF]. In agroecosystems, crop plants often grow side by side with bordering wild plants and weeds. These wild plants may in turn constitute "reservoirs" for viruses that may be transferred to cultivated plants by a wide array of vectors, leading to epidemies or to the emergence of novel viruses (Anderson et al., 2004;Elena et al., 2014;Pagán et al., 2012;[START_REF] Power | Community Ecology of Plant Viruses[END_REF]Roossinck and García-Arenal, 2015). Conversely, epidemies developing in crops may spill over and impact wild plant populations. A much wider knowledge of virus richness, prevalence and dynamics in wild plant populations is therefore desirable in order to better understand virus epidemiology and virus emergence in crops.

Viruses in wild plant species have been reported to be diverse and often asymptomatic (Prendeville et al., 2012;Roossinck, 2012). They potentially play important ecological roles in wild plant communities (Malmstrom et al., 2011). The number of studies addressing viruses in wild plant populations is however still limited (Bernardo et al., 2018;[START_REF] Fraile | Environmental heterogeneity and the evolution of plant-virus interactions: Viruses in wild pepper populations[END_REF][START_REF] García-Arenal | Life on the Edge: Geminiviruses at the Interface Between Crops and Wild Plant Hosts[END_REF][START_REF] Moreno-Pérez | Ecological and genetic determinants of Pepino Mosaic Virus emergence[END_REF]Susi et al., 2019;Thapa et al., 2015). These studies have generally shown that virus occurrence is quite common in wild plants, independently of the presence of symptoms, with as high as 70% prevalence and most identified viruses novel to science (Roossinck et al., 2010). Besides the huge viral variability thus revealed, these studies have also revealed variability in viral prevalence or in viral communities. For example, Susi et al. discovered variations not only in virus prevalence in 12 Plantago lanceolata populations but also in the virus communities present in these host populations (Susi et al., 2019). These studies also highlighted the importance to accumulate information on virus communities in a wider range of wild plant species and to begin to understand the drivers shaping viral communities in crops and wild plants (Bernardo et al., 2018;[START_REF] Fraile | Environment and evolution modulate plant virus pathogenesis[END_REF]).

While the above mentioned studies have started to bring information about the spatial variation of viral communities there is to date very limited information on their temporal variation. In one of the few studies to date, Thapa et al. investigated over four years six wild plant species comprising 400 specimens collected from twenty sites in the Tallgrass Prairie Preserve in northeastern Oklahoma. The viromes were described and compared at host species, spatial or temporal scales, and the results indicated that host identity has a significantly stronger effect on the virome composition other than location and sampling year (Thapa et al., 2015).

Another area of virome studies that has to date received incomplete attention concerns the methods used to access viral richness at a refined taxonomic level, closer to viral species, which would allow to precisely compare the virus communities from different environments. Unlike bacteria and fungi, viruses lack universal gene markers to facilitate community surveys, therefore random whole genome amplification (WGA) after the enrichment of virus-associated nucleic acids has so far been the method of choice in virus metagenomics studies (Marais et al., 2018;Roossinck et al., 2010). The taxonomic assignation of the viral contigs identified among the HTS data face many challenges that have been reviewed in detail by (Simmonds, 2015). Besides the fact that genomes are frequently incompletely assembled, different genomic regions of viral genomes may have different evolutionary origins while species distance discrimination criteria vary between viral families. Given the large number of novel agents uncovered in metagenomics studies, the most widely used approach, Blast-based annotation, generally provides unreliable results at the species and genus level and still has weaknesses at family level (Roossinck et al., 2010;Simmonds, 2015).

A consequence is that most studies to date have either addressed viral richness at family level. For plant viruses for example, Thapa et al. (2015) combined viruses into relatively broad taxonomic categories at family and genus level using a consistent process for all samples (Thapa et al., 2015). Bernardo et al. (2018) assessed virus prevalence and diversity at family level but, to avoid overcounting for some analyses, grouped virus-like sequences into Operational Taxonomic Units (OTUs) on the basis of pairwise sequence similarity. To potentially improve this situation, Simmonds (2015) proposed a strategy based on the use of conserved, informative genome regions for the clustering of viral sequences and the definition of OTUs that can be designed to mimic taxonomic levels below the family taxon level.

In the present study we explored virus diversity in cultivated plants and in neighboring wild plants/weeds using HTS-based metagenomics. To improve the taxonomic assignation of viral sequences, we combined the classic blast-based annotation approach and an OTU-based approach following the strategy followed by Simmonds (2015) and implemented in an automated pipeline (Lefebvre et al. submitted for publication). The results obtained provide information on virus prevalence in the sampled plant populations and allow to describe some general virome properties.

The repeated sampling over a two-year period showed a surprisingly dynamic virome at the OTU level.

MATERIALS AND METHODS

Study sites, plant samples and pooling strategy

The two study sites are two horticultural plots and their immediate surroundings in Villenave d'Ornon (VO), and Bergerac (BE) in Southwest France. The VO site has mixed horticultural productions, including lettuce, radish, spinach etc, while the BE site has only tobacco with some neighboring corn. The majority of samples collected are dicotyledonous wild plants and weeds but samples of the crop plants were also collected (Table S1). The identification of plants samples was performed down to species level (or in a few cases, only to genus level) by a scientist with experience in botany. Besides the crops, in each site and at each time point, samples of the dominant plant species were collected. Monocotyledonous species were not sampled and no specific efforts were made to collect symptomatic plants. However, plants with obvious necrosis of with insect colonization were not collected. For each sampled plant species 15 individual plants (100 mg each) were collected (in a few cases, less than 15 plants could be collected, Table S1).

Pools of leaf tissues were thus constituted for each sampled species and dried over anhydrous CaCl2. In parallel, samples of the individual plants were similarly conserved. The VO site was sampled twice a year (spring and autumn) over a 2-year period (2010-2011), while the BE site was only sampled twice, in spring and fall of 2010.

Double-stranded RNA (dsRNA) purification, amplification and pyrosequencing

dsRNAs were purified by two rounds of CF11 chromatography according to the protocol described in Marais et al. (2018) from each of the species-specific pools described above. For library preparation, 3 µl of purified dsRNAs were denatured during 5 min at 99°C and submitted to a reverse transcription initiated by a mixture of primers consisting of 1 μM dT18 and 2 μM PcDNA12 (5' TGTGTTGGGTGTGTTTGGN12 3') using the SuperscriptII Reverse Transcriptase according to the manufacturer's instructions (Invitrogen). Complementary DNAs (cDNAs) were used as templates for a whole-genome amplification (WGA) procedure (Marais et al., 2018), allowing at the same time their conversion to double-stranded cDNAs and their tagging with multiplex identifier (MID) adaptors. The 10-bp MID tags used can tolerate up to two sequencing errors and still allow reliable demultiplexing of samples. PCR products were purified using the MinElute PCR Purification Kit (Qiagen, Courtaboeuf, France) and their concentration determined spectrophotometrically before being pooled and analyzed in a multiplexed format on a Roche 454 GS FLX Titanium sequencer at the GenoToul platform (INRA Toulouse, France).

Reads cleaning, contigs assembly and annotation, OTU classification

For each library, sequencing reads were first demultiplexed in order to assign individual reads to the relevant plant sample. The adaptors containing the MID tags were removed from the reads, which were then trimmed on quality and length using the virAnnot pipeline (Lefebvre et al., submitted for publication). Clean reads were assembled de novo using Newbler (http://454.com/contact-us/software-request.asp) with default parameter settings. The annotation of contigs and singletons was performed using BlastN and BlastX with an e-value cut-off of 10 -4 .

Viral contigs were assigned to a viral family on the basis of the first Blast hit.

Viral contigs and singletons were also classified into Operational Taxonomical Units (OTUs) using the virAnnot pipeline (Lefebvre et al., submitted for publication). Briefly, RPS-Blast (Marchler-Bauer et al., 2002) against the Pfam database (Punta et al., 2012) was used to detect sequences encoding conserved viral protein motifs, in particular those corresponding to the families of RNA-dependent RNA polymerases (RdRp1, 2, 3 and 4;Koonin, 1991). The identified motifs were then aligned and a clustering analysis allowed to group together in the same OTU sequences that share more than 90% amino acid identity (Figure S1). By comparing virAnnot

OTUs with ICTV taxonomy, this 10% threshold value has been validated as providing OTUs that approximate, in different families, the ICTV species level, allowing to use such OTUs as a proxy to taxonomic species (Lefebvre et al., submitted for publication). The annotation of OTUs at viral family level was performed on the basis of first Blast hit of a representative contig. OTUs were named using the following scheme: first four letters of family name plus OTU number (ex.

BROM_001, ALPH_001…).

Removal of false positives due to inter-sample cross-talk according to RT-PCR validation assays

At the end of OTU classification, an OTU table giving the number of reads for each OTU in the different samples analyzed was obtained. The possibility of low level false positives in the OTU table due to the creation of hybrid reads and other sequencing artifacts such as Index hoping (Illumina, 2017;van der Valk et al., 2019) was experimentally addressed by performing reversetranscriptase PCR (RT-PCR) validation for a total of 82 samples for 8 OTUs. The primers were designed according to the 454 sequences and, when available, to reference sequences in the NCBI database. The RT-PCR results showed that confirmation of an OTU presence in a sample was generally not achieved (only 33% of tests) for read counts of 2 or less but that it was almost systematically obtained (97.7% of tests) for reads counts of 3 or more. A threshold of at least 3 OTU-related reads was therefore used to remove the potential false positives in the original OTU table (Figure S1) when an OTU had been detected in multiple samples (and with therefore a risk of inter-sample cross-talk). After filtering with this threshold, 370 (43%) of 863 positive OTU/sample combination were discarded. In total, 231 RdRp OTUs with 392 occurrences for the VO site and 81 OTU with 101 occurrences for the BE site were thus retained.

Phylogenetic analyses

Multiple alignments of nucleotide or amino acid sequences were performed using the ClustalX program [START_REF] Thompson | The CLUSTAL_X windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools[END_REF] as implemented in Mega 7.0 (Kumar et al., 2016). Pairwise strict nucleotide and amino acid distances were computed using Mega 7.0 and phylogenetic trees were reconstructed using the neighbor joining method in Mega 7.0.

RESULTS

Overview of the datasets

For the VO sampling site, which was sampled in spring and autumn of 2010 and 2011, a total of 126 composite plant samples (1806 individual plants) was collected, corresponding to a total of 48 unique dicotyledonous plant species, representing 22 families in 13 orders (Apiales, Asterales, Brassicales, Caryophyllales, Cucurbitales, Fabales, Geraniales, Lamiales, Malpighiales, Malvales, Ranunculales, Rosales and Solanales) (Table S1). In the BE sampling site a total of 31 composite samples was collected in 2010, representing 13 plant families in 10 orders (data not shown). The majority of sampled wild/weed species have not previously been screened for viruses.

After demultiplexing and trimming, a total of about 0.5 million clean reads corresponding to 133.7

megabases were generated and for each sampling date, the number of clean reads ranged from 51,573 to 158,533 (Table 1). The minimal reads length was set at 60 nucleotides (nt). The average read length was 265 nt. Out of the total clean reads, 75,181 reads were singletons while 419,951 (84.34%) were incorporated into contigs. In total, 4,034 contigs were assembled with a length ranging from the cut-off of 100 nt to 15,503 nt (Figure S2A). The average contig size was 535 bp and the N50 682 bp. Depending on the sample, the number of reads ranged from 231 to [START_REF] Dolja | Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive horizontal virus transfer[END_REF]468 with an average of 3,172 reads (Figure S2B).

Diversity of RNA viruses at the two sampling sites and their phylogenetic relationships

As indicated in the Materials and Methods section, the assembled contigs and singletons were classified in Operational Taxonomic Units (OTUs) on the basis of the RNA-dependent RNA polymerase conserved domain, using the virAnnot pipeline (Lefebvre et al., submitted for publication). Using an OTU cut-off criterion of 10% nt or aa divergence, a total of 300 unique RdRp OTUs were defined from both VO and BE sites and assigned to known virus families using

BlastN and BlastX analysis of representative sequences. Over the two-year sampling period, a variety of viruses corresponding to a total of 231 viral RdRp OTUs were identified at the VO sampling site (Table S2), representing 18 viral families including 14 ssRNA families ( 52 In this analysis, the OTUs in family Partitiviridae were separated into 2 clades, which prompted a detail phylogenetic analysis performed with additional reference sequences and the OTUs identified in the present study (Figure S3). The results obtained show that the the vast majority of the OTUs clustered into one of the four genera identified in the family (Figure S3). The plantspecific Deltapartitiviridae [START_REF] Nibert | Taxonomic reorganization of family Partitiviridae and other recent progress in partitivirus research[END_REF] clustered the largest number of OTUs (n=13), followed by the fungus-specific Gammapartitiviridae (n=6), the plant or fungus-infecting Alphapartitiviridae (n=4), and the Betapartitiviridae (n=2). In total, 5 OTUs were found to be nearly identical, in the sequenced region, with known Partitiviridae and to represent the detection of beet cryptic viruses 1 and 2, Raphanus sativus cryptic viruses 1 and 2 and spinach cryptic virus 1 (Figure S3). According to the plant-or fungi-infecting status of their closest relative in this phylogenetic analysis 21 of the 34 Partitiviridae OTUs are assumed to be plant-associated while 13 are expected to be associated with fungi (Figure S3). This tentative analysis is indirectly supported by the number of reads integrated in the various OTUs, which tends to be higher for the plant-associated Partitiviridae (data not shown).

dsRNA viruses: diverse and largely new

Similar to the analysis performed above for the Partitiviridae, it was possible to classify OTUs between known or novel ones depending on whether a viral sequence clustering with the 10% cutoff envelope could be identified for each OTU in the Genbank database (Table S2 and Figure 2).

In the case of ssRNA viruses, 27 OTUs (51.9%) are thus considered to correspond to known agents and collectively belong to 10 ssRNA families or to represent one unassigned Picornavirales and 3 virus-associated RNAs (Table S3). For some of these viruses, the results of the present study represent the detection of new host plants, in particular in weeds (Table S3). On the contrary, only 11 dsRNA viruses OTUs (6.4%) correspond to known viruses in the Partitiviridae, Totiviridae, Amalgaviridae and Chrysoviridae (Figure 2 and Table S2). The proportion of known versus novel viruses is thus very different between dsRNA and ssRNA OTUs.

Virome overall structure is relatively stable over time

In the four sampling periods (June 2010, October 2010, June 2011 and October 2011) respectively 66, 90, 64, and 103 OTUs were identified, from respectively 16, 31, 38 and 41 plant samples (Table 1). At each of the four sampling dates, dsRNA OTUs accounted for the largest proportion, ranging from ca. 65.6% to 75.8% while ssRNA OTUs ranged from ca. 21.2% to 31.3% (Figure 3). The proportion of dsRNA OTUs appears therefore relatively stable over time. The more limited sampling performed at the BE site provides a similar message: the proportions of dsRNA OTUs were respectively ca. 76.2% and 72.0% in the spring and fall sampling periods and for ssRNA OTUs respectively ca. 16.7% and 20.0%.

At the family level, with a total of 14 families ssRNA viruses systematically represented a higher diversity than dsRNA viruses (4 families) (Figure 3). Depending on the sampling period, viruses in the Potyviridae, Tombusviridae, Endornaviridae and Betaflexiviridae accounted for a relatively large proportions of ssRNA OTUs, whereas Partitiviridae and Totiviridae OTUs clearly dominated the dsRNA ones, accounting for 45.3%-62.1% of total OTUs depending on the sampling period (Figure 3). The more limited sampling at the BE site yielded parallel results, with respectively seven and eight families identified from 15 (spring) and 16 (autumn) composite plant samples. 15 ssRNA OTUs can be assigned to 5 known families (Solemoviridae; Bromoviridae;

Closteroviridae; Potyviridae and Endornaviridae) and two virus-associated RNAs. Fifty six dsRNA OTUs can be also assigned to the same four known viral families. Family Totiviridae comprised the majority of OTUs with a proportion ranging from 40.5% to 48% depending on the season. These results highlight a stability in overall virome composition over time in terms of the proportion of ssRNA and dsRNA OTUs and also some prominent group of OTUs such as Totiviridae.

High virus prevalence in the sampled plant populations

In the VO sampling site, among the 126 composite plant samples analyzed, only 17 (13.5%) (Figure S4A) were found to be free of viruses, with no detected viral OTU. A similar value (13%) was observed at the BE site. The average number of OTUs per sample is 3.11 +/-2.88, the high standard deviation value reflecting the large diversity in the number of OTUs identified per sample (Figure S4A and Table S1). A composite Trifolium repens (white clover) sample collected in June 2010 had the highest number of OTUs (n=14; Table S1).

When aggregating OTU data for plant species that have been sampled multiple times (from 2 to 4 times) the average number of OTUs per plant species increases to 6.9 +/-4.5 (Figure S4B) with the richest viral diversity found in Malva sylvestris (mallow) with 22 OTUs followed by Brassica rapa (turnip) with 17 OTUs (Table S4). No plant species repeatedly sampled was found free of viral infection (Figure S4B), indicating that repeated sampling of the same plant species allows to uncover a larger viral diversity. Indeed, when considering the seven plant species that were resampled 4 times, the aggregated number of unique OTUs increased linearly with the number of samplings (Figure S5) with no sign of reaching a plateau, indicating that the overall virome of these species is likely much larger than what was identified here.

A large fraction of viruses is only detected from a single plant species

Out of the 231 detected OTUs, 68.8% (n=159) were detected from a single sample, and 31.2% (n=72) were detected from multiple samples (Figure S4C). On average, each OTU had 1.70 +/-1.8 host plants, a notable exception being BROM_001 (Cucumber mosaic virus) which was detected from 20 samples corresponding to 15 plant species (Figures S4C andS4D). From a plant species perspective, on average an OTU had 1.4 +/-1.3 host plant species (Figure S4D). However, this overall value masks the fact that a large proportion of OTUs (80.1%, n=185) were identified from a single species while 19.9% (n=46) were found to be promiscuous and to have multiple host species.

OTU virome composition is highly dynamic over time

While only 10.4% of sampled plant species were collected only once, 72.7% of OTUs were detected only once, providing a first indication that the virome is much more unstable than the sampled plant populations (Figure 4). In parallel, only 2.6% of OTUs (n=6) were detected at all sampling dates (not necessarily from the same host) (Figure 4). S2). It is also noteworthy that all of these OTUs were detected from multiple plant species, which may have contributed to their ability to persist at the sampling site over extended periods of time.

Focusing on the 14.6% of the plant species (n=7) that were sampled four times over the two-year period (Figure 4; Lactuca sativa, Sonchus asper, Coronopus didymus, Amaranthus retroflexus, Spinacia oleracea, Malva sylvestris and Datura stramonium), they also showed a highly dynamic virome composition, with the great majority of OTUs (n=45, 81.8%) detected only once. Only a single OTU (AMAL_002) was detected through all samplings in the same host, spinach.

Virome cross-talk between crops and weeds/wild plant species

During the two-year sampling period, 3, 6, 6 and 9 crop species were collected respectively in June 2010, October 2010, June 2011 and October-2011 (Table 1). At each time point, between 5.8% to 7.8% (5~6 OTUs) of OTUs were shared between crops and surrounding weeds/wild plants (Figure 5), including both ssRNA viruses (Closteroviridae, Bromoviridae, Potyviridae and Betaflexiviridae) and dsRNA viruses (Partitiviridae and Totiviridae). The majority of the shared ssRNA OTUs correspond to known viruses such as cucumber mosaic virus, beet yellows virus, Apium virus Y and potato virus Y. Similar results were obtained from the BE site, in which only 3 OTUs (6%) were shared between 2 crop species and 14 wild plant/weed species, including cucumber mosaic virus and potato virus Y.

DISCUSSION

The temporal variation of phytoviromes has so far been rarely studied. Here, we investigated the viromes of both crop and bordering wild plants/weed species in two horticultural sampling sites over a two-year period. The virus prevalence in 126 composite samples was 86.5%, which is relatively close to the 70% value recorded in samples from Tall Grass Prairie Preserve and from the Conservacion Guanacaste area in Costa Rica (Roossinck et al., 2010) but much higher than the 25.8% to 35.7% reported from high biodiversity areas in France and South Africa (Bernardo et al., 2018). This difference very likely reflects differences in sampling strategy and in prevalence calculation method since most samples analyzed here pooled 15 individual plants when Bernardo et al. used samples composed of one or a few individual plants when and considered only plantassociated viruses, eliminating Totiviridae and Chrysoviridae members in their assessment (Bernardo et al., 2018). It is noteworthy that even when discounting Totiviridae and Chrysoviridae members, high prevalence values of respectively 77% and 67.7% are observed for the VO and BE sites, suggesting that the size of the sampled plant populations is likely the most important parameter, an hypothesis supported by the observation that repeated sampling of the same species lead to a linear augmentation of the aggregated virome (Figure S5).

This observation suggests that the virome of individual plant species is likely much larger than the viromes documented here, and that uncovering it may necessitate the analysis of hundreds if not thousands of individual plants in a variety of sites and over different time intervals. Indeed, even with the pooling strategy used here, only viruses with a relatively high prevalence in the sampled plant populations, on the order of 10%, would have relatively high probability of being captured.

For example, a virus with 5% prevalence would only have close to a one in two chances of being detected, this value falling to only 14% for a virus with a 1% prevalence. The conclusions drawn here, as in most other previous studies are therefore possibly only valid for high prevalence viruses, a limitation that is rarely commented. It should also be noted that the extremely high correlation between the number of OTUs detected and the number of sampled plants is not paralleled by a correlation between sequencing depth and the number of detected OTUs (data not shown). A consequence is that overcoming limitations in virome completeness can be best addressed by increased sampling rather than by increasing sequencing depth.

Similar to other phytovirome studies (Bernardo et al., 2018;Thapa et al., 2015), it was possible to identify already known viruses through their high similarity Blast scores. Remarkably, the ratio of known to novel proved very different between dsRNA and ssRNA viruses. This likely reflects their different lifestyles, with dsRNA viruses being very frequently persistent, symptomless viruses (Prendeville et al., 2012, Roossinck, 2012;Roossinck, 2015) and having been neglected

as compared to more frequently pathogenic, acute/chronic ssRNA viruses.

In the present study, viral diversity was characterized on the basis of Operational Taxonomic Units defined on the basis of the conserved RdRp motifs that are shared by all RNA viruses (Koonin, 1991). The virAnnot pipeline (Lefebvre et al., submitted for publication) allows the automated definition of OTUs and with suitable data normalization, precise comparisons of viral diversity between samples (alpha and beta diversity). In the present study, close to 70% of OTUs were only detected from a single composite sample. This is parallel to the results of Thapa et al., who showed that only six out of 30 genus-or family-level OTUs had average incidences of 5 percent in host plants (Thapa et al., 2015) and suggests that a large fraction of plant viruses may be specialists with narrow host ranges. This specialization may minimize competition between the different viral species and may result in highly polymorphic viral populations in complex environments [START_REF] Lefeuvre | Evolution and ecology of plant viruses[END_REF][START_REF] Stroud | Ecological opportunity and adaptive radiation[END_REF]. However, a few generalist viruses were also identified, among which cucumber mosaic virus which was detected from over 15 plant species and is known to have one of the widest host range among plant viruses [START_REF] Jacquemond | Cucumber mosaic virus[END_REF][START_REF] Scholthof | Top 10 plant viruses in molecular plant pathology[END_REF]. Such generalist viruses were reported to have access to a larger array of resources but compete with other viruses which is expected to results into low-diversity populations dominated by one or a few of the best adapted viral genotypes [START_REF] Stroud | Ecological opportunity and adaptive radiation[END_REF].

The virus cross-talk between crops and bordering wild plants/weeds was relatively stable between different time points, ranging from 5.8 to 7.8% of total OTUs. ssRNA OTUs over-represented in this shared fraction of the virome. Once again this may reflect broad differences in lifestyles between these two groups, and the fact that acute/chronic ssRNA viruses frequently have vectors (Roossinck, 2015) The proportion of ssRNA to dsRNA viruses OTUs proved relatively stable over time and between the two sampling sites. This observation also parallels the results of other studies (Thapa et al., 2015;Bernardo et al., 2018), suggesting that this may be a more general feature of phytoviromes.

Whether this is truly general or applies only under specific circumstances remains however to be further investigated. However, the virome composition remarkably varied over time at the OTU level despite its relative stability when considering only viral families. This dynamic situation has also been documented in other virome studies and could be caused by landscape heterogeneity due to the human activities, which by affecting the host plant populations may indirectly affect virome composition [START_REF] Power | Community Ecology of Plant Viruses[END_REF]Rodelo-Urrego et al., 2013). Given the incompleteness of the viromes documented here, it is not possible to know whether the dynamic changes reflected here represent presence/absence changes or mere changes in prevalence. Larger scale efforts will clearly be needed to resolve that important issue. novel dsRNA viruses was detected in all sites while a large between sites variability limited the ability to draw clear conclusion on the impact of cultivation. A trend for a higher diversity of dsRNA viruses was nevertheless detected in unmanaged sites (118 vs 77 unique OTUs). The dsRNA-based approach consistently revealed a broader and more comprehensive diversity for RNA viruses than the VANA approach, whatever the assessment criterion. In addition, dissimilarity analyses indicated both approaches to be largely reproducible, but not necessarily convergent. These findings illustrate features of phytoviromes in various ecosystems and a novel strategy for precise virus richness estimation. These results allow to reason methodological choices in phytovirome studies and, likely in other viromes study where RNA viruses are the focal taxa.
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IMPORTANCE

There are today significant knowledge gaps on phytovirus populations and on the drivers impacting them, but also on the comparative performance methodological approaches for their study. We used and compared two viral sequences enrichment approaches, double-stranded RNAs (dsRNA) and virion-associated nucleic acids (VANA) for phytovirome description in complex pools representative of the most prevalent plant species in unmanaged and cultivated ecosystems.

Viral richness was assessed by determining Operational Taxonomic Units (OTU) following the clustering of conserved viral domains. There is some limited evidence of an impact of cultivation on viral populations. These results provide data allowing to reason the methodological choices in virome studies. For researchers primarily interested in RNA viruses, the dsRNA approach is advised because it consistently provided a more comprehensive description of the analysed phytoviromes, but it understandably underrepresented DNA viruses and bacteriophages.

KEYWORDS: metagenomics, double stranded RNA (dsRNA), virion-associated nucleic acids (VANA), virome, OTU, viral diversity, phytovirome

INTRODUCTION

Until recently, plant virology has been largely focused on important crops and on destructive viruses impacting agricultural production, limiting our understanding of plant virus diversity [START_REF] Wren | Plant virus biodiversity and ecology[END_REF].

In particular, viruses infecting wild plants have been largely neglected, even if they represent reservoirs for both known viruses and for novel, emerging agents. The few metagenomic studies to date have shown that viruses are common in wild plants, even in the absence of symptoms, with a prevalence as high as 70% and a majority of novel agents [START_REF] Roossinck | Metagenomics of plant and fungal viruses reveals an abundance of persistent lifestyles[END_REF][START_REF] Roossinck | Plant Virus Metagenomics: Biodiversity and Ecology[END_REF][START_REF] Cooper | Wild plants and viruses: under-investigated ecosystems[END_REF][START_REF] Roossinck | The big unknown: plant virus biodiversity[END_REF]. These studies also showed that in wild plants a majority of the detected agents are persistent viruses which are mostly asymptomatic and transmitted vertically through host cell division and sexual reproduction [START_REF] Roossinck | Persistent Plant Viruses: Molecular Hitchhikers or Epigenetic Elements?[END_REF][START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF].

Building on these pioneering efforts, metagenomics and virus ecology are now trying to answer some fundamental questions centered on the identity and diversity of plant-associated viruses, the evolutionary drivers influencing the assembly in space and time of these viral communities and their contribution to the functioning of plant communities [START_REF] Roossinck | Plant Virus Ecology[END_REF][START_REF] Roossinck | Plants, viruses and the environment: Ecology and mutualism[END_REF][START_REF] Malmstrom | The expanding field of plant virus ecology: Historical foundations, knowledge gaps, and research directions[END_REF].

High-throughput sequencing (HTS) coupled with bioinformatic analyses are at the core of metagenomics but have also largely superseded all previously used approaches in virus discovery and etiology because of the ability to efficiently detect known and novel viruses without any a priori information [START_REF] Goodwin | Coming of age: ten years of nextgeneration sequencing technologies[END_REF][START_REF] Adams | Next-generation sequencing and metagenomic analysis: a universal diagnostic tool in plant virology[END_REF][START_REF] Donaire | Deepsequencing of plant viral small RNAs reveals effective and widespread targeting of viral genomes[END_REF][START_REF] Kreuze | Complete viral genome sequence and discovery of novel viruses by deep sequencing of small RNAs: a generic method for diagnosis, discovery and sequencing of viruses[END_REF][START_REF] Jones | Viral Diagnostics in Plants Using Next Generation Sequencing: Computational Analysis in Practice[END_REF][START_REF] Rwahnih | Comparison of nextgeneration sequencing versus biological indexing for the optimal detection of viral pathogens in grapevine[END_REF]. Moreover, metagenomics studies [START_REF] Wolf | Origins and Evolution of the Global RNA Virome[END_REF][START_REF] Zhang | Expanding the RNA Virosphere by Unbiased Metagenomics[END_REF][START_REF] Dolja | Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive horizontal virus transfer[END_REF] have greatly contributed to a redefinition of the RNA virosphere of invertebrates and to a reshaping of our understanding of the origin and evolution of RNA viruses. HTS has been successfully used for a large range of plants [START_REF] Rott | Application of Next Generation Sequencing for Diagnostic Testing of Tree Fruit Viruses and Viroids[END_REF][START_REF] Villamor | High Throughput Sequencing For Plant Virus Detection and Discovery[END_REF][START_REF] Marais | Viral Double-Stranded RNAs (dsRNAs) from Plants: Alternative Nucleic Acid Substrates for High-Throughput Sequencing[END_REF][START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF], demonstrating its wide applicability. These efforts also show that a variety of nucleic acids populations can be used, with consequences for the range of identified viruses [START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF]. So far, the main approaches have targeted double-stranded RNA (dsRNA) [START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF][START_REF] Marais | Viral Double-Stranded RNAs (dsRNAs) from Plants: Alternative Nucleic Acid Substrates for High-Throughput Sequencing[END_REF], virus-derived small interfering RNA (siRNA) [START_REF] Susi | Diverse and variable virus communities in wild plant populations revealed by metagenomic tools[END_REF][START_REF] Pooggin | Small RNA-Omics for Plant Virus Identification, Virome Reconstruction, and Antiviral Defense Characterization[END_REF], virion-associated nucleic acids (VANA) [START_REF] Filloux | Metagenomics Approaches Based on Virion-Associated Nucleic Acids (VANA): An Innovative Tool for Assessing Without A Priori Viral Diversity of Plants[END_REF][START_REF] Filloux | Viral Metagenomic-Based Screening of Sugarcane from Florida Reveals Occurrence of Six Sugarcane-Infecting Viruses and High Prevalence of Sugarcane yellow leaf virus[END_REF][START_REF] Palanga | Metagenomic-Based Screening and Molecular Characterization of Cowpea-Infecting Viruses in Burkina Faso[END_REF], total RNA with or without ribosomal RNA depletion [START_REF] Pecman | Next Generation Sequencing for Detection and Discovery of Plant Viruses and Viroids: Comparison of Two Approaches[END_REF][START_REF] Visser | Next-generation sequencing for virus detection: covering all the bases[END_REF] and polyadenylated RNA [START_REF] Wylie | Multiple polyadenylated RNA viruses detected in pooled cultivated and wild plant samples[END_REF]. Their respective advantages and disadvantages for virus discovery and etiology efforts involving single plant samples or samples of low complexity have been discussed in detail [START_REF] Villamor | High Throughput Sequencing For Plant Virus Detection and Discovery[END_REF][START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF][START_REF] Boone | Capturing the 'ome': the expanding molecular toolbox for RNA and DNA library construction[END_REF].

As compared to these efforts, the study of viromes associated with plant populations requires the analysis of a large number of plants. Two strategies have essentially been used, the so-called "ecogenomics" [START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF] or "geometagenomics" [START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF], which involve the analysis of single plants or of low complexity pools in a highly multiplexed format and the "metagenomics" or "lawnmower" approach which relies on the direct analysis of complex plant pools [START_REF] Visser | Next-generation sequencing for virus detection: covering all the bases[END_REF]. While the first strategy retains information on the host(s) of each agent, the second allows a more direct virome characterization for multiple environmental points. However, with the currently used multiplexing strategies, a low level index-hopping may ultimately have a negative impact on data quality [START_REF] Illumina | Effects of index misassignment on multiplexing and downstream analysis[END_REF][START_REF] Van Der Valk | Index hopping on the Illumina HiseqX platform and its consequences for ancient DNA studies[END_REF]. Given budgetary constraints, both approaches have so far relied almost exclusively on the two strategies providing an enrichment of viral sequences, dsRNA and VANA [START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF][START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF][START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF].

Unfortunately, there is little information on the comparative performance of these two approaches for virome description. Some elements can be gleaned, however, from virus discovery efforts.

Candresse et al. [START_REF] Candresse | Appearances Can Be Deceptive: Revealing a Hidden Viral Infection with Deep Sequencing in a Plant Quarantine Context[END_REF] used both siRNA and VANA and showed that higher genome coverage and longer contigs were obtained using VANA for a DNA mastrevirus. Another study compared siRNA and VANA to test if the same representation of within-host viral population structure could be obtained [START_REF] Kutnjak | Deep Sequencing of Virus-Derived Small Interfering RNAs and RNA from Viral Particles Shows Highly Similar Mutational Landscapes of a Plant Virus Population[END_REF]. Both approaches provided similar viral mutational landscapes but VANA performed better in complete viral genome reconstruction and allowed to more readily detect recombinants [START_REF] Kutnjak | Deep Sequencing of Virus-Derived Small Interfering RNAs and RNA from Viral Particles Shows Highly Similar Mutational Landscapes of a Plant Virus Population[END_REF].

In 2016, a comparison of siRNA and ribosomal RNA-depleted total RNA for Citrus tristeza virus (CTV) [(+)ssRNA, Closteroviridae] and Citrus dwarfing viroid (Pospiviroidae) characterization on grapefruit indicated that ribosomal RNA depleted total RNA is superior to siRNA in de novo assembly and genome coverage for CTV but not for the viroid [START_REF] Visser | Next-generation sequencing for virus detection: covering all the bases[END_REF]. The same approaches have also been compared for the detection of various viruses and viroids in different plants [START_REF] Pecman | Next Generation Sequencing for Detection and Discovery of Plant Viruses and Viroids: Comparison of Two Approaches[END_REF]. The main conclusion was that the performance of these two approaches was virus-dependent but that consistent with [START_REF] Illumina | Effects of index misassignment on multiplexing and downstream analysis[END_REF], longer contigs and higher genome coverage were generated using ribosomal RNA depleted total RNA. Additionally, a Cytorhabdovirus was detected only from ribosomal RNA depleted total RNA [START_REF] Pecman | Next Generation Sequencing for Detection and Discovery of Plant Viruses and Viroids: Comparison of Two Approaches[END_REF].

In the sole study to date that compared dsRNA and VANA for wide scale metagenomics, Thapa et al [START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF] used the two approaches to describe viral diversity in six native plant species from the Tallgrass Prairie Preserve in Oklahoma and test the effects of host identity, location, and sampling year on the virome composition. More operational viral taxonomic units (OTUs) were discovered by the dsRNA approach (29 against 7 for VANA). In addition, 86% of VANA-OTUs were also detected by dsRNA. The two approaches also showed different performance when analyzing the effects of sampling site on virome composition [START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF]. It should be pointed out that similar to that of Thapa et al., most studies to date have used a quite broad definition for OTUs, considered as relatively wide taxonomic categories such as families or genera [START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF][START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF].

Overall, while the available approaches have proven effective in a virus detection context in a range of plant/virus combinations, there is still limited information allowing to reason methodological choices in plant virus metagenomics. Here, we directly compared the performance of dsRNA and VANA for virome description using complex metagenomics plant pools from unmanaged and cultivated environments. The results uncovered rich viromes and suggest that the dsRNA approach should be preferred when analyzing such complex plant pools since it consistently provided a more comprehensive description of the analysed phytoviromes, with the exception of the DNA viruses.

 RESULTS

Summary of HTS datasets and sequencing depth normalization

The phytoviromes of 6 different study sites were analysed using pools of equal complexity S1). Following demultiplexing and quality trimming, each library provided 0.5 to 3 million reads but, in order to limit inter-sample cross-talk only both pair members for which the expected MID tag was identified in both pair members (122 to 997 thousands pairs, depending on the library) were used for subsequent steps.

To allow meaningful comparisons between approaches and sites, a normalization was performed by randomly subsampling all libraries to a depth of 122,259 pairs, corresponding to the library with the fewest reads, VANA-IT-PCR2 (Table S1). All further analyses were performed on these normalized datasets. The average read length for the dsRNA libraries is 120.9 +/-1.3 nucleotides (nt), which is not significantly different from the 121.2 +/-1.5 nt obtained for VANA libraries (p value=0.6075) (Table 1 and Table S1).

Comparisons of contigs assembly and annotation

Overall, a significantly higher proportion of reads from dsRNA libraries were assembled into contigs (average 80.4% +/-4.3%) as compared to the VANA ones (average 63.4% +/-12.4%) (36% reads in the blank control) (Table 1 and Table S1). Statistically significant differences between the two approaches were observed in all parameters describing contig length [total length of contigs, mean, median, N50 and N90 (Table 1 and Table S1)], with dsRNA libraries assemblies providing, on average, longer contigs than VANA ones. Taken together, these results would suggest a higher complexity, leading to a decreased assembly efficiency for the VANA libraries.

Contigs were then annotated using BlastN and BlastX analyses against the GenBank database and an e-value cut-off of 10 -4 [START_REF] Johnson | NCBI BLAST: a better web interface[END_REF]. For those contigs annotated as viruses, taxonomic assignation was retained at the family level, if available, since in many cases our own and others observations have

shown that assignation at lower taxonomic level (genus or species) are frequently unreliable [START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF][START_REF] Simmonds | Methods for virus classification and the challenge of incorporating metagenomic sequence data[END_REF]. Those viruses with no family information were either kept as unclassified viruses or, if genome-type information was available, were annotated as single-stranded RNA or doublestranded RNA unassigned viruses. The proportions of plant, virus or unknown contigs proved highly variable between libraries. In addition, the VANA libraries obtained from two sampling sites showed significant presence of contigs of bacterial origin (average of 47.3% and 50.3% of contigs for the VO and SP sites, respectively) (Table S1). On average, dsRNA libraries yielded for VANA reads. However, this difference was not found statistically significant (p value=0.2193) (Table 1). Unsurprisingly, 94.3% of contigs in the blank control library were annotated as being of bacterial origin and no viral contigs were identified (Table S1).

Family-level viral diversity as reflected by contig annotation

The results of the Blast annotation show that at family level, the dsRNA-based approach consistently detected more viral families per study site (extremes 11-16 families, average 13.3 +/-1.7 families) than VANA (extremes 6-15 families, average 9.3 +/-2.6 families) (Table 1 and Table S1). Therefore, on average dsRNAs allowed the identification of 3.9 +/-2.3 more viral families per study site than VANA. However, when considering all samples together, VANA allowed the identification of a total of 24 viral families, as compared to 21 for dsRNA. This difference is largely due to the infrequent detection of DNA viral or phages families not detected by dsRNA (Metaviridae, Siphoviridae, Podoviridae, Genomoviridae, Geminiviridae and Circoviridae).

Conversely, dsRNA allowed the detection of RNA viral families not detected by VANA (Reoviridae, Cystoviridae, Rhabdoviridae and Narnaviridae) (Table S2). Overall, phages represented only a very minor fraction of the detected viral contigs (16 contigs or 1.2% of viral ontigs for VANA and 11 contigs or 0.5% of viral contigs for dsRNA, respectively).

While most DNA virus families were only detected by VANA from a few sites, many dsRNA or ssRNA families such as the Amalgaviridae, Chrysoviridae, Closteroviridae, Benyviridae, Luteoviridae and Secoviridae were detected from significantly more study sites using dsRNA than VANA (Table S2). This situation is particularly striking for the Chrysoviridae (6 sites vs 1) or the Closteroviridae (6 sites vs 3). On the other hand, as judged by reads number the ssDNA Nanoviridae family was very poorly detected by the dsRNA approach as compared with the VANA one (Table S2).

Representation of viral families as estimated by read number

The number of reads for each viral family varied significantly between study sites and, for a given site, between the two virome sequencing approaches (Fig. 1). The most represented viral family in the dsRNA approach is the Endornaviridae, and overall it accounts for nearly 4 times the reads observed with the VANA approach (410884 vs 107904). Intuitively, Endornaviridae reads may have saturated the dsRNA libraries of the SP site, reaching 66-70% of the viral reads (Table S2).

For other dsRNA viral families, the same general trend of a higher representation in dsRNA libraries is also observed. This is particularly clear for the Chrysoviridae but generally applies to all dsRNA viruses. There are however some exceptions as for example for Partitiviridae at the BP study site or for Totiviridae at the INRA one (Table S2). Conversely the expected better representation of DNA viral families in the VANA approach is observed but these families were only detected in a minority of the study sites (Fig. 1). For ssRNA viral families, the picture is more complex. However, it seems noteworthy that viral families showing the strongest overrepresentation in the VANA libraries, with up to 3 times more reads as compared to the dsRNA ones, tend to have particularly stable particles, such as for the Virgaviridae or Solemoviridae [START_REF] Adams | ICTV Virus Taxonomy Profile: Virgaviridae[END_REF][START_REF] Truve | ICTV Virus Taxonomy Profile: Sobemovirus[END_REF]. On the other hand, the Closteroviridae, which have unstable and hard to purify particles or the low titer Luteoviridae showed, with over two times more reads, a tendency to be more represented in the dsRNA libraries (Fig. 1 and Table S2).

OTU-based assessment of viral richness with the dsRNA and VANA approaches

For a variety of reasons, including the absence of universally conserved genomic elements and the frequently incomplete genome coverages, the in depth characterization of viromes at a level close to taxonomic species has remained largely elusive. However a possible strategy to circumvent these difficulties has been proposed, involving the clustering of contigs encoding proteins sharing conserved motifs [START_REF] Simmonds | Methods for virus classification and the challenge of incorporating metagenomic sequence data[END_REF]. We have developed a pipeline which sequentially identifies such contigs for a range of conserved viral motifs using RPS-Blast against the Pfam database (Table S3), aligns the contigs and finally performs a clustering, allowing the definition operational taxonomic units (OTUs) on the basis of a defined identity cut-off value [START_REF] Lefebvre | The VirAnnot pipeline: a resource for automated viral diversity estimation and operational taxonomy units (OTU) assignation for virome sequencing data[END_REF].

The dsRNA and VANA datasets were analysed using this strategy and a 10% cut-off value, which reasonably approximates in many families the envelope of viral species variability [START_REF] Lefebvre | The VirAnnot pipeline: a resource for automated viral diversity estimation and operational taxonomy units (OTU) assignation for virome sequencing data[END_REF]. RPS-Blast of all contigs identified contigs encoding 47 different viral conserved protein motifs, including those corresponding to well-known signature sequences such as RNA-dependent RNA polymerases (RdRp) and viral helicases (Table S3). For example, the matches for the different RdRp signatures (RdRp_1, 2, 3 and 4) collectively consist of sequences covering a very wide range of plant or fungal RNA virus families. Contigs corresponding to motifs with a much more restricted taxonomic signature were also identified, such as pfam01787, a protein family specific of the coat protein of Ilarviruses in the family Bromoviridae (Table S3).

In order to avoid counting multiple times the same contig if it contained multiple signature sequences, the analysis was focused on the four RdRp protein families: RdRp_1, 2, 3, 4 which are specific for RNA viruses and cover the broadest diversity of these agents. This has however the side effect of focusing the analysis on RNA viruses, so that a detailed analysis of DNA viruses would require, in addition, to also consider some DNA viruses-specific motifs. Using a 10% identity clustering cut-off value, a total of 239 RdRp OTUs were identified when taking into consideration all dsRNA and VANA datasets. Annotation of contigs representative of each OTU by BlastX allowed the identification of 16 RNA virus families (Table S4), to be compared with the 18 RNA virus families detected by the direct annotation of contigs (Fig. 1). This difference might be explained by families for which a low coverage has resulted in incomplete genome assemblies in which the conserved viral RdRp motif is missing. The two families detected by direct Blast annotation of contigs but not by OTUs annotation were Reoviridae and Rhabdoviridae.

When comparing the VANA and dsRNA approaches, VANA detected 14 of the 16 RNA virus families detected using dsRNA, missing only two families, the Amalgaviridae and Benyviridae (Fig. 2D). As indicated above, this is likely due to the low read numbers for these families in the VANA approach (Fig. 1), resulting in incomplete genome coverage and in an absence of contigs covering the RdRp conserved domain for the viruses in these families. This result confirms that when considering the viral families detected, the performance of the VANA and dsRNA approaches are significantly but not widely different.

The dsRNA strategy detected a total of 228 OTUs, while VANA only detected 80 OTUs, of which 69 were detected by both strategies (Fig. 2A). A large number of dsRNA OTUs (n=159) were not detected by VANA (Fig. 2A). Sixty percent of these 159 OTUs were annotated as corresponding to Totiviridae members while the remaining 40% come from other families (Table S4). This difference is also observed if different, lower (3%) or higher (20%) cut-off thresholds are used in the clustering phase for the definition of OTUs (Fig. 2B andC).

If defining as novel the OTUs for which there are no sequences in GenBank that share less than the 10% clustering cut-off criterion, the majority of the VANA (81.2%) and dsRNA (89.5%) OTUs correspond to novel agents (Fig. 2E andF). In both approaches the putative novel OTUs group integrates almost all the dsRNA OTUs while only around half of the ssRNA OTUs (48%-54%) appear to correspond to novel agents (Fig. 2E andF).

Comparison of the dsRNA and VANA approaches at the level of individual plant populations

When analyzing independently each sampling site, the same pattern emerged and significantly more OTUs were identified using the dsRNA as compared to the VANA one (Fig. 3). The virome compositions at family level were also more diverse (Fig. 3). On average 9.8 +/-1.3 families were identified using the dsRNA approach per sampling site as compared to only 6.2 +/-1.9 for VANA (p value= 0.0007), with the SP site showing the lowest viral richness (5 OTUs and 4 viral families, Fig. 3). In most sites, Totiviridae was the most represented family by OTU, with OTUs making up on average 49.2% +/-12.0% of the virome for the dsRNA approach, as compared to 33.5% +/-23.6% for VANA (p value=0.2132).

At the individual OTU level also the dsRNA approach revealed a significantly higher diversity, with an average of 51.5 +/-17.0 OTUs per sampling site compared to 17.2 +/-8.9 OTUs for VANA (p value=0.003032). In addition, a large proportion of the OTUs identified using VANA (73% +/-20%, extremes 40%-95%) were also discovered using the dsRNA approach, while a large majority of dsRNA OTUs are not detected by VANA (73% +/-15%, extremes 56%-96%).

Reproducibility of the VANA and dsRNA approaches

Since two random amplifications and ensuing libraries sequencing were performed for each complex pool, it is possible to evaluate the reproducibility of the viromes obtained from the two whole genome amplification (WGA) replicates but also virome composition specificity in the different study sites. For most variables, there were no statistically significant differences between the two libraries obtained from each sample, including for variables such as number of assemble reads, number of contigs, N50, number of viral contigs, of viral families and of OTUs identified (Table S5).

Besides, the reproducibility of the viromes from either different WGA replicates or different enrichment strategy (dsRNA or VANA) were further evaluated based on OTUs presence/absence data (Fig. 4). The results of hierarchical clustering analyses based on these data show that even if some variability is observed between replicates, the distance between replicates is systematically much lower than the distances between samples (Fig. 4A andB). In addition when comparing the results obtained with the dsRNA and VANA approaches, it is clear that the replicates for each site/technique combination end up very close (Fig. 4C). As shown above there is a very significantly clustering of libraries corresponding to a given site (ANOSIM analysis, R=0.87, p value<0.001) (Fig. 4 C), also illustrating the fact that each virome showed strong site specificity with 41%-71% of site-specific OTUs (Table 2). The ecosystem type (cultivated or unmanaged) had only limited impact on virome composition (ANOSIM test: R=0.2, p value=0.002).

Impact of management practices on virome richness and composition

There were no statistically significant differences in the number of OTUs or of viral families between the cultivated and unmanaged sites (Table 2). Similarly, although a small trend could be seen in the average values (92.3% +/-7.8% novel OTUs for unmanaged sites vs 82.7% +/-7.3%

for cultivated ones) the difference in the proportion of novel OTUs was not statistically significant (Table 2). Conversely, OTUs corresponding to already known viruses proved more frequent in cultivated sites than in unmanaged ones (18 vs 12 OTUs).

While the large variability seen at the level of individual sites limited the ability to draw clear conclusions, comparison of aggregated OTU numbers for viral families or viral groups supported the notion of a higher dsRNA viruses diversity in unmanaged sites (118 vs 77 unique OTUs). For ssRNA viruses the trend was reversed, with a marginally higher diversity (31 vs 28 unique OTUs) in managed sites. This trend was particularly clear for Closteroviridae (7 vs 2 OTUs) and

Secoviridae (4 vs 1 OTUs). Conversely, persistent viruses showed an overall higher richness in unmanaged sites, in particular Totiviridae (84 vs 56 OTUs), Chrysoviridae (8 vs 3 OTUs) and Endornaviridae (10 vs 6 OTUs).

 DISCUSSION

In this study we compared the effectiveness for phytovirome description of the two most widely used nucleic acid enrichment approaches: double stranded RNA (dsRNA) and virion associated nucleic acids (VANA). The richness of the analysed viromes was assessed with two strategies:

direct BlastN or BlastX-based taxonomic annotation of assembled contigs, providing a virome richness estimate at family level and the identification of viral OTUs based on a clustering of contigs encoding viral RdRp conserved motifs [START_REF] Lefebvre | The VirAnnot pipeline: a resource for automated viral diversity estimation and operational taxonomy units (OTU) assignation for virome sequencing data[END_REF]. The Blast-based annotation of contigs representative of each OTU also allows a richness estimate at family level.

The OTU-based analysis is expected to provide a lower-bound richness estimate, because agents for which the RdRp-encoding region is not covered cannot be identified as an OTU. This may explain why direct contig annotation identified on average a slightly higher RNA viruses familybased richness than the OTU approach (paired t-test, p value = 0.0001) (Table S1). For example, for dsRNA libraries an average of 13.3 +/-1.7 RNA virus families were identified by direct Blast annotation as compared to 11.2 +/-1.5 families by OTUs clustering (paired t-test, p value = 0.008).

Similarly significant differences were observed using the VANA approach (paired t-test, p value = 0.01). A possible strategy to increase the completeness of the OTU-based approach would be to also take into account the OTUs defined by other conserved viral motifs such as viral helicases or viral coat proteins (Table S3). A virus for which the RdRp region has no coverage could then be taken into account if its helicase is among the sequence data. This has the potential advantage of improving the ability to detect viral contigs. Indeed of the 1393 contigs identified by RPS-Blast as containing at least one virus-specific motif, 337 (24.2%) were not annotated as viral by the Blast initial analysis. However, this strategy would likely provide an over-representation of the true viral richness since a fully sequenced virus would then give rise to as many OTUs as it has conserved motifs. It is interesting to notice that the low frequency of phage sequences identified by the Blastbased annotation is confirmed by the RPS-Blast search for encoded protein motifs since overall a single VANA contig could be identified as encoding a phage-specific motif.

It should be stressed that the family-level annotation of contigs or OTUs performed here is based on the first Blast hit and therefore does not guarantee that the agents indeed belong to the identified family. Phylogenetic analyses performed with the contigs representative of OTUs have however shown in other experiments a good general fit between the Blast-assigned family and phylogenetic affinities. Metagenomics studies [START_REF] Wolf | Origins and Evolution of the Global RNA Virome[END_REF][START_REF] Zhang | Expanding the RNA Virosphere by Unbiased Metagenomics[END_REF][START_REF] Dolja | Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive horizontal virus transfer[END_REF] have, for example, greatly contributed to a redefinition of the RNA virosphere of invertebrates. While a wealth of novel OTUs were identified here, our results do not point to the existence of a large number of novel higher order viral taxa (family and above) associated with the sampled plant populations.

Broadly speaking, when taking into account all datasets, the dsRNA and VANA approaches recovered largely the same viral families with only a few viral families not recovered by one or the other approach. Interestingly, Endornaviridae members without a true capsid or particle but that produce host derived vesicles containing their nucleic acids were abundantly found from several VANA libraries, confirming similar observations in other studies [START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF][START_REF] Maclot | Effect of species composition on virome diversity in various ecosystemic communities of Poaceae, abstr Rencontres de Virologie Végétale[END_REF] and indicating that the VANA approach is not limited to virion-producing agents. As expected, for the dsRNA approach DNA viruses were not efficiently recovered, even if some Nanoviridae were identified.

Indeed, the detection of DNA viruses using dsRNA has been reported in the literature [START_REF] Rott | Application of Next Generation Sequencing for Diagnostic Testing of Tree Fruit Viruses and Viroids[END_REF]45,[START_REF] Kesanakurti | Screening for plant viruses by next generation sequencing using a modified double strand RNA extraction protocol with an internal amplification control[END_REF].

For the VANA approach, a low efficiency of detection was observed for viruses or families with low titer and/or less stable particles, although Closteroviridae which are known to have quite labile particles have been detected here and elsewhere [START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF][START_REF] Roumagnac | Viral metagenomics and sugarcane pathogens. Achieving Sustainable Cultivation of Sugarcane P Rott[END_REF]. It should be mentioned that the excess of reads annotated as having a bacterial origin detected in two sites by VANA may in fact represent the detection of phages since many integrated phages, which can make up to 10-20% of bacterial genomes [START_REF] Casjens | Prophages and bacterial genomics: what have we learned so far?[END_REF][START_REF] De Sousa | PhageWeb -Web Interface for Rapid Identification and Characterization of Prophages in Bacterial Genomes[END_REF], have been sequenced and annotated as part of bacterial genomes. Overall, the results obtained would however point to a limited presence of phage in the analysed plant-associated viromes. One possible explanation could be that the concentration in phage particles could be low in the analysed samples and that they could have been outcompeted during the sequencing phase by more frequent phyto-or mycoviruses. In any case, the search for phagespecific motifs using the VirAnnot pipeline allows to specifically search for evidence of phage presence so it will be possible in the future to confirm or infirm the results reported here.

Comparable to other studies, the characterized viromes were dominated by novel dsRNA viruses, while a significant fraction of the less abundant ssRNA viruses proved to correspond to already known agents. Although some tentative trends were observed, no statistically supported differences could be identified between cultivated and unmanaged sites, raising the question of the impact of cultivation practices on the virome of wild plants and weeds growing nearby. Among the strongest trends was to finding of a higher diversity of dsRNA viruses which largely have persistent lifestyles in unmanaged environments. This might reflect an indirect impact of the fungicide treatments applied to crops (see below) or have other causes yet to be established.

Whatever the viral richness evaluation strategy and the sample analysed, the dsRNA approach provided a more complete, richer virome representation. This statistically significant difference was observed both at the family and OTU levels (Table 1, Fig. 2 and3) and is also observed if different, lower (3%) or higher (20%) cut-off thresholds are used in the clustering phase for the definition of OTUs (Fig. 2B andC). The reasons for this differential performance is unclear. One possibility is that the dsRNA purification protocol used allows for a greater enrichment of viral sequences. This could in turn lead to an ability to assemble longer, more efficiently annotated contigs (Table 1). An alternative hypothesis would involve the possible existence, in the case of VANA, of stronger competition effects between viruses in the complex pools analysed. In this scenario, highly concentrated and stable viruses could outcompete less stable and/or concentrated ones during the amplification of VANA targets, resulting in a less complete representation. Under both hypotheses, the use of less complex pools and/or deeper sequencing are likely to improve VANA and dsRNA performances.

Both approaches proved to have a good (but not perfect) reproducibility. Indeed, while the libraries prepared by independent amplifications of the same target pool always showed tight clustering in NMDS (Fig. 4C), the corresponding viromes frequently show a differential detection of a small fraction of the OTUs (Fig. 4). A careful analysis shows that most of the differential OTUs are represented by low reads numbers so that small variations in representation in the dataset may strongly affect the ability to assemble contigs for them and, ultimately, their identification.

However, a few OTUs with significant coverage were also observed to be differentially detected between duplicate amplification libraries, which might point to other artifactual effects.

A rich diversity identified for mycovirus-like viruses from the Totiviridae and, to a lower extent,

Chrysoviridae families was at all study sites. Given that the plant holobionts were used for sampling this raises the possibility that a proportion of these agents might infect endophytic, epiphytic or parasitic fungi associated with the sampled plants. Indeed a lower richness is observed overall for these families from cultivated sites, a possible consequence of fungicides applications on overall fungal diversity [START_REF] Newton | Managing the ecology of foliar pathogens: ecological tolerance in crops[END_REF][START_REF] Karlsson | Fungicide effects on fungal community composition in the wheat phyllosphere[END_REF]. At the same time, many typical fungal virus families such as Hypoviridae, Narnaviridae, Fusariviridae and Birnaviridae were not detected here, further complicating the issue.

Overall, unless DNA viruses are of particular interest in metagenomics efforts involving the analysis of complex sample pools by the "lawnmover" strategy (3), the results presented here suggest that a preference should be given to the dsRNA-based approach since it consistently provides a more comprehensive vision of the virome. It should however be stressed that this recommendation may not apply when analyzing less complex samples such as individual plants or pools of plants of a single species such as in ecogenomics or geometagenomics [START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF][START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF] since VANA has been shown to perform efficiently in virus discovery and etiology studies [START_REF] Villamor | High Throughput Sequencing For Plant Virus Detection and Discovery[END_REF][START_REF] Roossinck | Plant Virus Metagenomics: Advances in Virus Discovery[END_REF][START_REF] Filloux | Viral Metagenomic-Based Screening of Sugarcane from Florida Reveals Occurrence of Six Sugarcane-Infecting Viruses and High Prevalence of Sugarcane yellow leaf virus[END_REF].

 MATERIALS AND METHODS

Study sites and plant samples

To analyse plant virus richness in different cultivated or unmanaged environments, six different sites were selected in southwest France (Table S6). The VO site near Bordeaux, is a cultivated horticultural agrosystem, in which the main crops are vegetables such as tomato and lettuce. The nearby unmanaged site (INRA), corresponds to a prairie and adjoining path borders within the INRA research center. Near the town of Bergerac, two cultivated agrosystems (CT and IT), with respectively carrot and tobacco crops were selected, together with two unmanaged areas (SP and BP) corresponding respectively to a dry prairie and to a deciduous forest border.

For each site, a total of 200 individual plants were collected in spring 2016 (5 individual plants of each of the 40 locally most abundant species; Table S6). In the agrosystems, the cropped species were not collected. No specific efforts were made to select symptomatic plants and plants with obvious fungal attack, insect colonization or necrotized parts were excluded. All collected plants were identified to species level or, when not possible, to genus level by a trained researcher.

Samples processing and plant pools preparation

For each sampling site, 4 different bulked samples (50 plants each, 10 different species) were prepared for dsRNA extractions while 8 different bulked samples (25 plants each, 5 different species) were used for VANA extractions. In each case, the pools were composed of 0.1 g of fresh tissue of each sampled plant, yielding a total of 5 g of plant material for dsRNA pools and 2.5 g for VANA pools.

Viral nucleic acids enrichment, library preparation and Illumina HiSeq sequencing

Double-stranded RNAs were purified from each pool by two rounds of CF11 cellulose chromatography and converted to cDNA according to the protocol described by Marais et al. (22).

In parallel, a negative control blank was similarly prepared using only buffer. In order to evaluate the reproducibility of the whole genome amplification (WGA) procedure, duplicate WGA PCRs involving different MID tags [START_REF] Dolja | Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive horizontal virus transfer[END_REF] were performed on each cDNA sample. PCR products were purified using the MinElute PCR Purification Kit (Qiagen) and their concentration determined spectrophotometrically. Finally, equal DNA amounts of the identically tagged WGA PCR products obtained from the 4 separate plant pools of each study site were pooled generating a superpool corresponding to the 200 sampled plants.

Virion-associated nucleic acids (VANA) were extracted from each bulked sample following the protocol described by Candresse et al. [START_REF] Candresse | Appearances Can Be Deceptive: Revealing a Hidden Viral Infection with Deep Sequencing in a Plant Quarantine Context[END_REF]. Synthesis and amplification of cDNAs prepared from nucleic acids extracts were performed by combining reverse-transcriptase priming as described in the dsRNA strategy and a Klenow fragment polymerization step so as to allow the detection of both RNA and DNA viruses simultaneously [START_REF] Bernardo | Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale[END_REF]. The resulting products were submitted to WGA in duplicates involving different multiplex identifier (MID) tags, purified, quantified and assembled in superpools as described for the dsRNA strategy. The various libraries were named based on the target nucleic acids (ds or VANA) followed by the study site and PCR1 or PCR2 to indicate the WGA replicates (ex. ds-VO-PCR1).

In total, 12 libraries were thus prepared for the dsRNA approach (corresponding to duplicate WGA for each of the 6 sampling sites), and one blank pool library for all the negative controls (Table S1). WGA were also performed in duplicate for the VANA samples, again yielding a total of 12 libraries, The 25 resulting libraries, each having a different MID tag were separately used for preparation of independent sequencing libraries and sequenced in multiplexed format (2×150 bp) on an Illumina HiSeq 3000 system at the GenoToul platform (INRA Toulouse, France).

Bioinformatics analyses: Reads cleaning, normalization and contigs assembly

Following demultiplexing, adapters and MID tags were removed with cutadapt (52), and reads were quality trimmed (minimum quality score 20, minimum length 70 nucleotides). In order to limit inter-sample cross talk associated with index-hopping [START_REF] Illumina | Effects of index misassignment on multiplexing and downstream analysis[END_REF], only reads having identical MID tags on both pair members were retained for further analyses. Cleaned virome HTS reads have been deposited on the INRA National Data Portal under the identifier https://doi.org/10.15454/TVWBCQ. To compensate for uneven sequencing depth between libraries, libraries were normalized by random subsampling to the same depth (122,295 pairs) using the seqtk tool (https://github.com/lh3/seqtk) (Table S1). Contigs were de novo assembled for each library using IDBA-UD (https://academic.oup.com/bioinformatics/article/28/11/1420/266973).

Contigs annotation and Operational taxonomic units (OTU) clustering

All contigs were annotated using BlastN and BlastX against the NCBI Genbank non redundant nucleotide (nt) or protein (nr) databases with a conservative e-value cut-off of 10 -4 . In this way, contigs were assigned to one of the following categories: virus, eukaryote, bacteria, algae, and unknown. A heatmap illustrating the representation (absolute number of reads) of viral families (Table S2) in each library/site was prepared using the 'ComplexHeatmap' package without clustering in R [START_REF] Gu | Complex heatmaps reveal patterns and correlations in multidimensional genomic data[END_REF].

A clustering approach ( 43) was used to define and count operational taxonomy units, as initially highlighted [START_REF] Thapa | Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve[END_REF][START_REF] Simmonds | Methods for virus classification and the challenge of incorporating metagenomic sequence data[END_REF]. Briefly, a search of all contigs against the pfam database ( 54) was performed using Reversed Position Specific Blast (RPS-Blast) [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. The contigs encoding a virus-specific conserved protein motif (Table S4) were retrieved and aligned with reference sequences and distance matrices computed with the ETE3 toolkit [START_REF] Huerta-Cepas | ETE 3: Reconstruction, Analysis, and Visualization of Phylogenomic Data[END_REF] . These matrices were used to perform a clustering, allowing to regroup in a single operational taxonomic unit (OTU) all contigs differing by less than a set cut-off divergence value [START_REF] Murtagh | Ward's Hierarchical Agglomerative Clustering Method: Which Algorithms Implement Ward's Criterion?[END_REF]. We used of a 10% divergence cut-off value, which has been shown to generate in many viral families OTUs that are a relatively good approximation of taxonomic species [START_REF] Lefebvre | The VirAnnot pipeline: a resource for automated viral diversity estimation and operational taxonomy units (OTU) assignation for virome sequencing data[END_REF]. OTUs were thus defined and counted for each virus-specific conserved motif, allowing to generate an OTU table indicating for each approach/sampling site combination the presence/absence of each identified OTU. With the exception of the reproducibility analysis, all other analyses were performed by regrouping the data of the duplicate normalized libraries corresponding to the two separate PCR amplifications performed for each approach/sampling site combination.

Dissimilarity analyses between duplicate PCRs and among sampling pools/sites

The availability of two random amplifications and ensuing libraries (PCR1 and PCR2) for each approach /sampling site combination allowed to evaluate virome description reproducibility.

Dissimilarity analyses were performed on OTU presence/absence binary data to generate a Jaccard distance matrix. Based on this distance matrix, hierarchical clusterings and nonmetric multidimensional scaling (NMDS) ordination were performed using hclust with "complete" algorithm and the R 'vegan' package [START_REF] Murtagh | Ward's Hierarchical Agglomerative Clustering Method: Which Algorithms Implement Ward's Criterion?[END_REF][START_REF] Oksanen | vegan: Community Ecology Package[END_REF]. The significance of comparisons among different sites and between different ecosystem types (cultivated and unmanaged) were assessed using the non-parametric statistical test -ANOSIM (analysis of similarity) in R 'vegan' package [START_REF] Oksanen | vegan: Community Ecology Package[END_REF][START_REF] Clarke | Non-parametric multivariate analyses of changes in community structure[END_REF][START_REF] Buttigieg | A guide to statistical analysis in microbial ecology: a community-focused, living review of multivariate data analyses[END_REF]. libraries (B) corresponding to the 6 sampling sites were prepared using hclust and "complete" algorithm. (C) Non-metric multi-dimensional scaling (NMDS) of a Jaccard distance matrix generated using the presence/absence data of all dsRNA and VANA libraries. Circles represent the dsRNA approach libraries and triangles the VANA approach ones. The symbols are colored-coded according to the sampling site. 

CHAPTER Ⅲ

Different patterns in leaf-associated viromes and mycobiomes of wild plant populations between cultivated and unmanaged environments

INTRODUCTION

Plant leaves represent one of the largest microbial habitats on Earth [START_REF] Morris | Phyllosphere. e LS[END_REF] and harbor hyperdiverse microbial communities including bacteria, archaea, fungi, yeasts and viruses [START_REF] Lindow | Microbiology of the phyllosphere[END_REF]Vorholt, 2012;[START_REF] Koskella | Phage-mediated selection on microbiota of a long-lived host[END_REF][START_REF] Vacher | The Phyllosphere: Microbial Jungle at the Plant-Climate Interface[END_REF]. These microbial communities influence plant health [START_REF] Arnold | Fungal endophytes limit pathogen damage in a tropical tree[END_REF][START_REF] Hacquard | Interplay Between Innate Immunity and the Plant Microbiota[END_REF][START_REF] Saleem | Microbial Interactions in the Phyllosphere Increase Plant Performance under Herbivore Biotic Stress[END_REF], plant nitrogen nutrition (Fürnkranz et al., 2008;[START_REF] Moyes | Evidence for foliar endophytic nitrogen fixation in a widely distributed subalpine conifer[END_REF]Doty, 2017), ecosystem primary productivity (Laforest-Lapointe et al., 2017) and biogeochemical cycles [START_REF] Osono | Role of phyllosphere fungi of forest trees in the development of decomposer fungal communities and decomposition processes of leaf litter[END_REF][START_REF] Morris | Bioprecipitation: a feedback cycle linking Earth history, ecosystem dynamics and land use through biological ice nucleators in the atmosphere[END_REF][START_REF] Bringel | Pivotal roles of phyllosphere microorganisms at the interface between plant functioning and atmospheric trace gas dynamics[END_REF]. Despite their potential importance for natural and managed ecosystems, our knowledge of leaf microbial communities remains very limited to date, compared to that of root and rhizosphere communities. Experimental studies are needed to better understand the functions of leaf microbial communities [START_REF] Rosado | The importance of phyllosphere on plant functional ecology: a phyllo trait manifesto[END_REF] of the identified viruses (Roossinck, 2015a), so that the proportion of phytoviruses to mycoviruses in plant-associated viromes is still unknown (Roossinck, 2015a). Phytovirus diversity has been grossly underestimated so far, as illuminated recently by high throughput sequencing (HTS)based metagenomics studies (Roossinck et al., 2010;Rosario & Breitbart, 2011;Roossinck, 2012;[START_REF] Shi | Redefining the invertebrate RNA virosphere[END_REF]. Indeed, the newly released 2018b ICTV taxonomy lists a total of 4958 virus species, however only about 1337 of them (~27.0%) are plant viruses [START_REF] Siddell | Additional changes to taxonomy ratified in a special vote by the International Committee on Taxonomy of Viruses (October 2018)[END_REF]. This percentage is to be compared with the ca. 5500 known mammalian species contrasted with the estimated ca. 400.000 described plant species and ca. 2.000 new plant species described each year.

One of the reasons for this situation is that viruses have been traditionally thought as pathogens, which led to biased studies largely focusing on viruses causing visible symptoms in economically important crops (Wren et al., 2006) which comprise only a minute fraction of all plant species. In addition, there is now evidence that only a small fraction of viruses are associated with obvious disease (Roossinck, 2005). Taken together, these biases suggest that there exists a huge gap in our understanding of plant virus diversity, evolution and ecology.

To bridge this gap some recent studies have started to analyze virus populations with a focus on wild plant populations (Thapa et al., 2015;Bernardo et al., 2018;Susi et al., 2019), which are likely to represent reservoirs for both known viruses and novel, emerging agents (Anderson et al., 2004;Cooper & Jones, 2006;Elena et al., 2014;[START_REF] Stobbe | Plant virus metagenomics: what we know and why we need to know more[END_REF]McLeish et al., 2019). The few such metagenomic studies performed to date have shown that virus infection i s quite common and often asymptomatic in wild plants (Roossinck, 2012). As longtime neglected plant populations, wild plants can be an important research object for the exploration of viral diversity at individual species, plant population or even ecosystem scales.

Both viromes and mycobiomes are shaped by abiotic and biotic environmental factors. In woody perennials, for example, Jumpponen and Jones's studies showed that phyllosphere fungal communities in temperate Quercus macrocarpa appear distinct between trees in urban and nonurban environments, possibly as a consequence of geographic distance, air pollution, human management etc. [START_REF] Jumpponen | Massively parallel 454 sequencing indicates hyperdiverse fungal communities in temperate Quercus macrocarpa phyllosphere[END_REF][START_REF] Illumina ; Jumpponen | Seasonally dynamic fungal communities in the Quercus macrocarpa phyllosphere differ between urban and nonurban environments[END_REF]. Phyllosphere fungal richness of Quercus ilex in a mixed Mediterranean forest increased with summer season and longterm drought [START_REF] Penuelas | Summer season and long-term drought increase the richness of bacteria and fungi in the foliar phyllosphere of Quercus ilex in a mixed Mediterranean forest[END_REF] while in Fagus sylvatica mycobiome composition was significantly correlated with elevation gradient and microclimate (Cordier et al., 2012). More recently, host genotype has been shown to be an important determinant of phyllosphere mycobiomes for a wide range of cereal [START_REF] Sapkota | Host genotype is an important determinant of the cereal phyllosphere mycobiome[END_REF]. The study of the wheat canopy mycobiome showed geographical location as a major factor along with leaf position, growth stage and cultivar identity [START_REF] Sapkota | Spatiotemporal Variation and Networks in the Mycobiome of the Wheat Canopy[END_REF].

Virus communities may influence microbial ecosystems by modulating microbial population size, diversity, metabolic output, and gene flow (Brum et al., 2015). However, the study of phytoviral communities in different ecosystems and of the potential drivers shaping them was only initiated very recently (Roossinck, 2015b;Thapa et al., 2015). The environmental factors determining plant virus community composition in both cultivated and natural ecosystems thus remain largely unknown (Malmstrom et al., 2011). One recent study investigated virome composition in six native plant species from 20 sites over 4 years to test the effects of host identity, location, and sampling year (Thapa et al., 2015). The results showed that only host species identity was significantly correlated with virome composition. Recent results also suggest that some viral families might be more adapted to cultivated or to unmanaged environments (Bernardo et al., 2018). A few other studies focusing on specific plant or virus species have shown that the latitude, environment and temporal dynamics were correlated with variations in virome composition (Coutts & Jones, 2002;Cadle-Davidson & Bergstrom, 2004;[START_REF] Seabloom | Viral diversity and prevalence gradients in North American Pacific Coast grasslands[END_REF].

In most cases, the results of the interaction between viruses and fungi remains unknown. There are indications that many mycoviruses induce no obvious infection phenotype in their fungal host, so that they therefore appear to be largely latent. On the other hand, some mycoviruses have been shown to impact positively or negatively (hypovirulence) the fitness and pathogenicity of their fungal host(s) [START_REF] Nuss | Hypoviruses[END_REF][START_REF] Ghabrial | 50-plus years of fungal viruses[END_REF]. The interactions between phytoviruses and plant-associated fungi are even more poorly described. There is however some circumstantial evidence that fungi-plant interactions might impact plant-phytovirus ones. For example, the mycorhizal fungal species Piriformospora indica is reported to interfere with pepino mosaic virus (PepMV) accumulation in tomato apical shoots in a light intensity-dependent fashion [START_REF] Schwarz | Spread and interaction of Pepino mosaic virus (PepMV) and Pythium aphanidermatum in a closed nutrient solution recirculation system: effects on tomato growth and yield[END_REF] while tomato colonization by PepMV could also be inhibited by Verticillium spp. or by the oomycete Pythium aphanidermatum colonization (Spence et al., 2006;[START_REF] Schwarz | Spread and interaction of Pepino mosaic virus (PepMV) and Pythium aphanidermatum in a closed nutrient solution recirculation system: effects on tomato growth and yield[END_REF].

Conversely, virus occurrence and symptomatology were increased by arbuscular mycorrhizal fungi colonization in tobacco (Shaul et al., 1999).

In the present study we used metagenomics-based approaches to assess the diversity of leafassociated viruses and fungi in wild plant populations sampled in cultivated and unmanaged sites.

A dissimilarity analysis of the obtained mycobiomes and viromes composition was used to evaluate the factors potentially affecting community composition. In particular, an influence of the anthropic status (cultivated vs unmanaged) of the sampling site was evidenced for both mycobiome and virome.

MATERIALS AND METHODS

Study sites and sampling design

Herbaceous wild plants and weeds were sampled in 2017 in four sites in southwest France. Two sites (VO and CT) were cultivated, horticultural agroecosystems in which vegetable crops were grown. The VO site harbored a range of crops including lettuce, spinach, pepper, turnip etc… while the CT site mostly had carrots. Two other sites (INRA and SP) were unmanaged dry grasslands (Table S1). In each site, a total of ca. 200 individual plants comprising the 29 to 40 locally most abundant species were collected in spring 2017 (Table S1). An identical number of plants was collected for each sampled species. As the focus of the study was on wild plants, crop plants were not sampled in the cultivated sites. Individual plants were selected at random but plants with necrotic tissues or with insect infestation were not collected. Plants were identified in the field by experienced researchers with botanical knowledge and subsequently stored in a cool ice chest before being brought back and processed in the laboratory.

Leaf processing for phytovirome and mycobiome analysis

For each site, 4 complex pools of ca. 50 plants were assembled for nucleic acids extraction from the ca. 200 collected plants, taking care to allocate all individual plants for a given species to a single pool (Fig. 1). For virome description, the complex pools were assembled using small fragments corresponding to 0.1 g fresh tissues of each individual plant (ca. 5 g total). For mycobiome description, the complex pools were assembled using 0.5 mg of leaf blade dessicated over anhydrous calcium chloride dry weight (ca. 25 mg).

Fungi culturing for culturome and mycovirome analysis

In order to culture out fungi from the plant samples collected at each sampling site, a modified dilution strategy [START_REF] Unterseher | Dilution-to-extinction cultivation of leaf-inhabiting endophytic fungi in beech (Fagus sylvatica L.)--different cultivation techniques influence fungal biodiversity assessment[END_REF] was used. For each site, the sampled 200 individual plants were divided in ca. 7-10 pools (with no shared plant species) of 20 to 30 individual leaf pieces (approximately 1 cm²) which were added to sterile Erlenmeyer flasks containing 15 ml sterile water with 0.1% Tween 20 (Fig. 1). The flasks were then incubated at room temperature on an orbital shaker for 20 minutes before filtering with sterile gauze. Based on pilot experiments, the filtered solution was then serially diluted 10, 100 and 1000 times and 500 μl aliquots used to inoculate respectively 10 plates of malt agar (MA) and of potato dextrose agar (PDA) containing 0.025% chloramphenicol. Plates were incubated at 22℃ and observed regularly for development of fungal colonies. All developing fungal colonies were isolated from the original plates and transferred to new petri dishes (4 isolates per plate) containing culture media covered by cellophane in order to facilitate the final collection of mycelia. Grown mycelia (ca. 3.5 cm in diameter) were recovered, transferred to plastic tubes and lyophilized. In this way a total of 480 to 1279 fungal colonies were obtained for each of the sampling sites. For dsRNA extraction for mycovirome characterization mycelia were assembled in pools of 480 to 640 colonies (ca. 1 mg dry weight per mycelium for a total of ca. 0.48-0.64 g dry weight per pool) while for DNA extraction for mycobiome analysis, the mycelia were assembled in pools of ca. 250 colonies (ca.

0.1 mg dry weight per mycelium for a total of 25 mg per pool) (Fig. 1).

Double stranded RNAs extraction, whole genome amplification (WGA) and Illumina sequencing

Double stranded RNAs (dsRNAs) were extracted from each plant and fungal pool by two rounds of CF11 cellulose chromatography as described by Marais et al. (2018). A blank control using only reagents was prepared in parallel with every extraction. For conversion to cDNA and random amplification of dsRNAs, 3 µl of purified dsRNAs were denatured at 99°C for 5 min and submitted to a reverse transcription step initiated by a mixture of primers consisting of 1 mM dT18 and 2 mM PcDNA12 (5' TGTGTTGGGTGTGTTTGGN12 3') using the SuperscriptII Reverse

Transcriptase according to the manufacturer's instructions (Invitrogen). A random whole genome amplification (WGA) was performed using the obtained complementary DNAs (cDNAs), allowing at the same time the tagging of pools from the same site with a specific multiplex identifier (MID) adapter (Marais et al., 2018). In general, a minimum of two independent amplifications with different MID tags were performed for each pool. PCR products were purified using the MinElute PCR Purification Kit (QIAGEN). Finally, for dsRNA plant samples, equal amounts of PCR products obtained from each of the 4 plant pools corresponding to a sampling site were assembled in one library integrating the 200 sampled plants. The same pooling strategy was performed on dsRNAs of fungal cultures, therefore a library integrating all the fungi corresponding to a sampling site was prepared (Fig. 1 and Table S2). The prepared libraries, including negative controls (buffer-only libraries) for plant samples and cultured fungi dsRNA extractions (Fig. 1 and Table S2) and were sequenced in multiplexed format (2×150 bp) on an Illumina HiSeq 3000 system at the GenoToul platform (INRA Toulouse, France).

Bioinformatics for virome analysis: reads cleaning, assembly, contigs annotation and Operational Taxonomic Units (OTU) identification

Virome analysis was performed using the virAnnot pipeline (Lefebvre et al., 2019). More precisely, the raw sequence reads were first demultiplexed and the MID tags removed using the cutadapt tool (Martin, 2011). To reduce the cross-talk between samples caused by index hopping (Illumina, 2017;van der Valk et al., 2019), only paired-end reads with identical MID tags identified in both members of the pair were retained for the next steps. In some cases, to compensate for uneven sequencing depth between libraries, a normalization step was performed by randomly subsampling libraries to the same depth using the seqtk tool (https://github.com/lh3/seqtk). The clean pairedend reads were de novo assembled into contigs using the IDBA-UD assembler (https://academic.oup.com/bioinformatics/article/28/11/1420/266973). Contigs were annotated using BlastN and BlastX against the non-redundant nucleotide (nt) and protein (nr) Genbank databases with a conservative e-value cut-off of 10 -4 . A clustering approach (Lefebvre et al., 2019) was used to define operational taxonomy units, following the strategy highlighted by (Simmonds, 2015). Briefly, a search of RNA-dependent RNA polymerase (RdRp) conserved motifs was performed on all contigs and those encoding a viral RdRp were retrieved and aligned with reference sequences. Distance matrices computed with the ETE3 toolkit (Huerta-Cepas et al., 2016) were used to cluster in a single OTU all contigs differing by less than 10% divergence. This 10% value has been shown to generate in many viral families, OTUs that are a relatively good approximation of taxonomic species (Lefebvre et al., 2019). This allowed to generate an OTU table indicating for each sampling site the presence/absence and the number of reads integrated in each identified OTU.

DNA extractions and ITS1 and ITS2 amplification for fungal metabarcoding

For comparison purposes, total DNA was extracted from each prepared pool (plants or fungi) using two different kits, the PowerSoil® DNA Isolation Kit (MO BIO) and the DNeasy Plant Mini Kit (QIAGEN), according to the instructions of the kits. The internal transcribed spacer 1 and 2 regions (ITS1 and ITS2) were amplified according to [START_REF] De Beeck | Comparison and validation of some ITS primer pairs useful for fungal metabarcoding studies[END_REF] [START_REF] Mcmurdie | phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data[END_REF]Callahan et al., 2016b). The number of reads of ASVs found in the extraction and amplification negative controls [START_REF] Galan | 16S rRNA amplicon sequencing for epidemiological surveys of bacteria in wildlife[END_REF] were removed from the whole dataset.

In order to be able to compare the fungal community composition between plant pools, the ASV tables were resampled to the minimum sequencing depth observed in the datasets (corresponding to 23270 reads/sample for ITS1 and 15297 reads/sample for ITS2) using the 'rarefy_even_depth' function in the Phyloseq package in R (McMurdie & Holmes, 2013) (Methods S4).



Alpha and beta diversity analyses

Alpha diversity analyses and visualization of mycobiome community composition were performed in R using the Phyloseq package [START_REF] Mcmurdie | phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data[END_REF] for data import and richness metrics calculation and using the ggplot2 package for visualization (Wickham, 2016) (Methods S5).

Dissimilarity-based hierarchical cluster analysis (HCA) and Principal coordinates analysis (PCoA) [START_REF] Ramette | Multivariate analyses in microbial ecology[END_REF] were performed on distance matrices estimated with the "Jaccard-binary" [START_REF] Hamers | Similarity measures in scientometric research: the Jaccard index versus Salton's cosine formula[END_REF] method in R (Methods S5). Non-parametric statistical tests ANOSIM (Analysis of similarities) [START_REF] Clarke | Non-parametric multivariate analyses of changes in community structure[END_REF] and ADONIS [START_REF] Anderson | A new method for non-parametric multivariate analysis of variance[END_REF][START_REF] Mcardle | Fitting Multivariate Models to Community Data: A Comment on Distance-Based Redundancy Analysis[END_REF] were used to estimate the effects of various factors (sampling site, ecosystem type, location, extraction kit) on virome and mycobiome composition (Methods S5). Given that a better performance was obtained with the ITS1 amplicons (larger number of filtered reads, richer ASV mycobiomes), only the ITS1 information was subsequently analyzed in detail. On the other hand, a comparable but slightly better performance was obtained with PowerSoil® DNA Isolation Kit (MO BIO) (2 samples with no initial amplification using the DNeasy Plant Mini Kit) so that the reads corresponding to the ITS1 amplicons obtained from DNA extracted with PowerSoil® DNA Isolation Kit were used for the downstream analysis. Overall, for each site, four mycobiomes, one phytovirome, one culturome, and one mycovirome were sequenced and analyzed (Fig. 1).

RESULTS

Phytovirome diversity and compositional variation in different environments

Overall, more viral reads and viral contigs were detected for the CT site followed in turn by the VO, SP and INRA sites (Table 1). The ratio of dsRNA/ssRNA reads ranged from 0.7 to 1.6 except for the SP site where it reached a high value of 19.6 possibly linked to a saturation of the amplification libraries by reads from Endornaviridae members (81.9%) (Table S3). Few reads annotated as retro-transcribing viruses were discovered only from the VO and CT sites while virusassociated RNAs reads were only detected for the INRA site. Besides the SP site, Endornaviridae also accounted for a large proportion of the CT virome (30.9%), followed by Alphaflexiviridae (17.4%) (Table S3). Based on a Blast-based annotation, a total of 17 viral families were discovered from these four sites with respectively 15 and 14 families for VO and CT, but only 11 and 7 for SP and INRA. The family-level richness of the virome thus appears to be higher for the cultivated than for the unmanaged sites, an observation associated with the absence of several single-stranded RNA (ssRNA) virus families (Bromoviridae, Secoviridae, Virgaviridae and Benyviridae) and of the Caulimoviridae pararetroviruses from the unmanaged sites (Table S3). On the contrary, double-stranded RNA (dsRNA) virus families Partitiviridae and Totiviridae and ssRNA families Endornaviridae, Alphaflexiviridae and Tombusviridae were present in all four sites (Table S3).

A viral RdRp clustering approach was used to define operational taxonomic units (OTUs) at a level close to ICTV species using the virAnnot pipeline (Lefebvre et al., 2019). In total, 190 viral RdRp OTUs were identified (Table S4) representing 16 viral families. Respectively 73, 50, 55 and 26 OTUs representing 13, 12, 9 and 5 viral families were respectively discovered from the VO, CT, SP and INRA sites, confirming the higher viral family richness in the cultivated sites (Table 1 and Fig. 2a). The lower number of families identified for each site results from the constraint that any virus for which the RdRp core-encoding region is missing (due to incomplete genome coverage) will not be considered by this approach. The OTU-based analysis therefore provides a lower bound of viral diversity while allowing to analyze the virome at a rank closer to taxonomic species. Double-stranded viruses OTUs account for a larger proportion (54.0% to 70.9%) than ssRNA viruses OTUs (21.8% to 28.0%), except for the INRA site in which the situation was reversed (42.3% ssRNA OTUs vs 30.8% dsRNA ones). Between 7.3% and 26.9% of OTUs could not be annotated by Blast at family level, depending on the site (Fig. 2b). Overall, and as already seen in other phytovirome studies, a large fraction of the detected OTUs (83.7% to 96.3%) putatively correspond to novel viruses since no RdRp-encoding sequence in Genbank fullfiled the identity criterion (>=90% nt or aa identity) to be included in the corresponding OTU (Table 1 and Fig. 2b). The majority of the OTUs for which a Genbank counterpart could be identified correspond to ssRNA viruses (Table S4 and Fig. 2b). S6).

Alpha diversity of fungal communities from mycobiome libraries in different sampling sites

Richer and more diverse fungal communities were observed for the unmanaged SP and INRA sampling sites (Fig. 2c) with an average of 191.3+/-54.8 and 252.3+/-34.3 ASVs per library, respectively, and with a total of 483 and 639 unique ASVs, respectively (Table S7). This translates in higher fungal diversity in these sites (Fig. 2d) with average Shannon indexes of 3.72+/-0.33 and 3.86+/-0.15, respectively, as compared to values of 3.0+/-0.41 and 2.72+/-0.41 for the cultivated VO and CT sampling sites (Table S7). This difference in fungal diversity cannot be ascribed to a higher diversity of the sampled plant species since fewer plant species were sampled in the unmanaged sites than in the cultivated ones [respectively 29 (SP) and 33 (INRA) sampled plant species as compared to 34 (CT) and 40 (VO)].

Mycobiome composition: largely consistent within ecosystem whatever sampled host plants but specific between sampling sites

For each sampling site, 4 different plant pools were analyzed, which assemble different plant species. It is thus possible to use our data to compare the mycobiome of different plant species growing together at the same sampling site. The analysis of Venn diagrams of fungal ASVs within each sampling site show that a significant proportion of the ASVs detected are shared between plant pools with 31.1% to 42.9% (on average 35.5%+/-5.2%) of ASVs shared between at least two pools and a core of on average 12.4% +/-4.8% of ASVs shared between all pools of a sampling site (extremes 9.2-19.3%) (Fig. S1). For these core ASVs of each site (31, 45, 53 and 59 ASVs for VO, SP, CT and INRA, respectively, Fig. S1), a significant proportion (55.3%) S5).

Subsequently, the compositional dissimilarities between pools were quantified using a Jaccard metric calculated on presence/absence (binary) data of ASVs (Table S5). Principal coordinates analysis (PCoA) and hierarchical clustering analysis (HCA) on the distance matrixes revealed that fungal communities from pools of a sampling site (that therefore share no common plant species) are more closely related than pools from different sites (Fig. 3), so that the composition difference is strongly correlated with the sampling site (ANOSIM test: R=0.89, p =1E-04) (Table S8 and Fig. 3). Secondly, factors such as ecosystem type (cultivated/unmanaged) and geolocation (Bordeaux/Bergerac) also contribute to the composition dissimilarity with respectively R =0.52, p =4E-04 and R=0.48, p = 3E-04 (Table S8 and Fig. 3). The contributions of factors causing the compositional difference were also tested by ADONIS statistics, providing essentially similar results in particular for sampling site contribution (R 2 =0.37, p =1E-04), followed by ecosystem type and geolocation (R 2 >0.13, p < 5E-04) (Table S8).

Culturome and mycovirome diversity analysis following a culturomics approach

Several families of dsRNA viruses have members with either plant or fungal hosts, so that it is not easy to decide whether the agents detected are bona-fide plant-infecting viruses or infect fungi associated with the plant samples analyzed. The situation is further complicated by recent reports of cross-kingdom transmission (Andika et al., 2017;Nerva et al., 2017). In an effort to begin to address this complex question, we characterized the mycobiome and mycovirome of fungal populations that had been cultured from the plant populations sampled in our 4 study sites.

From 480 to 1270 fungal colonies were obtained for each sampling site through a culturomics approach (Table S9). Using the cultured fungal pools thus obtained, fungal metabarcoding and dsRNA-based virome analyses were then performed in the same fashion as for the plant pool samples. As expected and despite the relatively large number of cultivated colonies involved in these experiments, the cultivated fungal ASV output data shows that only a small fraction of the ASVs identified from the plant samples were identified among the cultivated fungi ASVs (4.8% to 13.8%, average 9.0% +/-3.9%) (Table S9 and Fig. S2). Although a significant fraction of the cultivated fungi ASVs were not detected by the metabarcoding performed on the plant samples (15.4% to 42.9%) an even larger fraction had already been detected from the plant samples (57.1 to 84.6%, average 67.5% +/-12.6%) (Table S9 and Fig. S2).

In order to maximize the ability to detect shared viruses between the plant-and fungus-associated viromes the non-normalized datasets were used. Remarkably, the viromes obtained from the cultivated fungal pools were almost completely different from the viromes obtained from the plant pools. In total, based on the Blast annotation, the mycoviromes collectively comprised 14 viral families (7 ssRNA families and 7 dsRNA families, Table S10). Totiviridae, together with Chrysoviridae, Endornaviridae, Alphaflexiviridae and Partitiviridae were detected from all the mycoviromes and phytoviromes. On the other hand, a range of families were only detected from the cultured fungi, including the Gammaflexiviridae, Hypoviridae, Tymoviridae, Narnaviridae, Fusarividae and Birnaviridae. Also contrasting with the phytovirome data, the mycovirome of the INRA site proved not less diverse than at other sites with 8 families discovered (Table S10). At the more precise viral RdRp OTU level, although a large fraction of the fungal ASVs in cultured fungal pools are shared with the plant samples mycobiomes (average 67.5% +/-12.6%, see above), the viromes from the two types of samples were found almost totally different, with only 2 OTUs shared for the CT site (out of a total of 29), while no shared OTU could be detected in the other 3 sites out of a total of 54 viral OTUs detected from the corresponding fungal cultures (Fig. S2). The reciprocal mapping of the reads of one virome type against the contigs of the other type confirmed that only a very minor fraction of agents is shared between the plant and fungal cultures derived viromes (data not shown).

DISCUSSION

While the sampled host plant species certainly affects the fungal community, a core mycobiome was shared, for a given site, between plant pools which gather different plant species. For each site, 31.1% to 42.9% of the mycobiome ASVs were present in at least two pools (Fig. S1), the corresponding core mycobiome representing a "signature" of the sampling site but also containing some widespread ASVs also represented in the mycobiome of other sampling sites. This core mycobiome, in particular site-specific ASVs, explains the clustering and PCoA analysis that group together different plant pools from a given site and unambiguously separate them from other sampling sites (Fig. 3). Theses variations are potentially associated with their mutual environments.

As reviewed in [START_REF] Vacher | The Phyllosphere: Microbial Jungle at the Plant-Climate Interface[END_REF], environmental conditions have been recognized to significantly affect the assemblage of phyllosphere fungi such as elevation, landscape, climatic condition of a continent and across latitudes, and season.

The comparison of the aggregated mycobiomes from different sites showed that leaf-associated mycobiomes are consistently richer in unmanaged than in cultivated sampling sites (Fig. 2c,2d).

Even if cultivated plants were not sampled in the results reported here, they represent a high proportion of the plant biomass at the cultivated sampling sites and the lower diversity of their mycobiome [START_REF] Compant | A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application[END_REF] may have impacted that of the weeds and wild plants growing nearby. Another hypothesis could be that fungicide treatments applied in cultivated sites may have reduced fungal diversity on the sampled plants. These two hypotheses are, by the way, not mutually exclusive.

Remarkably, a different picture emerged from phytovirome analysis in that more viral families were found from cultivated ecosystems than from unmanaged sampling sites (Table 1). This result parallels that of Bernardo et al. (2018) who also observed a higher family level virus diversity in cultivated areas. The results are less clear-cut when considering viral richness as estimated by the number of OTUs, which represent a proxy to viral species (Table 1). While diversity at the INRA unmanaged site was low and that at the VO cultivated site high, comparable and intermediate numbers of OTUs were observed in the other two CT and SP sites (CT cultivated, SP unmanaged).

The finding of a lower viral richness for sites with a higher mycobiome diversity suggests that virome and mycobiome richness may not be influenced by the same drivers. Differences in dispersion mechanisms between fungi and viruses or the contrasted impact of fungicide treatments in mycobiomes and viromes are certainly among potential driver candidates. Domestication and cultivation, by reducing biodiversity have been suggested to be responsible for increased viral infections in cultivated ecosystems (Roossinck & García-Arenal, 2015). Such an effect may also have contributed to the results reported here if spill-over of frequent infections in crops contributes a significant share of the virome of weeds/wild plants growing side by side with the crops.

A study of Thapa et al. (2015) has demonstrated for a few selected plant species in an unmanaged ecosystem that host species played a significant effect on virome composition as compared to location and sampling time. The results reported here show extremely high site specificity of the phytoviromes, with a high fraction of 93.2% of viral OTUs solely detected in one of the study sites, to be compared with the corresponding values of 74.7% and 55% respectively for the mycobiome ASVs and the sampled plant species (Fig. S3). Under our experimental conditions, the virome therefore appears to be more site-specific than either the mycobiome or the sampled plant populations. It should however be considered that this observation is likely only valid for viruses present at a high frequency in the sampled plant populations. Indeed, with only 5-7 individual plants sampled per plant species, the ability to detect viruses with a low, less than 10% prevalence in the sampled species, would have been limited. It is therefore possible that deeper sampling of each plant species, involving more numerous individual plants may provide in the future a different picture by allowing to take into account low prevalence viruses.

Fungal culturomics of plant leaves have made clear that in vitro culture-based approaches grossly underestimate fungal diversity (Roossinck, 2015a), and the results reported here are in line with this general observation. Indeed, only 4.8% to 13.8% of fungal ASVs were recovered here as fungal cultures (Table S10). However, it is noteworthy that the culturomics provided a significant fraction of cultivated fungi ASVs (15.4% to 42.9%, Fig. S2 and Table S9) or of viral OTUs that were not detected during the direct analysis of plant samples, highlighting the incompleteness of these efforts. The analyzed phytoviromes and mycoviromes, although derived from the same initial samples proved remarkably different. In particular a range of viral families were specifically detected from the mycoviromes: Gammaflexiviridae (all four sites), Hypoviridae and Narnaviridae (3 sites), Fusariviridae (2 sites), Birnaviridae and Tymoviridae (1 site) (Table S10).

Similarly there was almost no congruence between phytoviromes and mycoviromes at the OTU level (Fig. S2). These results are in contrast with some observations, in particular those reported by Al Rwahnih et al. (2011) in which a limited culturomics effort, involving only 11 fungal colonies, allowed to demonstrate a mycovirus status for 5 of the 25 (20%) viruses identified in a grapevine virome. While the culturomics effort reported here is 2 to 3 orders of magnitude higher, the proportion of matched OTUs is at least one order of magnitude lower. One possible hypothesis to explain these differences may be linked to the pooling strategy used here which, while allowing the analysis of many more individual samples, may favor the detection of highly prevalent or high concentration viruses. In this respect, further efforts are clearly needed to better understand the links between the mycovirome and the plant-associated virome.

The results presented here provide a large scale parallel analysis of the virome, mycovirome and mycobiome associated with complex plant populations in cultivated and unmanaged ecosystems.

While the results obtained confirm a higher viral family richness in cultivated environments (Bernardo et al., 2018), they suggest that mycobiome and virome might be under the influence of different drivers, an observation that clearly deserves further confirmatory efforts. * For all whole genome amplifications (WGA), a minimum of two independent amplifications with different MID tags were performed for each site.
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$ For Phytovirome analysis, in order to allow a more precise comparison of the virome between sites, all the sequences with different MID tags but from the same sample were pooled and then normalized to a given depth. 

Annex A to Chapter III -"Reproducibility of phytovirome composition analysis using random whole genome amplification"

HTS-based metagenomics targeting dsRNA nucleic acids or VANA has now been used in several studies (Bernardo et al., 2018, Marais et al., 2018, Roossinck et al., 2010, Thapa et al., 2015).

However, there have been few efforts to date to evaluate the reproducibility of phytovirome description using whole genome amplification (WGA) of purified templates obtained from complex plant pools such as those coming from the so-called "lawn-mower" sampling approach (Roossinck et al., 2015). Using the purified dsRNA samples obtained from two of the sampling sites of the study described in the manuscript of Chapter III (VO and CT), we evaluated the reproducibility of the whole genome amplification as well as the potential existence of an amplification bias linked to the use of particular MID tag identifiers used.

For each sample, triplicate amplifications involving 3 different MID tag were performed, generating a total of 9 libraries per sample (Table A1). Following HTS, the sequence reads were cleaned, normalized by subsampling to the same sequencing depth, assembled into contigs and submitted to an RdRp OTU clustering approach using the virAnnot pipeline and a 10% nucleotide/amino acid divergence cut-off (Lefebvre et al., submitted for publication).

On average, 12.1+/-0.9 viral families and 40.3+/-6.3 viral RdRp OTUs were detected for each of the libraries for the VO sampling site and 10.6+/-1.1 viral families with 33.9+/-3.2 OTUs for the libraries of the CT site (Table A1). ANOVA tests were used to compare for each site the libraries with different MID tags on several parameters, including viral reads counts/proportion, number of viral families and number of viral OTUs. No statistically significant differences were found between MID groups, suggesting that the choice of MID tag does not introduce significant biases on these quantifiable variables.

The aggregates and intersections of RdRp OTU virome compositions between the different libraries were then analyzed using the 'UpSet' package in R (Figures A1A andB). Approximately 40% (VO site) to 50% (CT site) of the OTUs identified in a given library were found to be reproducibly detected and shared between all 9 libraries amplified from the same purified dsRNA pool. The other OTUs were only detected from some or even from a single one of the libraries (Figures A1A andB). For the VO site, taking into account the aggregate of unique detected OTUs increases the number of OTUs from an average of 40 per library to a grand total of 79 OTUs, with 16 of them (20.2%) representing a fully reproducible core virome. The comparable values for the CT site are respectively 34 and 58 OTUs (17 OTUs or 29.3% for the core virome) clearly highlighting some inter-amplification variability in the detected virome (Figures A1A andB).

Overall, only close to 50-60% (49-57%) of OTUs were detected from 5 or more of the 9 libraries generated for a given site. However, ANOSIM analyses of virome similarities between replicates

show that these representational differences universally occurred among PCR replicates, irrespective of the specific MID tag for both the VO (R=-0.3374, p-value=0.974) and CT site with (R=-0.06584, p-value=0.622) (Figures A1C andD), .which is consistent with the quantifiable evaluation results described above and are also applicable to non-normalized datasets (data not shown).

Given that viruses do not share conserved regions that could be used for targeted (barcoding) amplification, the use of a WGA procedure is critical step in virome analysis. The results presented in this Annex show that the choice of MID tag does not seem to introduce a bias during this step.

They also surprisingly show a significant variability in the WGA amplification output between independent PCR replicates. The pools analyzed here are very complex and it is conceivable that random stochastic effects during the first PCR cycles might influence the end results and the representation in the final sequenced library of particular agents. In particular, it should be noted that the failure to detect an OTU does not necessarily mean that the corresponding virus is absolutely not represented among the sequencing reads but merely that not contig encoding the polymerase core domain and passing the quality criteria could be assembled from them. Indeed, a detailed analysis shows that the core OTUs shared between replicates tend to aggregate high number of reads while more erratic OTUs tend to correspond to low reads number (not shown).

However, OTUs represented by high reads numbers were on occasion also observed to vary between replicates so that merely increasing the sequencing depth may not completely solve the representation problems highlighted here. On the other hand, reducing the complexity of the pools should at least partially alleviate this difficulty. In any case, when comparing two independent WGA amplification, shared OTUs appear to represent on the order of 75% of the total OTUs, a fraction significant enough to establish the relatedness of the corresponding viromes. As suggested for other microbiome studies [START_REF] Zinger | DNA metabarcoding-Need for robust experimental designs to draw sound ecological conclusions[END_REF], a few guidelines for virome analysis from complex "lawn mower" pools based on the results in this study are suggested including (i) limiting if experimentally feasible the complexity of pools (or conversely increasing sequencing depth) and

(ii) performing independent multiple amplifications that can later be pooled prior to sequencing.

Table A1. Libraries for phytovirome studies and characteristics of high throughput sequencing output for normalized datasets.

Library Source plant pools

MID

Name

Percentage of assembled reads

Number of contigs

Eukaryota contigs

Bacteria contigs

Virus contigs

Unknown contigs

Percentage of Virus contigs

Reads in eucaryota contigs

Reads in bacteria contigs

Reads in virus contigs

Reads in unknown contigs

Percentage of reads in virus contigs

Contig_fa milies

Viral OTUs was performed using the "complete linkage" method in R. Analysis of similarities (ANOSIM) on the jaccard-binary distance matrix, testing whether similarity between groups is greater than the similarity within the groups are shown at the bottom of dendrogram (0<R<1 suggesting more similarity within groups; R values close to zero representing no difference between within groups and with groups; -1<R<0 suggests more similarity between groups than within groups).

OTU-families

Lib1

Figure A1

Annex B to Chapter III -Comparison of two DNA extraction kits and of ITS1 and ITS2 amplicons for the analysis of fungal communities

As described in the manuscript, to study plant-associated mycobiomes, a total of 16 plant pools (50 individual plants per pool, 7 to 10 plant species per pool) were prepared from the 4 different sampling sited (4 pools per site). Total DNA was extracted from these 16 pools using two different kits (Powersoil and DNeasy) and ITS1 and ITS2 regions sequenced using both extracts so that overall the 16 plant pools generated a total of 64 sequencing libraries (16×2×2) plus an additional 4 blank control libraries (two for each extraction kits, respectively amplified for ITS1 and ITS2, Table A2). The multiplexed MiSeq sequencing of theses 64 libraries generated 31011 to 58906 raw reads per library with an average of 43254 +/-6710 reads (Table A2). After trimming and processing through the DADA 2 pipeline and contamination correction as described in the manuscript, the clean reads per library ranged from 18828 to 43335 with an average of 30192 +/-6596 reads, showing that on average 69% of reads were retained for further analyses (Table A2).

The number of ITS1 reads (45269 +/-6288 reads per library) generated with the DADA pipeline was significantly higher (p = 0.0004, paired t-test) than the number of ITS2 reads (41239 +/-6601 reads per library) (Table A2 and Table A3). ITS1 similarly yield more cleaned reads (avg. 33995 +/-5443 reads) than ITS2 (average 26388 +/-5378; p = 1.65E-08) (Table A2, Table A3 and Figure A2A). Moreover, after removal of non-fungal reads according to the taxonomic assignation, a higher proportion of fungal reads was observed for ITS1 libraries (average 30548 +/-5428 reads, 89.9%) than for ITS2 libraries (average 15129 +/-8072, 55.2%; p = 3.19E-10) (Table A2, Table A3 and Figure A2B).

As expected, a greater number of fungal ASVs were identified from ITS1 amplicons than from ITS2 ones (152 +/-54 versus 119 +/-51 ASVs per library, p = 0.0002) no matter what extraction kit had been used (Table A2, Table A3 and Figure A2C). However, the evenness of ITS2 libraries was significant higher that of ITS1 ones (p<0.001) (Table A3 and Figure A2D).

Overall, our results with complex plant pools involving a wide range of plant species demonstrate that ITS1 amplicons generated more sequences taxonomically assigned to fungi and uncovered a greater fungal richness in the complex plant pools analyzed. In particular the ITS1 amplicons showed a higher and much less variable percentage of fungal reads, demonstrating a higher robustness when confronted to a wide range of samples containing different plant species (Figure A2B). As used in several large-scale microbiome projects, only targeting ITS1 region may provide insufficient resolution to distinguish species so the use of additional or alternative markers are suggested (Nilsson et al., 2019). Using ITS1F and ITS2 primer pair for ITS1 targeting may also suffer from primer biases and the presence of an intron that is common in several fungal groups, which can lead to biased amplification [START_REF] Tedersoo | Fungal identification biases in microbiome projects[END_REF]. On the other hand, no statistically significant differences were found between the two DNA extraction kits on the majority of variables, except for the evenness of ITS2 ASVs (p=0.026) (Table A3 and Figure A2D).

Given that a better performance was obtained with the ITS1 amplicons (higher proportion of fungal reds, richer mycomes), only the ITS1 information was analyzed in detail in the manuscript. On the other hand, given that a comparable performance was obtained with the two kits the reads corresponding to the ITS1 amplicons obtained from DNA extracted with the two kits were aggregated in some cases for the fungal diversity analysis. Effort on refined compositional analysis of fungal communities derived from different approach could be made in the future. 

CHAPTER Ⅳ

Metagenomic analysis of virome cross-talk between cultivated Solanum lycopersicum and wild Solanum nigrum

INTRODUCTION

Through the past decade, metagenomics based on high throughput sequencing (HTS) has been widely used in the plant virology field, advancing our knowledge on the diversity of plant viruses.

Specifically, metagenomics allowed to discover unknown viruses, explore the intraspecific genetic diversity of known viruses, and study virus ecology and epidemiology (Massart et al., 2014;Roossinck et al., 2015;Villamor et al., 2019). Plant viruses cause epidemics on all major cultures of agronomic importance, representing a serious threat to global food security. As a consequence, virologists have for a long time focused their efforts on economically important crops, often neglecting bordering weeds and wild plants (Wren et al., 2006). However, agro-ecosystems are complex environments in which crop plants sometimes interact with the in-plot and bordering weeds and wild plants while viruses may be transferred between wild plants/weeds and crops and vice versa by a variety of mechanisms and vectors. Thus wild plants or weeds may constitute "reservoirs" of viruses that may subsequently spread to cultivated plants while crops may constitute a source from which viral infections may spillover to the wild plants/weeds compartment [START_REF] Power | Pathogen Spillover in Disease Epidemics[END_REF].

Overall, our understanding of the details of fluxes of viruses from crops to weeds and from weeds to crops remains frequently limited. A role of a weed population as a reservoir or spillover from a crop are often assumed but the techniques used for the characterization of viral populations by classical plant virus epidemiology, in particular serological ones, frequently do not provide sufficient intra-specific resolution. It is then difficult to ensure that the co-occurrence of a virus in crops and weeds reflects the transfer of isolates rather than the existence of separate viral populations adapted to the two host populations.

Tomato (Solanum lycopersicum) is one of the most popular and extensively consumed vegetable crops. There are at least 136 characterized viral species that are capable of infecting tomato and due to global climate changes and increased international trade, the spread of known viruses to new geographic areas and the emergence of new viruses have been frequently detected in particular in recent years [START_REF] Brunt | Plant Viruses Online: Descriptions and Lists from the VIDE Database[END_REF][START_REF] Hanssen | Emerging viral diseases of tomato crops[END_REF]. Torradoviruses (family Secoviridae) are an example of a group of recently emerged plant viruses, many of which affect tomato. These include for example tomato torrado virus (ToTV), which was first described from tomato in Mexico (Verbeek et al., 2008) and reported more recently in France (Verdin et al., 2009) and in other host plant species (van der Vlugt et al., 2015), as well as tomato marchitez virus (ToMarV; (Verbeek et al., 2008)) and tomato chocolàte virus (ToChV; (Verbeek et al., 2010)). Another example of recent emergence of a virus in tomato concerns tomato brown rugose fruit virus (ToBRFV), a tobamo like virus which was discovered from tomato in Israel in 2014 [START_REF] Luria | A new Israeli Tobamovirus isolate infects tomato plants harboring Tm-22 resistance genes[END_REF] and that has spread since then to many countries including Jordan, Mexico, the United States (Southern California), Germany, Italy, Turkey, the Netherlands and Saudi Arabia. The source(s) and cause(s)

of the emergence of such novel agents is(are) frequently unknown but weed and wild plants are often considered as a major sources of future emerging viruses than may occasionally be transferred to crops (Anderson et al., 2004;Elena et al., 2014;McLeish et al., 2019).

Recently, during a study characterizing the virome of 170 field-grown tomatoes collected in China by small RNAs sequencing, [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF] showed that the tomato viral community is dominated by a few species, most of them being positive-sense ssRNA viruses. Multiple infections were found to be frequent as well as recombination events in viral genomes [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF].

European black nightshade (Solanum nigrum), a wild relative of tomato is a widespread weed in many countries. However, in southern India it is widely consumed and cultivated on a commercial scale [START_REF] Jamuna | First Report of Natural Infection of Solanum nigrum with Tomato mosaic virus in India[END_REF] and sometimes also used as for its medicinal properties [START_REF] Javed | In-vitro antiviral activity of Solanum nigrum against Hepatitis C Virus[END_REF]. S. nigrum is known to harbor a wide range of viruses such as begomoviruses, orthotospoviruses, potyviruses, tobraviruses under field conditions, and has often been suspected

to act as a reservoir host for viruses infecting solanaceous crops [START_REF] Holm | A geographical atlas of world weeds[END_REF][START_REF] Jamuna | First Report of Natural Infection of Solanum nigrum with Tomato mosaic virus in India[END_REF].

In the present study, using a metagenomics approach, we investigated and compared the virome in tomato samples and in the related S. nigrum populations collected either in tomato fields or in various other environments. The comparison of these viromes provides novel insight into the viral fluxes between these two species.

MATERIALS AND METHODS

Study sites and plant samples

Virome richness and composition were analyzed in tomato (Solanum lycopersicum) and in European black nightshade (Solanum nigrum) that were growing either close to the sampled tomato crops or in other sites, unmanaged or involving unrelated crops (sunflower, maize, sorghum and alfalfa, Table S1). In total, tomato crops were sampled in seven sites and nightshade populations in six of the seven tomato sites, plus in five non-tomato sites (Table S1). For each sampled plant populations, leaves from a total of 100 individual plants were collected in summer 2017 or 2018 and assembled in two pools corresponding to fifty individual plants (0.1g of leaf/plant) for nucleic acids extraction. No specific efforts were made to select symptomatic plants, but plants with obvious fungal attack, insect colonization or necrotized parts were excluded.

Double-stranded RNAs purification, library preparation and Illumina HiSeq sequencing

Double-stranded RNAs were purified from each plant pool by two rounds of CF11 cellulose chromatography and converted to cDNA according to the protocol described by Marais et al. (2018). In parallel, a negative control blank was similarly prepared using only buffer. Whole genome amplifications (WGAs) were performed on each cDNA sample (using the same MID tag for the two pools of each sampling site), the PCR products were purified using the MinElute PCR Purification Kit (Qiagen) and their concentration determined spectrophotometrically (Marais et al., 2018). Equal quantities of the amplification products from the two pools of each sampling site were then regrouped and independent sequencing libraries prepared for each site and sequenced in multiplexed format (2×150 bp) on an Illumina HiSeq 3000 system at the GenoToul platform (INRA Toulouse, France). Cleaned virome sequence reads have been deposited on the INRA National Data Portal under the identifier https://doi.org/10.15454/S486RR.

Bioinformatics analyses: Reads cleaning, contigs assembly and annotation, Operational Taxonomic Units (OTU) clustering

Following demultiplexing, adapters and MID tags were removed with cutadapt (Martin, 2011), and reads were quality trimmed (minimum quality score 20, minimum length 70 nucleotides). In order to limit inter-sample cross talk associated with index-hopping (Illumina, 2017;van der Valk et al., 2019), only reads having identical MID tags on both pair members were retained for further analyses (Table S1). Contigs were de novo assembled for each library using IDBA-UD (https://academic.oup.com/bioinformatics/article/28/11/1420/266973).

All contigs were annotated using BlastN and BlastX against the NCBI Genbank non redundant nucleotide (nt) or protein databases with a conservative e-value cut-off of 10 -4 . In this way, contigs were assigned to one of the following categories: virus, eukaryote, bacteria, algae, and unknown.

For viral contigs, a family-level annotation was derived from the NCBI taxonomic information for the first Blast hit.

A clustering approach (Lefebvre et al., 2019) was used to define operational taxonomy units, following the strategy highlighted by Simmonds (2015). Briefly, a search of RNA-dependent RNA polymerase (RdRp) conserved protein motifs was performed in all contigs using Reversed Position Specific Blast (RPS-Blast) (Altschul et al., 1997) against the pfam database (Bateman et al., 2018).

The contigs encoding a viral RdRp motif (Table S1) were retrieved and aligned with reference sequences and distance matrices computed with the ETE3 toolkit (Huerta-Cepas et al., 2016).

These matrices were used to perform a clustering allowing to regroup in a single OTU all contigs differing by less than a set cut-off divergence value (Murtagh and Legendre, 2014). We used a 10% divergence cut-off value, because it has been shown to generate in many viral families OTUs that are a relatively good approximation of taxonomic species (Lefebvre et al., 2019). OTUs were thus defined for each RdRp family, allowing to generate an OTU table indicating for each sampling site the presence/absence and the number of reads integrated in each identified OTU (Table S1).

Further viral genome assemblies, sequence comparisons and phylogenetic analyses

When needed, contigs were extended by repeated rounds of mapping of quality-trimmed reads using CLC Genomics Workbench 11 (CLC-GWB). For some isolates/viruses, genomic scaffolds were assembled by mapping contigs and/or reads on a reference genome using CLC-GWB. Long contigs or scaffolds showing more than 75% completeness for cucumber mosaic virus (CMV), southern tomato virus (STV), broad wilt bean virus 1 (BBWV1, both genomic RNAs), the new ilarvirus (all three genomic RNAs) and potato virus Y (PVY) were used for phylogenetic analyses and have been deposited in Genbank (Accession numbers MN216356 to MN216369 (Table S2).

Multiple sequence alignments of contigs/scaffolds obtained from HTS data and of reference isolates retrieved from Genbank (or alignments of deduced encoded proteins) were performed using the ClustalW algorithm (Thompson et al., 1994) as implemented in MEGA 6.0 [START_REF] Kumar | MEGA: A biologist-centric software for evolutionary analysis of DNA and protein sequences[END_REF]. Phylogenetic trees were reconstructed in MEGA 6.0, using strict nucleotide or amino acid distances and the Neighbor Joining (NJ) algorithm. Branch support was evaluated by bootstrap analysis (1000 replicates).

RESULTS

Comparison of the tomato and nightshade viromes at different sampling sites

A total of 20 viral families were discovered by Blast annotation taking into account the different libraries (18 sampled plant populations) with an average of 4.3±3.3 families per library, but with a very large variability between the sampled plant populations. The tomato sample from the TOM3 site showed the highest number of viral families (13, Figure 1) followed by another tomato sample (TOM7, 9 viral families) and nightshade samples from the TOM2 and NIG3 sites (8 viral families).

The Potyviridae family was represent in a total of 13 samples including both tomato (six samples)

and nightshade (seven samples, of which five were from tomato sites; Figure 1). The family Totiviridae was represented in eight samples while at the other extreme the Tombusviridae family was represented in a single tomato sample from the TOM3 site. Given the high betweenpopulations variability it was not possible to establish statistically meaningful differences in family-level richness between the tomato and nightshade populations (Figure 1).

Taking into account all sampling sites, a total of 87 unique RNA-dependent RNA polymerase (RdRp) OTUs were detected (Table S1). Similar to the family-level analysis, a very large variability was observed in the number of OTUS detected per site. The richer viromes were found in the TOM7 site tomato population and in the NIG3 nightshade population, with respectively 38 and 27 OTUs, followed by 26 OTUs for the TOM3 site tomato population. In all other samples less than 8 RdRp OTUs were detected (Table S1).

In total, 62 OTUs were identified from tomato samples and 44 from nightshade ones but this difference is largely the consequence of a single tomato sample (TOM7) which is particularly rich in unique mycovirus-like OTUs (Table S1). Nineteen OTUs (21.8% of total) were shared between the two plant species, most of them from the families Totiviridae, Partitiviridae and Chrysoviridae as well as unclassified mycovirus-like OTUs. RdRP_1-OTU_8 which corresponds to potato virus Y was the most widely shared OTU (Table S1, see below). It explains the wide prevalence of the Potyviridae family described above. Twenty-five OTUs were found to be nightshade-specific, among which RdRP_2-OTU_13 corresponds to cucumber mosaic virus (CMV) and RdRP_1-OTU_14 to broad bean wilt virus 1 (BBWV1) (Table S1, see below). Fourty-three OTUs were found to be tomato-specific, some of which have extremely high identity levels with known viruses such as Sclerotinia sclerotiorum hypovirus 1, Sclerotinia sclerotiorum umbra-like virus 2 or Botrytis virus F and very likely correspond to these agents (Table S1).

There were overall only very few OTUs shared between tomato and nightshade samples for a given sampling site, with PVY being the most frequent. In five sites out of six, no OTU (sites TOM2 and TOM6) or only one OTU (sites TOM1, TOM4, and TOM5) were shared, whereas in site TOM3, four OTUs were shared (Table S1, Figure S1).

Near complete genome reconstruction for selected viral agents

For several viruses, long, high quality contigs were obtained during the initial trimmed reads assembly. This concerned in particular several single-stranded RNA viruses: cucumber mosaic virus (CMV), broad wilt bean virus 1 (BBWV1, both genomic RNAs), potato virus Y (PVY), and a new ilarvirus (all three genomic RNAs) as well as a double-stranded RNA virus of the Amalgaviridae family, southern tomato virus (STV). In a few cases, the viral genome was unambiguously covered by a few contigs that were either non-overlapping or had only a short overlap and which were therefore manually assembled into a scaffold by mapping contigs on a reference genome. All contigs and scaffolds were validated by visual inspection of read mappings at high stringency to ensure the absence of assembly artifacts. The corresponding sequences have been deposited in Genbank (Accession numbers MN216346 to MN216389, Table S2).

Multiple alignments and phylogenetic analyses (see below) were used to identify representative contigs for the various phylogenetic clusters of each virus. These representative contigs were in turn used a targets for the mapping of the trimmed reads of all libraries at high stringency. This allowed to evaluate the representation of each virus/variant in the virome of each sampled plant population. The low background of viral reads observed in the negative control, probably resulting from low level experimental contamination or from inter sample cross talk due to index-hopping (Illumina, 2017), was substracted from the mapped reads numbers of each library. The results of this analysis are presented in Table S3.

CMV was detected, by high read numbers, at a single sampling site (TOM1), in the nightshade population but not in the corresponding tomato population (Table S3). All three genomic RNAs were assembled into unique long contigs of respectively Despite the fact that no specific efforts were made to improve/validate the contigs further, all three genomic RNAs are extremely close to CMV sequences present in Genbank and, in particular to the I17F isolate, a subgroup I isolate characterized from tomato in France at the beginning of the 1980's [START_REF] Jacquemond | L'ARN satellite du virus de la mosaïque du concombre I. -Comparaison de l'aptitude à induire la nécrose de la tomate d'ARN satellites isolés de plusieurs souches du virus[END_REF]. Nucleotide identity levels of respectively 99.5%, 99.4% and 99.5% for genomic RNA1, 2 and 3 (respectively 18, 18 and 11 point mutations) are thus observed between the 1981 IF17 isolate and the contigs from HTS data on a 2017 sample, highlighting both the quality of the HTS assemblies and the relative stability of the CMV population over more than 35 years.

In the case of southern tomato virus (STV), unique long contigs representing nearly complete genomes were obtained from several plant populations, representing 92.6%-99.4% of the full length genome. Coherent with the low diversity identified so far in this virus, these contigs are nearly identical to each other (<0.4% nucleotide divergence) with the exception of one contig, which diverges by 2.6%-2.8% from the others. Identity levels with isolates present in Genbank range from 100% to 95.9%, again highlighting the quality of the contigs assembled from the HTS data. Overall STV was detected in five of the seven tomato pools, an observation in accordance with the presence of this virus in a wide range of tomato varieties (Sabanadzovic et al., 2009). On the other hand, a surprising result is the detection, with higher reads number than for the tomato pools (Table S3) of STV in a nightshade pool (Nightshade-TOM5), extending the host range of this relatively recently discovered virus. The nightshade STV sequence belongs to the group of closely related isolates and does not present obvious specific molecular properties (data not shown).

Broad bean wilt virus 1 populations diversity

Broad bean wilt virus 1 (BBWV1) was detected in six of the sampled nightshade populations (out of a total of 11 populations, 55%) and was not detected in any of the sampled tomato populations (seven populations, Table S3). The assembly of the BBWV1 reads from the various nightshade populations highlighted a complex viral population structure with a total of five RNA1 clusters and three RNA2 clusters identified (Table S3, see below). On average, the reconstructed genomic sequences represented 94.3% +/-3.9% of the BBWV1 RNA1 (87.8%-99.3%, depending on the contigs) and 87.8% +/-11.9% of the BBWV1 RNA2 (73.4%-96.6%). For one sample, it was not possible to reconstruct more than 60% of the RNA2 sequence and the corresponding scaffold was therefore not included in further analyses. The average nucleotide divergence between the RNA1 clusters, calculated on representative isolates is 16.6% +/-0.3% (13.4%-17.6%), explaining the effective separate assembly in cases of mixed infection by isolates belonging to different clusters.

For the three RNA2 clusters, the corresponding divergence values are 15.8% +/-0.6% (10.5%-18.6%). Mapping of reads at high stringency on contigs representative of the various clusters allowed to describe the BBWV1 population present in the various plant populations. Isolates representative of between one and four RNA1 clusters and of one or two RNA2 clusters could thus be detected at individual sampling sites, with some sites providing evidence of only a single RNA1-RNA2 combination, while at the other extreme, one site showed the presence of four RNA1 clusters and a single RNA2 one. Another site showed the presence of a single RNA1 cluster but of two RNA2 ones (Table S3). Taken together, these elements suggest the frequent occurrence of reassortment between BBWV1 genomic segments in the sampled nightshade populations.

Phylogenetic analyses performed on the RNA1 and RNA2 sequences derived from the HTS data and from all full length isolates present in Genbank (Figure 2A and 2B) demonstrate that the BBWV1 isolates present in the nightshade populations sampled here largely expand the known BBWV1 diversity. Indeed, the HTS-derived sequences cluster separately from reference fulllength sequences available to date and are, on average, highly divergent from them with an average intergroup distance of 17.0% +/-0.4% for RNA1 and 19.0% +/-0.6% for RNA2.

Presence of a novel ilarvirus in the sampled nightshade and tomato populations

Long, high quality contigs representative of an ilarvirus were identified in several libraries. The contigs corresponding to the three genomic RNAs were further extended and validated for the on all genome encoded proteins (Figure 3A and 3B, Figure S2). However, these phylogenetic trees demonstrate that the virus is not substantially more related to PMoV than to any other approved species in that small ensemble. The significant divergence of the virus from PMoV is confirmed by sequence comparisons, the deduced proteins being only 81.8% (P1) to 53.9% (CP) identical with those of PMoV while the genomic RNAs show only 73.2% (RNA1) to 58.6% (RNA3) nucleotide identity (Table S4). Taken together these results suggest that the detected ilarvirus is a new subgroup 1 member for which the name Solanum nigrum ilarvirus 1 (SnIV1) is proposed.

Mapping of the reads from each plant population on the SnIV1 genomic RNAs showed that this virus was present in eight of them, corresponding to 6/11 nightshade populations (54.5%) and, represented by relatively low read numbers, to 2/7 tomato populations (28%) (Table S3).

Analysis of PVY populations in the sampled nightshade and tomato populations

As for the other viruses, long, high quality contigs were obtained in most cases for PVY. In a few cases, probably resulting from low reads numbers or from the simultaneous presence of closely related isolates in the sampled plant populations, only short PVY contigs were obtained for some isolates. However, from all plants populations with high PVY read numbers, from one to three long contigs could be assembled presenting on average 95.4% +/-4.8% of the full length PVY genome (85.3%-99.9%). A phylogenetic analysis of these contigs, together with representative reference isolates retrieved from Genbank (Figure 4) shows a very contrasted situation, with on the one hand, a large number of sequences forming a very tight cluster corresponding to PVY-NTN and, on the other, a much more diverse second cluster corresponding to PVY-C. No isolates representative of the PVY-O and PVY-N strains were observed nor some of their frequent recombinants such as PVY-Wilga (Figure 4). In total, 10 contigs were obtained for PVY-NTN (five from tomato and five from nightshade) and four for PVY-C (three from tomato and one from nightshade).

The reads from all plant populations were then mapped on selected contigs representative of PVY-NTN and of the three PVY-C variants identified, using stringent parameters so as to limit crossmapping between isolates. Under these conditions, from one to four PVY variants could be detected in the analyzed plant populations. Some populations showed extremely low read numbers (<90), which is suggestive of an absence or a very low prevalence of PVY in the corresponding plant populations. Remarkably, this situation corresponds to 2/7 (28.6%) tomato populations, to 2/6 (33.3%) nightshade populations growing side by side with tomato but to 4/5 (80%) of the nightshade population growing away from tomato.

As judged from the mapping results, the two most frequent PVY strains were PVY-NTN, which was detected in all tomato and nightshade populations in which PVY was detected, and isolates with mapping affinities with isolate TOM7-C, which clusters together with the French PVY-C1 SON41 pepper isolate (Table S3 and Figure 4). By contrast, isolates corresponding to the two other PVY-C mapping references used were only detected in one to three of the sampled plant populations. The frequency of detection of the various clades does not seem to differ much between tomato and nightshade (Table S3).

DISCUSSION

The viromes highlighted in the present work vary greatly between the sampled plant populations and, for some of them, showed only a limited number of OTUs or of viral families despite the size of the composite plant samples analyzed. This might reflect the impact of fungicide treatments in the sampled crops which might have reduced fungal diversity and in turn the ability to detect mycoviral communities associated with the sampled plants. It should however be stressed that the OTU-based analysis provides a lower bound estimate of viral diversity since viruses for which the genome region encoding the conserved RdRp motif is not represented in the assembled contigs will not be identified by a corresponding OTU. On the other hand, competition between viruses for representation in the sequencing reads is unlikely to have adversely impacted the richness of the identified viromes since the three richest viromes were identified in plant populations for which the percentage of mapped viral reads was not obviously higher (or lower) than that observed in samples with a much lower viral diversity (Tables S1 andS2).

In contrast to a recent virome study of 170 tomato samples which indicated that diverse ssRNA viruses represented 77% of the identified viruses [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF], they represented only 12.6% of the viral OTUs identified here (Table S1). The corresponding value for dsRNA viruses is 26.4% while unassigned or unannotated agents accounted for a cumulated 60.9%. Whether this difference is a consequence of differences in the methodology used or actually reflects differences in the analyzed viromes cannot easily be ascertained. However, some frequent viruses of tomato such as PVY, CMV or STV were detected in both studies [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF].

Despite the use of complex plant pools composed of 100 individual plants, we were able to assemble long, high quality contigs for some viruses (PVY, BBWV1, STV, and the new SnIV1), covering a very high proportion of the genome of these agents. In a few cases, such long contigs could not be assembled, possibly as a consequence of too low coverage and read numbers, or because mixed infection involving closely related variants created problems during contig assembly. Indeed, there is some evidence that at least one additional clade of PVY existed in some tomato samples as judged by the detection of some partial contigs diverging from the fully assembled genomes (data not shown).

For read mapping, stringent parameters were used so that there is no or extremely limited cross talk between isolates of different clades, as seen by reads numbers in the case of BBWV1 and PVY (Table S2). At the same time, it is difficult to know precisely how to interpret the samples with a very low number of reads mapped. Even if the background observed in the negative control was substracted, this cross-talk background likely due to index hoping (Illumina, 2017;van der Valk et al., 2019) may not be completely uniform from sample to sample. These low read numbers may therefore either reflect an absence of the virus but a low, slightly uneven cross-talk with other samples or a true, very low prevalence of the virus in the sampled population. It is not possible to decide between these two options here.

A very large and unexpected BBWV1 diversity was identified in the sampled nightshade populations. The analysis of BBWV1 populations suggests the existence of frequent reassortment between RNA1 and RNA2 variants, an observation in line with the results of [START_REF] Ferriol | Genetic variability and evolution of broad bean wilt virus 1: role of recombination, selection and gene flow[END_REF].

BBWV1 is a Fabavirus with a relatively wide host range and which is pathogenic on a range of crops including broad bean, pea, spinach, lettuce, pepper and, occasionally, tomato (Blancard, 2012;Carpino et al., 2019;[START_REF] Taylor | Broad bean wilt virus 1[END_REF]. It is therefore surprising that this aphidtransmitted virus was only detected from nightshade samples in this study. This observation suggest the existence of a biological or epidemiological barrier limiting the spread of BBWV1 from nightshade to tomato. In this respect, it is noteworthy that during a recent comparison of BBWV1 isolates, infection rates in tomato following artificial inoculations ranged only from 40%

to 60% for four genetically different BBWV1 isolates (Carpino et al., 2019).

The novel ilarvirus here named Solanum nigrum ilarvirus 1 (SnIV1) was detected in both tomato and nightshade samples. However, both the prevalence and, with one exception, the read numbers of SnIV1 appear to be higher in the nightshade populations than in the tomato ones. On the other hand, the presence of SnIV1 in nightshade samples does not seem to be affected by whether they were growing side by side with tomato or not (respectively 3/6 and 3/5 cases, Table S2).

Interestingly, reanalysis of metagenomics data showed that this virus was already present in 2011 at the TOM3 site,in S. villosum (hairy nightshade) a close relative of S. nigrum. Whether this novel ilarvirus is pathogenic to tomato or whether it has the potential to emerge at some point as a tomato pathogen in the same fashion as its close relatives Parietaria mottle virus (Roggero et al., 2000) and tomato necrotic spot virus (Batuman et al., 2011) remains to be evaluated.

The main PVY strains identified in this study were PVY-NTN and PVY-C1. PVY-C1 isolates were mainly detected from tomato, with one isolate shared between tomato and nightshade in the TOM3 site (Figure 4). On the other hand, PVY-NTN isolates were found in both tomato (5/7 samples) and nightshade samples (6/11 samples) from a total of seven of the 12 sampling sites.

Interestingly, PVY populations at the TOM3 site had been studied 2011-2012 using specific RT-PCR assays [START_REF] Moury | Host groups of Potato virus Y: Vanishing barriers[END_REF]. At the time, PVY-C1 and recombinant isolates likely to represent PVY-NTN were detected in tomato, while a more diverse population involving PVY-O, PVY-NTN, PVY-N and PVY-C1 was detected in nightshade and in the related S. villosum [START_REF] Moury | Host groups of Potato virus Y: Vanishing barriers[END_REF]. The results reported here therefore suggest a simplification of the PVY nightshade population at that site, with the loss of PVY-O and PVY-N, possibly as a consequence of the competition with PVY-NTN and C1.

A noteworthy observation concerns PVY prevalence in nightshade populations at tomato sites (4/6 sites, 66.6%) and at non-tomato sites (1/5 sites, 20%). This suggests that infection in nightshade is greatly increased by the presence of tomato, reflecting a likely spillover effect from tomato crops to the wild nightshade population [START_REF] Power | Pathogen Spillover in Disease Epidemics[END_REF].

Taken together the results reported here provide evidence for viral exchanges between tomato and nightshade populations growing side by side (such as the extremely closely related tomato and nightshade PVY isolates shared at the TOM3 site or the low detection of the new ilarvirus in tomato only at sites were it is also present in nightshade). At the same time, our results also highlight situations where an expected transfer is not observed, likely as a consequence of unforeseen biological or ecological barriers. This concerns in particular BBWV1 only found in nightshade when there are numerous indications that this virus should be able to infect tomato (Carpino et al., 2019). These results also highlight the power of metagenomics to analyze viral exchanges in complex plant populations, from the overall virome structure down to the intraspecific variability level, revealing unknown novel agents but also unforeseen biological processes. 

DISCUSSION AND PERSPECTIVES DISCUSSION AND PERSPECTIVES

Through my thesis, the main objective was simply to explore the diversity of plant viruses using high throughput sequencing based metagenomics, to understand the prevalence and the dynamics of viruses in space and time and further to begin to discover the potential biotic and abiotic drivers shaping phytovirome compositions under various conditions. I used HTS-based metagenomics as a key technique through a series of experiments addressing current questions in plant phytovirome studies. I also applied a metabarcoding approach in one chapter of this thesis for the description of leaf-associated mycobiomes in various ecosystems. The most significant results were obtained on the following two aspects: first, I explored the impacts of different methods on virome or mycobiome description and for the interpretation of the biological and ecological importance of the results obtained. I systematically investigated and compared the richness and compositions of a number of phytoviromes (and a few mycobiomes or mycoviromes), using either monospecific or plurispecific pools of cultivated or wild/weeds plants from cultivated or unmanaged environments, allowing me to improve our understanding of plant virus diversity, to provide a rich virus database for future studies and to begin to unravel parameters influencing in space and time virome composition and richness.

Key methodological aspects 1. OTUs, an applicable proxy to ICTV species for virome composition and richness estimation!

The Operational Taxonomic Unit (OTU) classification implemented with the virAnnot pipeline (Lefebvre et al., submitted for publication) was applied through almost all the virus diversity analyses in this thesis for the richness assessment (Chapter I and Chapter IV), and also for beta diversity analysis (Chapter II and Chapter III). As we know the relatively short reads obtained by second generation HTS and the incomplete coverage often seen in metavirome studies bring assembly and annotation difficulties that can strongly impair diversity assessment and comparisons (Simmonds, 2015). Illuminated by the possible strategy proposed by Simmonds (2015) and others [START_REF] Klingenberg | Protein signature-based estimation of metagenomic abundances including all domains of life and viruses[END_REF] the analysis used for bacteria and fungi diversity. In fact, our results show that there is more variability between independent WGA reactions from the same nucleic acids extract than between repeated clustering analyses of resampled data.

2) It is however possible to also consider other conserved viral signatures. In particular it is possible to analyse and develop OTUs based on conserved signatures specific of DNA viruses to compensate for the fact that they are by nature excluded by an RdRp-based approach.

3) A 10% nt or aa divergence on a RdRp alignable region with a minimum overlap of 4) While OTU-counting provides, as described above, a lower bound estimate of viral richness, it should also be considered that this approach might also allow the detection of highly divergent agents that are not picked up by Blast-based approaches because no close relative to these agents currently exist in databases. Indeed although the results are not included here, I have been able to identify in this way such a highly divergent agent in the virome of wild radish (Raphanus raphanistrum).

5) It should be stressed that beta diversity analyses and compositional dissimilarity analyses can currently only be based on presence/absence data for each identified OTU. Given the biases potentially introduced by viral biology (variable amounts of dsRNA produced by different viral families) and by the WGA amplification process, it is unlikely that number of reads for each OTU reflects viral abundance in the sampled plant population.

6) Even with its limitations, the virAnnot strategy is likely to provide a viral diversity description closer to species level than the recently released GRAViTy pipeline (Genome Relationships Applied to Virus Taxonomy) which can assign eukaryotic viruses (especially metagenomic sequences) into viral families and orders [START_REF] Aiewsakun | The genomic underpinnings of eukaryotic virus taxonomy: creating a sequence-based framework for family-level virus classification[END_REF].

Metagenomics or ecogenomics?

As repeatedly mentioned in this thesis, when the objective is to describe the virome of complex plant populations comprising different plant species and many individual plants, the two strategies most often used are the so-called "metagenomics" and "ecogenomics" approaches as defined by Roossinck (2012). The major difference is that the latter allows each sequence to be traced back to the specific geographical location and/or original host (Bernardo et al., 2018;Roossinck et al., 2015). However, the "metagenomics" strategy can be modified, as in Chapter III for mycobiomes, by sorting the samples by species. It is also possible to reanalyze metagenomics samples by (RT)PCR of species-specific pools, thus allowing to identify the host(s) of viruses of interest.

Indeed, such an approach was used to identify wild radish as the host of the highly divergent virus mentioned above. During the present PhD, I used both "Metagenomics" and "Ecogenomics" approaches, respectively in Chapters 2 and 3 and in Chapters 1, 4.

Given the very different structure of the analyzed samples, it is not possible to determine if one of these approaches provides a higher resolution of phytoviromes at the OTU level. For a comparable number of individual plants analyzed, the amount of hands-on time is not really linked to the use of one strategy or the other but to the size of the pools analyzed. As shown in the Annex A to Chapter III, the use of larger pools probably increases the competition between individual viruses and may result is less precise and, to some extent, less reproducible results. In designing future experiments, these elements will need to be taken into consideration in order to strike a balance between hands-on wet lab time, sequencing costs and virome resolution. One possible strategy, could be to purify dsRNAs or VANA from smaller pools of plants and perform separate WGA amplifications but to then assemble the amplification products into larger homogenous ensembles (species-or site-specific) in order to limit the number of sequencing libraries produced so as to limit the associated costs.

In parallel, the results obtained here also showed a direct increase in overall virome size (aggregated number of unique OTUs) with the number of analyzed plants over time (chapter I).

Yet, in Chapter IV relatively simple viromes were obtained for most monospecific pools analyzed, despite the fact that these pools contained 100 individual plants. These seemingly contradictory observations in fact raise the question of the stability of the virome in space and time. A very dynamic virome was observed in chapter I, suggesting high variability with time. However, as discussed in this chapter, we currently do not know if this observation stems from presence/absence changes in the sampled plant population or from changes in prevalence.

Likewise, we do not currently know the physical scale(s) at which the virome may vary. A consequence is that it is not possible to determine the number and complexity of the samples to be analyzes in order to obtained a truly representative description of the virome associated with a plant population.

Double stranded RNAs (dsRNAs) or Virion-associated nucleic acids (VANA)?

HTS-based metagenomics studies of plant viruses generally use very complex nucleic acids mixtures that contain both hosts and viral nucleic acids. Two possible nucleic acids target populations allow an enrichment of viral sequences, double stranded RNAs (dsRNAs) and virionassociated nucleic acids (VANA). In Chapter II, I directly compared the performance of the HTS analysis of highly purified dsRNAs and of VANA for phytovirome description in 6 cultivated or unmanaged sampling sites. The results obtained show that the dsRNA-based approach consistently revealed a more comprehensive diversity for RNA viruses than the VANA approach, whatever the assessment criterion. In particular, the VANA approach was less efficient for the detection of viruses in the Chrysoviridae, Reoviridae and Rhabdoviridae families. This could be due to a low titer of these viruses in the analyzed samples or possibly, to less stable particles. Another interesting finding, is that Endornaviridae, which are ssRNA persistent viruses without a true capsids and particles but that produce host-derived vesicles [START_REF] Dulieu | Purification of virus-like particles from male-sterile Vicia faba and detection by ELISA in crude leaf extracts[END_REF][START_REF] Horiuchi | RNA-dependent RNA polymerase activity associated with endogenous double-stranded RNA in rice[END_REF][START_REF] Lefebvre | The double-stranded RNA associated with the '447' cytoplasmic male sterility in Vicia faba is packaged together with its replicase in cytoplasmic membranous vesicles[END_REF] containing their nucleic acids, were abundantly found from many libraries using the VANA approach. This finding confirm observations from other studies (Bernardo et al., 2018;Maclot et al., 2019) and suggests that the VANA approach is not limited to viral particles and virions.

Several hypotheses can be proposed for the better performance obtained using dsRNA purification.

One could be that a greater enrichment of viral sequences is achieved during dsRNA purification.

Indeed, a slightly higher proportion of viral reads was observed in Chapter II with dsRNA than with VANA (49.9% +/-14.3% vs 40.5% +/-16.6%). This could in turn lead to an ability to assemble longer, more efficiently annotated contigs. However, the difference in the proportion of viral reads is not huge, which suggests that the difference in enrichment might not be a huge one and might therefore not explain completely the difference in overall performance. A second hypothesis could be a stronger competition between viruses during the WGA procedure, possibly coming higher imbalance between viruses in the purified nucleic acids preparations. In this hypothesis, highly concentrated and stable viruses would outcompete less stable and/or concentrated ones during the amplification of VANA targets, resulting in a less complete representation [START_REF] Thurber | Laboratory procedures to generate viral metagenomes[END_REF]. A more detailed exploration of the crucial methodological steps in the VANA approach may be able to separate between these hypotheses, while the use of less complex pools and/or a greater sequencing depth may be able to improve the performance of the VANA approach.

Notably, the differential performance of dsRNA and VANA not only affect virome richness assessment but also the assessment of beta diversity between different communities for ecological significance interpretation. For example, the dissimilarity analysis based respectively on the dsRNA and VANA OTU data showed different hierarchical clustering and ordinations with IT-VANA close to VO-VANA and IT-ds close to INRA-ds (Chapter II, Figure 4), indicating that the extraction methodology exerts a critical importance for virome description. In the same way, it has been reported that the use of a particular assembler to obtain contigs may also be critical for human viromes characterization [START_REF] Sutton | Choice of assembly software has a critical impact on virome characterisation[END_REF]. A consequence of these elements, is that it may prove very difficult to compare at a fine scale viromes that have been obtained using different methodological approaches and that great care should be taken when attempting to perform such comparisons.

Different extraction kits and target amplicons for leaf-associated mycobiomes characterization?

Different with other chapters, in Chapter III of this PhD I combined virome and mycobiome analyses to uncover the diversity of viruses and leaf-associated fungi in both cultivated and unmanaged ecosystems in an attempt to better integrate the leaf microbiome studies (Laforest-Lapointe and Whitaker, 2019). From the methodological point of view, I compared the performance of two DNA extraction kits (Powersoil and DNeasy) and of two metabarcoding strategies (ITS1 and ITS2) for mycobiomes description of complex plant pools involving a range of plant species. The results of the direct comparison between these different tools (Annex B of Chapter III) demonstrated an equal performance between the two nucleic acids extraction kits used, but ITS1 barcoding proved more robust and allowed to detect a richer fungal diversity than the ITS2 one. So far, despite of few experiments performed to date on complex plant pools, these results are consistent with most other comparisons. For instance, the study of [START_REF] Nilsson | Intraspecific ITS variability in the kingdom Fungi as expressed in the international sequence databases and its implications for molecular species identification[END_REF] has shown that the variability of ITS1 on average exceeds that of ITS2 and that ITS2 is more variable only for 34% of compared fungal species. The detailed evaluation of HTS studies of fungal communities and practical recommendations for aspects of sampling and laboratory practices to data processing and analysis have been recently reviewed by Nilsson et al. (2019).

Culturomics or direct-metagenomics for mycobiome and virome studies?

A culture-dependent method was used in Chapter III to address the long-standing question of whether the rich dsRNA viruses diversity found in plant-associated viromes (Endornaviridae now moved to ssRNA viruses, Partitivirdae, Totiviridae, Chrysoviridae and Amalgaviridae) corresponds to phytoviruses or to mycoviruses.

Though culturomics has emerged recently as a successful tool to isolate high number of bacteria and to identify new species for human gut microbiota [START_REF] Lagier | The rebirth of culture in microbiology through the example of culturomics to study human gut microbiota[END_REF][START_REF] Lagier | Culture of previously uncultured members of the human gut microbiota by culturomics[END_REF][START_REF] Lagier | Microbial culturomics: paradigm shift in the human gut microbiome study[END_REF], Plant microbiome culturomics is substantially lagging behind the human microbiome [START_REF] Sarhan | Culturomics of the plant prokaryotic microbiome and the dawn of plant-based culture media -A review[END_REF]. And its application on fungi culturing are still limited in this study and some other studies [START_REF] Hamad | Culturomics and Amplicon-based Metagenomic Approaches for the Study of Fungal Population in Human Gut Microbiota[END_REF]. Here, I successfully cultured between 480 and 1279 colonies from 200 individual plant leaf tissues (representing 40 plant species) in each of the four sites (between 2.4 and 6.4 colonies per plant fragment) using a dilution culture strategy [START_REF] Unterseher | Dilution-to-extinction cultivation of leaf-inhabiting endophytic fungi in beech (Fagus sylvatica L.)--different cultivation techniques influence fungal biodiversity assessment[END_REF]. In a large experiments on fungal endophytes 1110 axenic endophyte cultures were obtained from 810 Bauhinia brevipes (Fabaceae) leaf fragments (1.37 colonies per fragment; [START_REF] Hilarino | Distribution of the endophytic fungi community in leaves of Bauhinia brevipes (Fabaceae)[END_REF]. Yet, despite the efforts involved only a small fraction (5.3% to 12.7%) of fungal ASVs identified in the plant samples were recovered a mycelia cultures, a result in line with the general recognition that in vitro culture-based approaches grossly underestimate fungal diversity (Roossinck, 2015). Compared with ITS-amplicons, culturomics indeed lost the great majority of fungi. However, it also enabled to culture a significant proportion of fungi (17.9% to 46.2% of the cultured ASVs) which were not recovered by the barcoding approach (Chapter III, supplementary Figure S2). A similar picture was also found from human mycobiome studies [START_REF] Hamad | Culturomics and Amplicon-based Metagenomic Approaches for the Study of Fungal Population in Human Gut Microbiota[END_REF]. With a significant fungal populations solely discovered from culturomics, this study suggested that the two approaches may in fact be complementary, especially if the objective is to correlate fungal community composition with the health state of the host [START_REF] Hamad | Culturomics and Amplicon-based Metagenomic Approaches for the Study of Fungal Population in Human Gut Microbiota[END_REF]. Combining these two approaches was indeed also suggested by [START_REF] Nowrotek | Culturomics and metagenomics: In understanding of environmental resistome[END_REF] when studying the environmental resistome.

A much more extreme situation was observed when comparing the mycoviromes derived from mycelial cultures with the viromes derived from the plant samples, with only an extremely limited number of shared OTUs (from 0 to 2 OTUs, depending on the sampling site). Remarkably, the mycovirome revealed a wide diversity of known mycovirus families [START_REF] Marzano | Identification of Diverse Mycoviruses through Metatranscriptomics Characterization of the Viromes of Five Major Fungal Plant Pathogens[END_REF] that were not detected in the phytoviromes, such as Gammaflexiviridae, Hypoviridae, Narnaviridae, Fusarividae and Birnaviridae. Due to the relative low fraction of cultured fungi, it is not simple to draw an explicit conclusion of the origins of the dsRNA viruses detected in phytoviromes. In particular, if the majority of these viruses is interpreted to be mycoviruses, it is not simple to understand why these were detected but not the other mycoviral families easily detected in the mycobiome. The recent striking findings that cross-kingdom viral infections can occurr in natural or experimental condition (Andika et al., 2017;Nerva et al., 2017), and that cross-family horizontal gene transfer occurred among these dsRNA viruses [START_REF] Liu | Evolutionary genomics of mycovirus-related dsRNA viruses reveals cross-family horizontal gene transfer and evolution of diverse viral lineages[END_REF] are making this question more complicated and mysterious.

Key findings of ecological relevance 1. The dynamic nature of plant-associated viromes

One of the findings reported here is that while general structure of plant-associated viromes appears to be relatively stable over time, for example when it comes to the presence and proportion of viruses with different genome types (ssRNA or dsRNA viruses) or the viral families discovered at a given sampling point, the viromes appear highly dynamic over time (Chapter I, Figure 4). In line with this result, the viromes for the Villenave d'Ornon (VO site) analyzed in Chapters 2 and

Chapter III shared only 16.1% of OTUs though identical plant species were compared. As discussed above, this might be due to the scale of the sampling effort and to a too low number of individual plants for a given species. Indeed, the number of unique OTUs increased linearly with the number of samples for a given plant species.

Even taking this into account, there were still a few virus OTUs (n=6) steadily detected from the same environment over time. Interestingly, most of them are dsRNA viruses (Amalgaviridae, Chrysoviridae, Partitiviridae, and Totiviridae) except one Potyvirus (turnip mosaic virus). Theses dsRNA viruses were stably detected, possibly because as persistent plant viruses, they were vertically transmitted to the next plant generation (this might possibly be the case of the Amalgaviridae, as members of this family are so far not known from fungi), or because as mycoviruses they horizontally spread with fungi to gain higher prevalence and resources in the sampled environment (Roossinck, 2015). In most cases we know little about persistent viruses or mycoviruses to assess their symbiotic lifestyle.

Unfortunately, despite the size of the culturomics efforts made in Chapter III, we still cannot bring a clear answer to the phytovirus vs mycovirus dilemma associated with the large number of persistent viruses identified in plant-associated viromes. The understanding of the role(s) these viruses may play in the natural environment will still need to be further explored in the future.

Why different patterns for leaf-associated viromes and mycobiomes of wild plant populations between cultivated and unmanaged environments?

In Chapter III, I showed the existence of a core mycobiome shared by plant pools that do not have a single plant species in common but come from the same sampling site. This may reflect the fact that fungi have huge populations sizes, with millions of spores produced by a single diseased plant, great dispersal abilities, and several generations per year, enabling rapid adaptation [START_REF] Gladieux | Epidemiology and evolution of fungal pathogens in plants and animals[END_REF]. It is thus possible that this core, site specific mycobiome may reflect surface contamination of the sampled plants by spores. It may also reflect the presence of promiscuous fungal species able to colonize a wide range of plant species. In any case, fungal communities showed sufficient divergence from site to site to allow to distinguish them. This "site-specific" signature was clearly stronger for viromes (Chapter III, Figure S4), which might reflect a superior, less stochastic, dispersal ability for fungi than for viruses.

As far as we know, leaf-associated fungal communities are highly influenced by the host plant, climatic and microclimatic variables and by microbial interactions [START_REF] Vacher | The Phyllosphere: Microbial Jungle at the Plant-Climate Interface[END_REF]. I found richer mycobiomes from unmanaged/natural ecosystems than from cultivated ones (Chapter III, Figure 3). This might result from a lower plant biodiversity at the cultivated sampling sites [START_REF] Compant | A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application[END_REF] and/or from an indirect impact of fungicides applications on overall fungal diversity (Newton et al., 2010). Indeed, the application of fungicides significantly decreased fungi richness on wheat leaves Karlsson et al. (2014).

Interestingly, following the cultivated/unmanaged factor, the geographic location (Villenave d'Ornon vs Bergerac) also showed a significant but lower (R =0.561, p =1E-04) effect on mycobiome composition. This is consistent with the study of Karlsson et al. (2014) who also found significant differences between wheat leaves mycobiomes collected from different areas in Sweden and hypothesized that this might result from differences in climatic conditions and agricultural management (Karlsson et al., 2014). In our case, these observations cannot be deeply discussed because the number of sampling site is limited so that the ability to separate the respective influence of different factors is in turn limited. Further yearly monitoring in more numerous sites and with detailed collection of metadata for each sampling site would be needed to clarify the interactions between microbes and environmental conditions.

A contrasted picture was obtained from the viromes data for the same experimental sampling points in that more viral families were found from cultivated sampling sites ecosystems than from unmanaged ones. This result is in line with that of Bernardo et al. (2018) who also observed a higher family-level virus diversity in cultivated areas. The results are less clear-cut when considering viral richness as estimated by the number of OTUs. The finding of a lower viral richness for sites with a higher mycobiome diversity suggests that virome and mycobiome richness may not be influenced by the same drivers. Climatic conditions are not expected to directly impact viromes because viruses are generally considered to be able to develop wherever their host plants can grow. However, vector populations are reported to be an important factor affecting virome composition (Anderson et al., 2004) and, in turn, vector populations could very well be influenced by environmental conditions. Differences in dispersion mechanisms between fungi and viruses or the contrasted impact of fungicide treatments in mycobiomes and viromes are certainly among potential driver candidates. Domestication and cultivation, by reducing biodiversity have been suggested to be responsible for increased viral infections in cultivated ecosystems (Roossinck and García-Arenal, 2015).

Mycoviral diversity would be expected show a trend parallel to that of fungal diversity (Roossinck, 2015), and therefore to be highest in unmanaged sites. The observation of a lower viral diversity in unmanaged sites (with a higher fungal diversity) possibly suggests that the contribution of the mycovirome to the overall plant-associated virome may be limited. It is tempting to bridge this notion to the results obtained in Chapter IV and which showed almost no shared OTUs between the mycovirome from cultivated mycelia and the plant-associated virome as both elements point in the same direction. However, other effects or experimental biases might also explain these observations ad it is probably safer to refrain from making strong conclusions at this stage.

Virus exchanges between tomato (S. lycopersicum) and its wild-relative, the european black nightshade (S. nigrum)

Using metagenomcis I studied virus diversity in tomato crops and in a wild tomato relative, the European black nightshade. No clear conclusions could be reached on virome richness comparisons between these two species. On the other hand, the results obtained document the circulation of viruses between these two plant populations. The ability to assemble near complete genomes for several viruses (PVY, BBWV1, STV, and the new SnIV1) from the virome HTS data allowed to document the circulation of viruses down to an intra-specific, strain or possibly isolate level.

BBWV1, an aphid-transmitted Fabavirus with a relatively wide host range (Blancard, 2012;Carpino et al., 2019;[START_REF] Taylor | Broad bean wilt virus 1[END_REF], was surprisingly only detected from nightshade samples and not in tomato ones. This observation suggests the existence of a biological or epidemiological barrier limiting the spread of BBWV1 from nightshade to tomato. The results of Carpino et al. (2019) show that several BBWV1 isolates were able to infect tomato but that this infection was inefficient with only 40-60% of inoculated plants becoming infected. It is tempting to speculate that this low infection efficiency might indeed be the barrier limiting the spread of BBWV1 to tomato. However, BBWV1 infection was frequent in nightshade but is not reported to be regionally frequent in a well-known BBWV1 host, pepper. Other factors may therefore also be at play in the particularly diverse BBWV1 populations identified here and direct experimental efforts analyzing the ability of these BBWV1 isolates to infect tomato and pepper are clearly needed in order to reach firm conclusions.

We also discovered a new ilarvirus (SnIV1) in both tomato and nightshade populations. Moreover, reanalysis of the metagenomics data of Chapter I showed that this virus was already present in 2011 at the VO site, in S. villosum (hairy nightshade) a close relative of S. nigrum. Ilarviruses are not known to have insect vectors but are transmitted by pollen, this transmission being sometimes facilitated by pollinating insects or by pollen-eating thrips species. It is conceivable that this pollen-mediated transmission might have a low efficiency between nightshade and tomato. Indeed, such a barrier has been postulated as being responsible for the differentiation of the populations of another pollen-transmitted virus, cherry leaf roll virus [START_REF] Rebenstorf | Host speciesdependent population structure of a pollen-borne plant virus[END_REF]. On the other hand, SnIV1 would be expected to be more efficiently transmitted from tomato to tomato, so that past the initial hurdle of nightshade to tomato transfer it could generate epidemies. Indeed, the pattern seen with two SnIV1 relatives, Parietaria mottle virus (Roggero et al., 2000) and tomato necrotic spot virus (Batuman et al., 2011) fits this scenario, with outbreaks popping up in different areas of the world without a clear underlying logic. Whether SnIV1 is pathogenic to remains to be evaluated. The mechanism(s) allowing it to persist in nightshade populations similarly remains to be investigated but as ilarviruses are frequently seed-borne [START_REF] Sastry | Seed-borne plant virus diseases[END_REF] in some hosts, seed transmission in nightshade appears as a possible hypothesis.

Perspectives

HTS-based Metagenomics: Methodological Challenges and perspectives

Despite its relatively brief history, the study of microbial life through next-generation sequencing (NGS) technologies and computational biology is defining a new era in microbiology. Detailed characterization of the features of such communities is instrumental to our comprehension of ecological, biological, and clinical complexity [START_REF] Laudadio | Next-Generation Metagenomics: Methodological Challenges and Opportunities[END_REF]. Despite the fact that high throughput sequencing has been widely used in plant virology, this has largely been only in a virus discovery perspective and much less frequently in a true metagenomics perspective. A consequence is that we still encounter technical and methodological challenges for metagenomics approaches, such study design and sampling strategy, choice of wet-lab approach, data processing and interpretation as discussed above. To improve upon the current situation, some perspectives are suggested here for the future metagenomic study of plant viruses.

-Be careful with impalpable traps when dealing with the huge amounts of data involved First, low level cross-contamination due to index-hopping or other artifacts seems to be very frequent if not systematic in HTS and as exemplified in this thesis, various strategies need to be implemented to deal with this issue. These can include PCR validation efforts, determination of cross-talk thresholds, the systematic use of negative and/or positive controls etc… Second the sequencing depth affects the output in terms of virus richness, and when comparisons between samples is the objective, there is a clear need for data normalization.

Here, I used a normalization strategy involving resampling reads to an identical depth but other strategies are also possible and, in some cases have been advocated as being more reliable.

Different normalization strategies for microbiome analysis were compared and their impacts on interpretation of ecological and statistical importance have been evaluated in [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF]. The results suggest rarefying the library size (resampling as we did) is a still a useful normalization technique which can more effectively mitigate the artifact than other normalization techniques. Particularly the normalization is very important for the beta diversity analysis of different microbial communities (ex. PERMANOVA test, the library size should be included if the dataset was not normalized) [START_REF] Weiss | Normalization and microbial differential abundance strategies depend upon data characteristics[END_REF].

-

Increase the sampling scales involving individual plants/species, ecosystems…

The sampling scales involved in this thesis (individual pools of 15 plants/species, large pools of 40 selected plant species with 5 individuals per species, pools of up to 100 individual plants/species) encompass a wide range of possibilities. Yet it is unlikely that any of them captures fully the virus community in the sampled environments. This concerns both the spatial and temporal scales as well as the sampling depth for individual plant species. Because of the complexity and heterogeneity of vegetation, we cannot easily set the same sampling scale for all sites. However, depending on the question, it may be important in the future to screen more individual plants, involving the same or different species. If the objective is that of a larger scale screen of plant viruses in order to access the virome of an environment, blind sampling but well-designed scaling may provide us different information as "geometagenomics" implemented by Bernardo et al. (2018).

-

Strict parallel design and test will facilitate the comparison between microorganisms involving composition, infectious pattern, prevalence…

Summarized from the study of Chapter III, we had a deeper mycobiome vision with the use of 4 separate subpools per site than for virome, for which we used only a single megapool. We could indeed compare communities between sites but could not compare the virome between subpools and, therefore, not address the question or a core, site-specific virome as we were able to show for the mycobiome. The more discrete analysis of sample undoubtedly provides more information. On the other hand the more samples separately analyzed, the more important samples cross-talk problem become. However, for the future parallel study of different type of microorganisms, a discrete and parallel design is essential to better interpret commonalities and differences.

-Adventurous exploration of third generation sequencing on plant virome study I have suggest in what precedes some strategies or solutions for the current HTS-based metagenomic plant virus studies. However, to be at the forefront of the field, attempts towards the application of third generation sequencing to plant virome studies may provide fantastic view as was recently show for the detection of known or novel viruses (Adams et al., 2017;[START_REF] Badial | Nanopore sequencing as a surveillance tool for plant pathogens in plant and insect tissues[END_REF]Filloux et al., 2018b). Since this technology may provide excellent genome reconstruction together with high consensus sequence accuracy it might represent the future for viral metagenomics because it could solve many of the problems associated with incomplete or chimeric genome assemblies.

Pathology and ecology importance of plant viruses

Through this thesis, I discovered many new viruses, however this discovery is just the starting point of the long path of the exploration of plant virus diversity. In the future, a wider range of plant species (crops/weeds, trees, grass…) could be screened to gradually fill the huge gap in our knowledge of plant virus diversity. Meantime, real-time surveillance would be helpful for the early detection of emerging diseases and would allow us to take early and more efficient action (Anderson et al., 2004). Studying the temporal and spatial variation of phytoviromes can help to find the drivers shaping the virus communities and may also allow us to understand the barriers or drivers of virus flow between species (Bernardo et al., 2018). The parallel analysis in this thesis of fungal communities and of viral communities illuminated an avenue for the future study of the plant microbiome in a fully integrated perspective, taking into account all microbes interacting directly or indirectly with a plant [START_REF] Compant | A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application[END_REF], which is likely needed to begin to understand the full complexity of plant holobiontes.

BIBLIOGRAPHY Introduction

Metagenomic approaches rely on high-throughput sequencing (HTS) and on bioinformatic analyses of HTS sequence data to access the genetic content and diversity of entire communities in an unbiased way. The use of metagenomic data has a wide variety of applications for plant pathogens studies, including the identification of potential pathogens for better food security [START_REF] Macdiarmid | Biosecurity implications of new technology and discovery in plant virus research[END_REF] or further our knowledge on the effects of microbiomes and viromes on plants [START_REF] Bulgarelli | Structure and functions of the bacterial microbiota of plants[END_REF]Roossinck 2015).

Whereas metagenomics face identification, storage and computational challenges, viral metagenomics is confronted to specific taxonomic assignation difficulties. Unlike cellular organisms as fungi or bacteria for which universally conserved genes (ITS, 16S ribosomal RNA) can be used to define Operational Taxonomic Units (OTUs) through a clustering approach [START_REF] Caporaso | QIIME allows analysis of high-throughput community sequencing data[END_REF], no such universally shared pattern exists for viruses. A consequence is that no universally accepted strategy or tool currently exists to define OTUs and evaluate viral alpha or beta diversity from virome data (Simmonds, 2015;[START_REF] Nooij | Overview of virus metagenomic classification methods and their biological applications[END_REF].

species under all circumstances. Similarly, since the extent of conservation varies between viral conserved motifs, the OTUs cut-off distance parameter may need to be adjusted depending on the motif used. VirAnnot takes this aspect into consideration and the OTU divergence threshold is a user definable parameter. We have however found that a 10% cut-off value defines in many viral families RdRp OTUs that appear to be a reasonable proxy to viral species. We compared the amino acid pairwise distances in the short conserved region around the RdRp motifs between VirAnnot

OTUs and between valid ICTV species (Table 1). For comparisons in the ssRNA virus Potyviridae family, the average distance between OTUs closely matched that between ICTV species. For the double-stranded RNA families Totiviridae and Partitiviridae, the average distance between OTUs was slightly higher than that between ICTV species but with a large overlap in values (Table 1), supporting the meaningfulness of the 10% threshold.

Perspectives

This Resource Announcement describes a new HTS virome analysis pipeline, VirAnnot, which allows the automated evaluation of viral OTU richness (alpha diversity) in metavirome data or the comparison of diversity between viromes (beta diversity). In addition, because of the underlying phylogenetic approach, virAnnot is also compatible with the UniFrac strategy of comparison of microbial communities [START_REF] Lozupone | UniFrac: A New Phylogenetic Method for Comparing Microbial Communities[END_REF][START_REF] Chen | Associating microbiome composition with environmental covariates using generalized UniFrac distances[END_REF]. Given the constraints imposed by the strategy used (existence of a contig encoding a conserved protein motif, minimum overlap between contigs for a given motif…), the VirAnnot OTU output represents a lower bound estimate of the total virome complexity. The stability and repeatability of the virAnnot OTU assignation and OTU richness estimation have been confirmed, therefore allowing for an easy and direct comparison of viral richness between samples. The setting at 10% of user-defined divergence threshold between OTUs provides results that approximate, in different families, the ICTV species level, allowing to use such OTUs as a proxy to taxonomic species. The use of higher or lower threshold values may allow the definition of OTUs representing different taxonomic levels. 

  ont ouvert une nouvelle ère pour la découverte non biaisée et la caractérisation génomique des virus. Comme pour les autres virus, de telles études montrent que la diversité des virus phytopathogènes a jusqu'à tout récemment été fortement sous-estimée. Ces virus constituant une composante potentiellement importante des écosystèmes naturels ou des agrosystèmes anthropisés, il est important d'explorer la diversité des virus associés aux populations végétales et de comprendre les forces structurant cette diversité dans le temps et dans l'espace. Dans le même temps, le développement de telles études reste confronté à des questions d'ordre méthodologique concernant, par exemple, le choix des populations d'acides nucléiques à séquencer, la reproductibilité des analyses ou la disponibilité d'une stratégie permettant de comparer de façon fiable la richesse virale dans différents environnements. Dans le présent travail, le virome associé à des populations végétales échantillonnées dans différents écosystèmes, avec un focus sur les adventices et les plantes sauvages, a été caractérisé par des approches de métagénomique par séquençage haut débit. Dans ces travaux, l'analyse bioinformatique de la richesse du virome a été conduite par deux approches, l'une classique basée sur l'annotation Blast pour l'identification des familles virales présentes dans un échantillon, et l'autre, décrite et validée ici, qui permet de classifier les séquences virales métagénomiques en unités taxonomiques opérationnelles (operational taxonomic units, OTUs) utilisées comme proxy des espèces virales. Toujours dans une perspective méthodologique, les résultats obtenus avec des pools complexes de plantes représentatifs de la diversité végétale au site d'échantillonnage (approche « tondeuse à gazon ») ont permis de comparer les performances des deux techniques actuellement utilisées pour enrichir les séquences virales, la purification d'ARN bicaténaires (double-stranded RNA, dsRNA) ou d'acides nucléiques associés aux virions (virion-associated nucleic acids, VANA). Les résultats obtenus par les deux approches ont mis en évidence des viromes riches mais montrent que l'approche dsRNA devrait être préférée pour l'analyse de tels pools complexes car elle permet de façon reproductible une description plus complète du phytovirome, à l'exception des virus ADN. Les viromes caractérisés montrent, pour les populations végétales de milieux cultivés ou non gérés tempérés échantillonnées, une forte incidence virale (jusqu'à 86.5% dans 126 pools monospécifiques collectés sur une période de deux ans) et confirment la prédominance des virus dsRNA qui représentent plus de 70% des OTU identifiés. Alors qu'une proportion significative des virus ssRNA détectés sont déjà connus, plus de 90% des virus dsRNA détectés sont nouveaux et n'avaient pas été caractérisés auparavant. Un effort important en culturomique visant à comparer le phytovirome avec le mycovirome de cultures fongiques obtenues à partir des mêmes échantillons végétaux a révélé un nombre remarquablement faible d'OTUs partagés, renforçant le questionnement sur la nature, phytovirus ou mycovirus, des virus dsRNA identifiés dans les viromes des plantes. La composition en OTU des viromes analysés s'est révélée variable entre sites d'échantillonnage mais aussi très dynamique dans le temps, avec seulement une très faible fraction des OTUs ré-échantillonnés de façon stable dans la même population végétale sur une période de deux ans. Pris dans leur ensemble, ces travaux exploratoires permettent de mieux raisonner les choix méthodologiques pour l'étude des viromes associés aux plantes et étendent notre connaissance de la diversité des phytovirus, en particulier dans des espèces végétales sauvages largement négligées, apportant des points de référence importants pour de nouveaux travaux en écologie et en évolution virale. MOTS CLES : Métagénomique, virus phytopathogène, diversité, virome Metagenomics based on high throughput sequencing (HTS) has opened a new era of unbiased discovery and genomic characterization of viruses. As for other viruses, such metagenomic studies
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  Baltimore classification system has been largely used for the classification of viruses. This classification places viruses into seven groups: double-stranded DNA (dsDNA) viruses, single-stranded DNA (ssDNA) viruses, double-stranded RNA (dsRNA) viruses, positive sense (+) ssRNA viruses, negative sense (-) ssRNA viruses, ssRNA-RT viruses (that use a virally encoded reverse transcriptase, an RNA-dependent DNA polymerase, to produce DNA from the initial virion RNA genome), dsDNA-RT viruses (viruses that transcribe their DNA genome into a pre-genomic RNA used as a template during genome replication by a virally encoded reverse transcriptase).

  UMR 1332 BFP, INRA, Univ. Bordeaux, CS20032, 33882 Villenave d'Ornon cedex, France Abstract: 245 words Text: 4994 words (Introduction + M&M + Results + Discussion) * Corresponding author thierry.candresse@inra.fr $ current address: Unité Mixte de Recherche sur le Fromage, 20 côte de Reyne, 15000 Aurillac, France Cleaned virome sequence reads have been deposited on the INRA National Data Portal under the identifier https://doi.org/10.15454/5BLYMJ Running title: Dynamics of horticultural phytoviromes ABSTRACT Using purified double-stranded RNAs (dsRNAs) and high-throughput sequencing (HTS) we analyzed the metavirome associated with crops and surrounding weeds/wild plants in a horticultural context in southwestern France. Temporal virome variations were analyzed by repeatedly sampling of the plant populations. In total, 126 species-specific composite samples representing 48 unique plant species were collected and analyzed over a two-year period. The obtained HTS sequence were annotated by Blast-based methods and classified into Operational Taxonomic Units (OTUs) representing a proxy to viral species. A rich viral diversity of 231 OTUs representing 18 viral families was identified. The largest group of viruses detected corresponds to novel viruses with dsRNA genomes. For ssRNA viruses, the proportion of novel viruses was only 48.1%. Virus infection was common, with 86.5% of the composite samples with at least one viral OTU. The number of unique OTUs increased linearly with the number of samples for a given plant species, indicating that the overall virome is likely to be much larger and that uncovering it may necessitate the analysis of hundreds of plants per species. Virome structure was relatively stable over time when considering the ratio of ssRNA versus dsRNA viruses and number of detected viral families. However, virome composition proved remarkably dynamic at the OTU level, with 68.8% of OTUs detected from a single sample and only 6 (2.6%) OTUs consistently detected over the 2-year period. The sharing of viral OTUs between crops and weeds was also analyzed, showing an over-representation of ssRNA viruses. Key words: virome, metagenomics, richness, OTU, plant virus INTRODUCTION Large-scale environmental metagenomics studies, enabled by high-throughput sequencing (HTS)

  OTUs), 4 dsRNA families (171 OTUs) and some unclassified OTUs (Figure1and Figure2). A phylogenetic analysis performed on representative sequences of all OTUs and on reference viruses for each viral family confirmed the quality of the annotations obtained in this study, since very generally OTUs clustered with the reference viruses representative of the family to which they had been assigned (Figure1). This results indirectly validates the use of the 100 aa region around the RdRp conserved motif to accurately assign sequences into each viral family. Some unclassified/unassigned OTUs clearly clustered in the Partitiviridae and Totiviridae family (Figure1) highlighting the incomplete taxonomic annotation of some likely members of these families in NCBI database.

Figure 1 .

 1 Figure 1. Phylogenetic tree reconstructed using the amino acid sequences of a 100 amino acid long region surrounding "GDD" conserved RdRp motif for tentative OTUs and for reference viral sequences obtained from Genbank. Tree was constructed using the neighbor-joining method and a strict identity distance. The statistical significance of branches was evaluated by bootstrap analysis (1,000 replicates). Only bootstrap values above 50% are indicated. The scale bar represents 10% amino acid divergence. Solid circles represent OTUs belonging to ssRNA families, solid squares represent OTUs belonging to dsRNA families, grey triangles unclassified/unassigned OTUs. Black triangles indicate reference sequences obtained from GenBank.

Figure 2 .

 2 Figure 2. Proportion of OTUs corresponding to know viruses and to putatively novel ones. The inner circle indicates the genome type of OTUs and the corresponding number: dsRNA OTUs (171), ssRNA OTUs (52), and unclassified OTUs (8). The number of OTUs corresponding to known or novel viruses in each category is shown on the outer doughnut. Green color indicates OTUs corresponding to known viruses, grey color OTUs of novel viruses (>10% aa divergence in the conserved RdRp region with known viruses).

Figure 3 .

 3 Figure 3. Proportion of OTUs belonging to different viral families identified during the four sampling periods at the VO sampling site. The legends in blue correspond to ssRNA virus families, those in red to dsRNA virus families and grey to unclassified/unassigned viruses for which no genome type information is available.

Figure 4 .

 4 Figure 4. Bar chart showing the proportion of plant species and of viral OTUs that were sampled or detected once, two time, three times or four times during the 2-year sampling period.

Figure 5 .

 5 Figure 5. Venn diagrams showing for each sampling time at the VO site the number of unique OTUs identified in crop species, in wild plants/weed species or shared between crops and wild plants/weed species. The names of the shared OTUs are indicated.
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 S2 Figure S2. Distribution of the length of contigs (A) and of the number of reads per composite

Figure S3 .

 S3 Figure S3. Phylogenetic tree reconstructed using in the 100 amino acid region surrounding

Figure S4 .

 S4 Figure S4. Distribution of the number of OTUs (n=231) detected per (A) composite plant

Figure S5 .

 S5 Figure S5. Aggregated number of unique OTUs detected for the 7 plant species analyzed at

  Figure S1

  composed of 200 plants assembled using 5 individual plants of each of the 40 most prevalent species. Following double-stranded RNAs (dsRNAs) or Virion-associated nucleic acids (VANA) extractions, target nucleic acids populations were converted to cDNA and submitted to random whole genome amplification (WGA) before Illumina sequencing. In order to evaluate the reproducibility of the WGA, all samples were amplified in duplicates involving different multiplex identifier (MID) tags. This situation is reflected in the name of the various libraries which indicates the name of the target nucleic acids (ds or VANA) followed by the study site and PCR1 or PCR2 to indicate the WGA replicate. A total of 20 million reads (paired-end and singletons) were generated from the 12 dsRNA libraries, 16 million reads from the 12 VANA libraries and 1 million reads from one negative control blank reagent-only library (Table
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  and predict their dynamics in response to global change (Laforest-Lapointe & Whitaker, 2019). Viruses and fungi, in particular, should be better integrated in future studies of the leaf microbiome (Laforest-Lapointe & Whitaker, 2019).Leaf-associated viruses include viruses of plants (phytoviruses), viruses of fungi (mycoviruses), and viruses of bacteria and archea (phages). A large fraction of plant-associated viruses in wild plants are double-stranded RNA viruses infecting either plants (persistent viruses) or fungi (mycoviruses) or possibly both. It should be stressed that a recurrent question in plant-associated virome analysis, in particular when it comes to dsRNA viruses, concerns the identity of the host(s)

  H, Ginzberg I, Elad Y, Chet I, Kapulnik Y. 1999. Mycorrhizainduced changes in disease severity and PR protein expression in tobacco leaves. Redefining the invertebrate RNA virosphere. Nature 540: 539. Siddell SG, Walker PJ, Lefkowitz EJ, Mushegian AR, Adams MJ, Dutilh BE, Gorbalenya AE, Harrach B, Harrison RL, Junglen S, et al. 2019. Additional changes to taxonomy ratified in a special vote by the International Committee on Taxonomy of Viruses (October 2018). Archives of Virology 164(3): 943-946. Simmonds P. 2015. Methods for virus classification and the challenge of incorporating metagenomic sequence data. Journal of General Virology 96(Pt 6): 1193-1206. Spence N, Basham J, Mumford R, Hayman G, Edmondson R, Jones D. 2006. Effect of Pepino mosaic virus on the yield and quality of glasshouse-grown tomatoes in the UK. Plant Pathology 55(5): 595-606. Stobbe AH, Roossinck MJ. 2014. Plant virus metagenomics: what we know and why we need to know more. Frontiers in plant science 5(150). Susi H, Filloux D, Frilander MJ, Roumagnac P, Laine AL. 2019. Diverse and variable virus communities in wild plant populations revealed by metagenomic tools. PeerJ 7: e6140. Thapa V, McGlinn DJ, Melcher U, Palmer MW, Roossinck MJ. 2015. Determinants of taxonomic composition of plant viruses at the Nature Conservancy's Tallgrass Prairie Preserve, Oklahoma. Virus Evolution 1(1

Figure 1 .

 1 Figure 1. Schematic representation of the sample processing and sequencing strategies

Figure 2 .

 2 Figure 2. RdRp Operational Taxonomy Units (OTUs) virome composition and known/novel

Figure 3 .

 3 Figure 3. Principal coordinates analysis (PCoA) and hierarchical clustering analysis of
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  Figure A1. Virome composition comparisons between libraries obtained by independent whole genome amplifications (WGA) using either the same or different MID tags. (A) and (B) Detection of viral OTUs in the various libraries from the VO and CT sampling sites, respectively as illustrated by UpSet plots and histograms of OTU frequency (upper-left). The number of discovered OTUs are plotted at the bottom-left and colored according to the MID tags (MID-1, 2, 3 are colored orange, blue and brown respectively). The detection of OTUs in different libraries are shown in a matrix layout at the bottom-right, the aggregates based on the groupings and their corresponding numbers are plotted at upper-right. (C) and (D) Hierarchical Clustering of viromes obtained by independent whole genome amplifications (WGA) using either the same or different MID tags for the VO and CT sampling sites, respectively. Jaccard dissimilarity metrics were calculated based on the OTU presence/absence data and a clustering

Table A2 .

 A2 Figure A2. Comparison of ITS1 or ITS2 amplicons-based mycobiome description. (A) Total number of clean reads in each library generated by sequencing ITS1 or ITS2 amplicons. (B) Percentage of fungal reads in each library generated by sequencing ITS1 or ITS2 amplicons. Boxplot of the number of amplicon sequence variants (ASVs) reflecting the fungal community richness (C) and values of Pielou's evenness (D) in libraries generated by sequencing ITS1 or ITS2 amplicons generated from total nucleic acids purified using the Powersoil or DNeasy kits. Only significant p values of paired t-tests are indicated above the connecting lines.

  NIG4 sampling site, allowing to reconstruct near complete molecules. Indeed, a comparison with the genomic RNAs of Parietaria mottle virus (PMoV), the closest characterized ilarvirus (see below) indicated that all five open reading frames (ORFs) [coding respectively for P1 (RNA1), P2 and P2b (RNA2) and the movement (MP) and coat proteins (CP) (RNA3)] were complete, with the exception of ORF2 which misses an estimated 62 nt (21 N-terminal amino acids missing from the P2 protein sequence). The contigs are respectively 3,445, 2,757 and 2,257 nt long for RNA1, RNA2 and RNA3, representing respectively 97.9%, 94.4% and 100.5% of the length of the corresponding genomic RNAs of the reference PMoV isolate (NC_005848, -49 and -54). These genomic sequences have been deposited in Genbank under Accession numbers MN216370 to MN216378. Blast analyses indicated that the virus is most closely related to PMoV and to several other subgroup 1 ilarviruses and this proximity was confirmed by phylogenetic analyses performed

Figure 1 .

 1 Figure 1. Barplot illustrating the presence/absence data based on Blast annotation for identified viral families in each sampled plant population.

Figure 2 .

 2 Figure 2. Neighbor-joining trees reconstructed from the alignment of near complete nucleotide sequences of RNA1 (A) and RNA2 (B) of broad bean wilt virus 1 (BBWV1) isolates and other Fabavirus members. Statistical significance of the branches was evaluated by bootstrap analysis (1,000 replicates) and only bootstrap values higher than 70% are indicated. The scale bars represent 5% nucleotide divergence. Sequences of BBWV1 determined in this work are indicated by a black diamond. The abbreviations followed by the accession numbers are: BBWV2: broad bean wilt virus 2; GeMV: gentian mosaic virus; LLMV: Lamium mild mosaic virus; PeLaV: peach leaf pitting-associated virus; PrVF: Prunus virus F; ChVF: cherry virus F; GFabV: grapevine fabavirus.

Figure 3 .

 3 Figure 3. Neighbor-joining trees reconstructed from the alignment of amino acid sequences of the P1 protein (A) and coat protein (B) of representative members of the genus Ilarvirus. Statistical significance of branches was evaluated by bootstrap analysis (1,000 replicates) and only bootstrap values higher than 70% are indicated. The scale bars represent 10% amino acid divergence (A) and 5% amino acid divergence (B). Solanum nigrum ilarvirus 1 (SnIV1) characterized in this study is indicated by a black diamond.

Figure 4 .

 4 Figure 4. Phylogenetic analysis of the near complete nucleotide genome sequences of potato virus Y (PVY) isolates determined in this study (indicated by black diamonds) and reference sequences. PVY isolates from tomato samples are colored in green and those from nightshade samples in orange. The tree was constructed by the neighbor-joining method from strict nucleotide identity distances and the statistical significance of branches was evaluated by bootstrap analysis (1,000 replicates). Only bootstrap values higher than 70% are indicated. The scale bar represents 5% nucleotide divergence.
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Figure S2 .

 S2 Figure S2. Neighbor-joining trees reconstructed from the alignment of amino acid sequences of the P2a, P2b and movement (MP) proteins of representative members of the genus Ilarvirus. Statistical significance of branches was evaluated by bootstrap analysis (1,000 replicates). Only bootstrap values higher than 70% are indicated. The scale bars represent 5% (P2a) or 10% (P2b and MP) amino acid divergence. Solanum nigrum ilarvirus 1 (SnIV1) characterized in this study is indicated by a black diamond.

  Figure S1.

Figure

  Figure S2.

  20 aa has been shown to represent a decent threshold to cluster related sequences into OTUs mimicking taxonomic species in several plant RNA virus families. Ability to use OTUs as a proxy to ICTV species level, has been examined and statistically validated by comparing the distance characteristics between OTUs and between bona fide species (Annex C). It is however conceivable to refine the clustering routine, for example by further refining the clustering threshold or even by adopting different thresholds for different viral families in order to reflect the existing variability in taxonomic criteria between viral taxa.
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  that would facilitate their movement between host plants. Indeed, in this study 36.5% (19/52) ssRNA OTUs were observed to have multiple host species and 52.6% (10/19) of

these ssRNA generalist OTUs are known viruses, values much higher than the 15.2% (26/171) observed for dsRNA viruses OTUs of which 19.2% (5/26) are known viruses. These contrasted results indicate an over-representation of ssRNA viruses among generalist OTUs.

Table 1 . Summary of plant samples analyzed at the two sampling sites and time points and viral metagenome characteristics.

 1 

			VO site		BE site
		JUN	OCT	JUN	OCT	JUN	OCT
		2010	2010	2011	2011	2010	2010
	Cultivated crops sampled	3	6	6	9	1	2
	Wild plants/weeds sampled	13	25	32	32	14	14
	Total no. of plant samples	16	31	38	41	15	16
	Total no. of individual plants* 239	382	570	615	174	204
	No. of clean reads	82195	51573	158533 124753 60955	19917
	No. of OTU-associated reads 6999	5865	6235	8381	1687	2725
	No. of OTUs	66	90	64	103	42	50
	No. of viral families	12	12	12	12	7	8
	No. of infected samples $	15	25	32	37	13	14
	% of infected samples	93.7%	80.6%	84.2%	90.2%	86.7%	87.5%

* A few collected composite samples involved less than 15 individual plants. $ Infected samples correspond to plant samples from which at least one viral OTU was identified.

  33.3% of viral contigs (standard deviation 7.3%, extremes 23.6-44.8%) as compared to 20.7% +/-10.3% for VANA libraries (extremes 8.2-34.5%) (Table1 and Table S1), a statistically significant difference (p value=1.3e-06). When taking into consideration the reads integrated in the different contigs, 49.9% +/-14.3% of dsRNA reads were annotated as viral, as compared to 40.5% +/-16.6%

TABLE 1 Comparisons of high throughout sequencing (HTS) average output and virus richness per library, based on normalized datasets obtained for dsRNA and VANA targets

 1 

	Approach	Length of reads*	Percent reads in contigs	Number of contigs	N50	Percent viral contigs	Percent reads in viral contigs	Viral families identified	Viral RdRp OTUs α
	dsRNA 120.9 ± 1.3	80.4% ± 4.3% 614 ± 128 796 ± 110.0 33.3% ± 7.3%	49.9% ± 14.3%	13.3 ± 1.7	39.8 ± 13.4
	VANA 121.2 ± 1.5 63.4% ± 12.4% 565 ± 121 578 ± 114.9 20.7% ± 10.3%	40.5% ± 16.6%	9.3 ± 2.6	13.3 ± 6.2
	P-value # 0.6075	0.0009	0.4393	4.185e-06	1.296e-06	0.2193	0.0001	1.273e-05

# Significance value was calculated using a paired t-test; bold text indicates a statistically significant difference at the 5% level. * Average length of reads was in nucleotides α Operational Taxonomy Units (OTUs) were defined by clustering, using a 10% distance cut-off for contigs encoding virus-specific conserved RNA dependent RNA polymerases protein motifs.

TABLE 2 Virome characteristics in the six different study sites based on RdRp OTUs.

 2 

	Site

TABLE S1 Characteristics of the high throughput datasets, contigs assembly and annotations results obtained for the various sites using the dsRNA and VANA approaches.

 S1 

TABLE S2 Number of reads observed in each library for 20 viral families.

 S2 

TABLE S3 Identified viral conserved protein pfam database motifs and number of corresponding OTUs and virus families observed.

 S3 

TABLE S4 Taxonomy of identified OTUs and their prevalences among six detected sites.

 S4 

TABLE S5 Statistics for the comparisons of data output from duplicate PCRs libraries for the different analyzed sampling site/approach analyzed. TABLE S6 Identity of the 110 plant species making up the composite samples collected from the six sampling sites.

 S5 

Table 1 . Main characteristics of the plant-associated viromes from different sampling sites

 1 

	).

Table S2 . Fungal pools used for dsRNA or DNA extraction for mycovirome and culturomics studies.

 S2 

	Library*	Normalization	Paired-end reads	Percentage of reads in eucaryota contigs	Percentage of reads in bacteria contigs	Percentage of reads in virus contigs	Percentage of reads in unknown contigs
	Phytoviromes $						
	VO	yes	634432	55.0%	0.3%	25.7%	18.9%
	CT	yes	634432	21.8%	0.6%	56.1%	21.6%
	SP	yes	634432	38.7%	0.0%	44.5%	16.8%
	INRA	yes	634432	15.0%	0.6%	59.7%	24.7%
	Negative control						
	Phytovirome	no	154440	27.6%	59.7%	4.7%	8.0%
	Mycoviromes						
	VO	no	307324	0.8%	0.4%	33.3%	65.5%
	CT	no	533238	2.0%	0.5%	52.4%	45.1%
	SP	no	702596	2.5%	0.0%	61.0%	36.4%
	INRA	no	501986	14.9%	2.5%	13.4%	69.1%
	Negative control Mycovirome	no	1641114	29.8%	58.4%	2.9%	8.8%

Table S3 . Number of reads integrated in contigs belonging to different viral families as determined by Blast-based annotation.

 S3 

	Site	VO	CT	SP	INRA
	Ecosystem_type	Cultivated	Cultivated	Unmanaged	Unmanaged
	Plant_species	40	33	29	
	Normalization depth	634432 pairs	634432 pairs	634432 pairs	634432 pairs
	unclassified	2888	67948	2912	
	Alphaflexiviridae	2511	113495	1902	
	Amalgaviridae	0	0	875	
	Benyviridae	156	10	0	
	Betaflexiviridae	1238	0	2285	
	Bromoviridae	1026	3984	0	
	Caulimoviridae	52	16	0	
	Chrysoviridae	4740	68821	2282	
	Closteroviridae	65558	26484	0	
	Endornaviridae	65906	201454	191769	
	Luteoviridae	0	20	217	
	Partitiviridae	92761	58563	21813	
	Potyviridae	35499	0	1048	
	Reoviridae	41	1244	135	
	Secoviridae	4892	54924	0	
	Tombusviridae	135	7840	5754	
	Totiviridae	11577	4450	3096	
	Virgaviridae	39	42588	0	
	Total viral reads	289019	651841	234088	

Table S7 . Number of ITS1 ASVs detected and diversity indices.

 S7 

	Site	Sample	ASV	Shannon	Simpson	Evenness
		VO-myco-P1	91	2.92	0.90	0.65
	VO	VO-myco-P2 VO-myco-P3	134 133	3.22 3.38	0.92 0.94	0.66 0.69
		VO-myco-P4	87	2.45	0.83	0.55
		Total unique ASVs	268	na	na	na
		Mean	111.3	3.00	0.90	0.64
		SD	25.7	0.41	0.05	0.06
		SP-myco-P1	241	3.94	0.96	0.72
	SP	SP-myco-P2 SP-myco-P3	121 228	3.34 4.05	0.93 0.97	0.70 0.75
		SP-myco-P4	175	3.55	0.93	0.69
		Total unique ASVs	483	na	na	na
		Mean	191.3	3.72	0.95	0.71
		SD	54.8	0.33	0.02	0.03
		CT-myco-P1	125	2.73	0.80	0.56
	CT	CT-myco-P2 CT-myco-P3	110 149	2.16 2.88	0.69 0.83	0.46 0.58
		CT-myco-P4	142	3.12	0.90	0.63
		Total unique ASVs	275	na	na	na
		Mean	131.5	2.72	0.81	0.56
		SD	17.5	0.41	0.09	0.07
		INRA-myco-P1	238	3.94	0.96	0.72
	INRA	INRA-myco-P2 INRA-myco-P3	220 251	3.70 3.77	0.93 0.93	0.69 0.68
		INRA-myco-P4	300	4.03	0.95	0.71
		Total unique ASVs	639	na	na	na
		Mean	252.3	3.86	0.94	0.70
		SD	34.3	0.15	0.01	0.02

Table S8 . ANOSIM and ADONIS test for potential factors affecting mycobiome composition.

 S8 

		Jaccard-Binary -ANOSIM	Jaccard-Binary -ADONIS
	Factors	R	P -value	R 2	P -value
	Sampling_site	0.8859	1.00E-04	0.37039	1.00E-04
	Ecosystem_type	0.5232	4.00E-04	0.14294	4.00E-04
	Location	0.4821	3.00E-04	0.13202	5.00E-04

Table S9 . Comparison of fungal richness reflected by the statistics of fungal ASVs calculated using non-normalized data between plant mycobiomes and fungal culturomes.

 S9 

		VO	CT	SP	INRA		
	Geo_Location	Bordeaux	Bergerac	Bergerac	Bordeaux		
	Ecosystem_type	Cultivated	Cultivated	Unmanaged	Unmanaged	Mean	SD
	Plant species	40	33	29	34		
	Fungus colonies	1279	480	590	1060		
	Fungal ASVs in culturome (F)	75	63	52	68	64.5	9.7
	Fungal ASVs in plant mycobiome (P)	378	348	633	838	549.3	231.1
	Fungal ASVs detected from both culturome and mycobiome (S)	52	36	44	40	43.0	6.8
	Percentage of plant mycobiome ASVs shared with culturome (S/P)	13.8%	10.3%	7.0%	4.8%	9.0%	3.9%
	Percentage of culturome ASVs not shared with plant mycobiome ASVs ((F-S)/F)	30.7%	42.9%	15.4%	41.2%	32.5%	12.6%
	Percentage of culturome ASVs shared with plant mycobiome ASVs (S/F)	69.3%	57.1%	84.6%	58.8%	67.5%	12.6%

  3,301 nt (RNA1; ca. 98.2% of the full length molecule), 2,996 nt (RNA2, ca. 98.3% of the full length molecule) and 2,155 nt (RNA3, ca. 97.2% of the full length molecule) but no evidence was found for presence of a CMV satellite.

  , a routine for automated OTU classification was developed, repeatedly debugged, validated, and integrated in virAnnot during this thesis. The

	I would like to summarize a few characteristics of this OTU classification scheme, mainly for
	RNA dependent RNA polymerase (RdRp)-OTUs:
	1) it is not an extremely fine net since instead of capturing all viral sequences, only contigs
	(or reads) containing viral conserved domains (ex. RdRp, CP, Helicase…) are captured. In
	addition, to avoid richness overestimation, we generally concentrate efforts on count
	sequences encoding an RdRp signature, which eliminates viruses for which there is no
	coverage of genome region. The richness estimation obtained is thus clearly a lower bound
	value, but one that can be reproducibly calculated in multiple samples, allowing direct,
	meaningful comparisons for beta diversity analyses among different communities just like

workflow is freely available and explained at https://github.com/marieBvr/virAnnot. The short submitted Resource Announcement is included as an annex to the present thesis

(Lefebvre et al., 

submitted for publication).

Table 1 .

 1 Statistics on amino acid pairwise distances for OTUs defined using the RNA-dependent RNA polymerase conserved motif and for formal species recognized by the ICTV.

		Category	Total no. of comparisons	Mean	Standard deviation	Min Median Max
	ssRNA	Potyviridae OTU	36	0.542	0.076	0.377	0.538	0.635
	Viral							
	Family	Potyviridae ICTV	16,471	0.531	0.104	0.108	0.512	0.823
		Totiviridae OTU	1,225	0.764	0.122	0.25	0.788	0.942
	dsRNA	Totiviridae ICTV	378	0.646	0.13	0.273	0.651	0.969
	Viral							
	Family	Partitiviridae OTU	169	0.727	0.191	0.237	0.808	0.942
		Partitiviridae ICTV	990	0.661	0.158	0.057* 0.723	0.861

* A few pairwise distance values were less than 10%.
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Supplementary Materials [Supplementary Tables do not fit easily in an A4 format and are available at https://doi.org/10.15454/JRB3P4] Table S1. Plant sample identity, plant biology information, number of reads and number and identity of detected OTUs. Table S2. Taxonomic information provided by the BlastX analysis of OTU-representative sequences and host species information of OTUs. DOI: Table S3. Known ssRNA viruses discovered in Villenave d'Ornon site and their host plants.

Table S4. Table S4. OTUs identified from each plant species. * Corresponding author thierry.candresse@inra.fr 3 Current address INRA UMRF, 20, côte de Reyne, 15000 Aurillac, France SUMMARY  Plants are colonized by complex microbial communities (bacteria, fungi, viruses and other microorganisms) that affect plant growth and survival as well as ecosystem functions.

Different patterns in leaf-associated viromes and mycobiomes of wild plant populations between cultivated and unmanaged environments

However, research on leaf-associated fungal and viral communities, especially in wild plants, has been so far fairly limited.

 Using metagenomics approaches to characterize the plant core microbiome, we assessed the richness and composition of leaf-associated fungal and viral communities from complex pools of herbaceous wild plants collected in cultivated and unmanaged ecosystems.

 We identified 161 fungal families and 18 viral families comprising 249 RNA dependent RNA polymerase-based operational taxonomy units (RdRp OTUs) from the leaf samples. Fungal culturomics captured ca. 9% of the fungal diversity but there was virtually no correlation between the plant samples virome and that from fungal cultures.

 Mycobiome and, more markedly, virome composition showed a strong site specificity. The mycobiomes were more diverse in unmanaged sites while the plant associated viromes showed a higher family-level richness in cultivated sites, suggesting that mycobiome and virome are shaped by different drivers. Further efforts will be needed to confirm these trends in other settings and to begin to unravel the drivers contributing to the structuring of plant-associated fungal and viral populations.

Keywords: Mycobiome, mycovirus, phytovirus, plant, virome 
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Table S9 Comparison of fungal richness reflected by the statistics of fungal ASVs calculated using non-normalized data between plant mycobiomes and fungal culturomes.

Table S10 Viral 

Supplementary Figure S1

Supplementary Figure S2 Supplementary Figure S3 ANNEXES to CHAPTER III 

Metagenomic analysis of virome cross-talk between cultivated

Solanum lycopersicum and wild Solanum nigrum

Supplementary

Materials [Supplementary Tables are available at

https://doi.org/10.15454/RWOLLQ, Table S4, which fits easily in an A4 format is also provided here] Table S1. OTUs with their annotation and the number of corresponding reads in each library.

Table S2. Virus isolates and the GenBank accession numbers of their nucleotide sequences.

Table S3. approach used to group in the same OTU contigs sharing more than a set identity threshold. A 10% threshold has been validated as producting OTUs that reasonably approach, in many families, the ICTV taxonomy and can therefore be used as a proxy to viral species.

We have developed an automated routine addressing this OTU definition problem and integrated it in VirAnnot, a bioinformatic phytovirome sequence pipeline which already performed the assembly of reads, the identification of viral contigs and their Blast-based taxonomic assignation, steps considered as standard for the analysis of HTS data [START_REF] Nooij | Overview of virus metagenomic classification methods and their biological applications[END_REF]. These steps are then followed by a new clustering strategy which allows to group together in the same OTU contigs that share more than a set identity threshold.

Material and Method

 Sequence datasets

In order to analyse the reproducibility of the VirAnnot OTU clustering output and the closeness of the identified OTUs to taxonomic species recognized in the current International Committee for the Taxonomy of Viruses (ICTV), several datasets generated from complex pools of plants (ca. 40 

 VirAnnot pipeline workflow

The VirAnnot pipeline integrates standard bioinformatic tools in three main steps: (i) reads cleaning, (ii) contigs assembly, (iii) taxonomic classification. Briefly, the first step consists of raw reads quality trimming with a minimum score of 20 and a minimum read length of 70. The reads are then demultiplexed followed by adapters, polyA and, if necessary, multiplex identifier (MID) tag removal using cutadapt (Martin, 2011). In order to limit inter-sample cross talk associated with index-hopping (Illumina, 2017;van der Valk et al., 2019), a sub-routine can be implemented to retain only reads having identical MID tags on both pairs members. The second step performs the assembly of the reads from all selected libraries into contigs using either IDBA-UD [START_REF] Peng | IDBA-UD: a de novo assembler for single-cell and metagenomic sequencing data with highly uneven depth[END_REF] or SPAdes [START_REF] Bankevich | SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing[END_REF]. Through the third step, the contigs are annotated using BlastN or BlastX (Altschul et al., 1990) against the NCBI GenBank nr or nt sequence databases with a user defined significance threshold (default e-value of 10 -4 ). In addition to similarity searches against protein databases, a search against the PFAM database (Punta et al., 2012) is carried out using RPS-Blast (reverse-position-specific BLAST; Marchler-Bauer et al., 2002) with again a user defined threshold (default e-value of 10 -4 ).

 Clustering approach of OTU identification

After the RPS-Blast and BlastX searches, the VirAnnot pipeline identifies OTUs based on a clustering approach performed on sequences encoding conserved viral protein domains [START_REF] Itzhaki | Domain-domain interactions underlying Herpesvirus-human protein-protein interaction networks[END_REF][START_REF] Koo | Conservation and variability of West Nile virus proteins[END_REF]. All contigs encoding a given virus-specific conserved protein motif, identified by the RPS-Blast annotation, are aligned with reference sequences using the ETE3 Toolkit (Huerta-Cepas et al., 2016). For each viral motif, a distance matrix is then computed using pairwise distances between the aligned sequences. User-defined variables at this stage include the minimum contigs overlap [default of 20 amino acids (aa)] and a distance threshold between OTUs.

We routinely use a 10% divergence value but this can be adjusted at will. The matrix is used to generate two identical phylogenetic trees: one using the ETE3 Toolkit for visualisation purposes and one using the hclust clustering method [START_REF] Müllner | Fastcluster: fast hierarchical, agglomerative clustering routines for R and python[END_REF]. This second tree is cut according to the distance threshold, determining the OTUs and the contigs integrated into each OTU.

 Validation of the OTU definition threshold in relation to ICTV taxonomic species

Various datasets (see above) were analysed using a 10% clustering cut-off value for OTUs defined on the basis of the RNA-dependent RNA polymerase (RdRp) conserved motifs. For several singlestranded RNA (ssRNA) or double-stranded RNA (dsRNA) viral families, the average pairwise distance between OTUs (amino acid divergence in a 100 aa small region extending on both sides of the GDD conserved triplet) was then compared to that between viral species recognized by the International Committee on Taxonomy of Viruses (ICTV) using the MEGA software [START_REF] Kumar | MEGA7: molecular evolutionary genetics analysis Version 7.0 for bigger datasets[END_REF].

Results

 Pipeline availability

VirAnnot is freely available at https://github.com/marieBvr/virAnnot. All documentation about the implementation, installation and use of the pipeline is available at https://virannotdocs.readthedocs.io/en/latest/.

 Repeatability

To validate the clustering routine implemented in VirAnnot, its repeatability was evaluated by running the whole pipeline analysis five times on two datasets. A comparison of the OTUs defined on the basis of the well-known RdRp signature sequences of RNA viruses (RdRp1, RdRp2, RdRp3 and RdRp4) in these five independent analyses was then performed. For RdRp1, 26≤OTUs≤27

were obtained, for RdRp2 45≤OTUs≤46, for RdRp3 40 OTUs and for RdRp4 111≤OTUs≤117.

Comparison of the OTUs identified between the different clustering repetitions showed that the same OTUs were repeatedly defined (not shown). These comparisons therefore show a good stability of the VirAnnot output and the limited variations observed are likely due to the known variability of the assembly and clustering processes.

 ICTV group / Threshold validation

Given the variability of taxonomic criteria used to define species in different viral families (Simmonds, 2015), the use of a unique simple rule cannot allow to define OTUs closely mimicking