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Current impact and future directions of high throughput sequencing in plant virus diagnostics

The ability to provide a fast, inexpensive and reliable diagnostic for any given viral infection is a key parameter in efforts to fight and control these ubiquitous pathogens. The recent developments of highthroughput sequencing (also called Next Generation Sequencing -NGS) technologies and bioinformatics have drastically changed the research on viral pathogens. It is now raising a growing interest for virus diagnostics. This review provides a snapshot vision on the current use and impact of high throughput sequencing approaches in plant virus characterization. More specifically, this review highlights the potential of these new technologies and their interplay with current protocols in the future of molecular diagnostic of plant viruses. The current limitations that will need to be addressed for a wider adoption of high-throughput sequencing in plant virus diagnostics are thoroughly discussed.

Introduction

The ability to provide a fast, inexpensive and reliable diagnostic for any given viral infection is a key parameter in efforts to fight and control these ubiquitous pathogens. The past 40 years have seen tremendous progress in this area of virology, with the successive introduction of simple serological assays like the ELISA test, molecular hybridization, PCR in its various forms and real-time PCR [START_REF] Martin | Impacts of molecular diagnostic technologies on plant disease management[END_REF][START_REF] Mumford | Advances in molecular phytodiagnostics -new solutions for old problems[END_REF][START_REF] Wetzel | A polymerase chain reaction assay adapted to plum pox potyvirus detection[END_REF]. Each of these techniques has improved our ability to efficiently diagnose viral infection, in particular in terms of sensitivity, specificity and reproducibility [START_REF] López | Are molecular tools solving the challenges posed by detection of plant pathogenic bacteria and viruses?[END_REF]. However, the application of these techniques is largely restricted to known and decently well characterized viral agents for which serological reagents and/or sequence information are available. For unknown agents or those still too poorly characterized, the diagnostician still faces very complex challenges that are only very partially met by the use of polyvalent serological or molecular assays or by the use of biological indexing. As a consequence a full virological indexing, i.e. the identification of all viruses present in a given sample, was until recently essentially an unattainable goal, as witnessed by the constant discovery of novel viruses. Recent developments in high-throughput sequencing (or Next Generation Sequencing -NGS) technologies and in bioinformatic analyses of the vast amount of sequence data thus generated have changed this situation drastically. Indeed, it is now conceptually feasible to detect any viral agent by highthroughput sequencing of the nucleic acids from a host and the identification of viral sequences of known or unknown agents in the generated sequences. Such developments, reviewed in details elsewhere [START_REF] Prabha | Applications of next generation high throughput sequencing technologies in characterization, discovery and molecular interaction of plant viruses[END_REF], have already produced key advances in the etiology of diseases (identifying the causal agent and allowing its characterization) and viral ecology (metagenomics) but also have the potential to strongly modify the way we see and perform virus diagnostics in the coming years. After briefly discussing recent developments of general interest, this review provides a snapshot vision on the current use of those approaches in plant virology, underlining the most relevant information for a diagnostician. The future developments as well as the current limitations that will need to be addressed for a wider adoption of these approaches in plant virus diagnostics are then extensively discussed.

Impact of sequencing trends and bioinformatics developments on virus discovery

Technological changes

Many NGS technologies have been developed so far and new technologies are currently being developed. These technologies and their performances have been reviewed in details elsewhere [START_REF] Shokralla | Next-generation sequencing technologies for environmental DNA research[END_REF] and will not be specifically addressed here. It is worth to mention that during the past 10-years, the exponential growth in sequencing throughput has halved every 6 month the price per sequenced base, largely surpassing the evolution pace of any other technological field (see http://www.genome.gov/sequencingcosts/).

Briefly, current technologies are based on three fundamental steps: (i) preparation of the library of nucleic acids to be sequenced, (ii) the clonal amplification of the prepared libraries to produce a detectable quantity of DNA and (iii) the massive parallel sequencing of millions or billions DNA fragments in a single experiment. Current developments are focused on the simplification of library preparation and on the suppression of the clonal amplification step. For example, new technologies like PacBio RS II and Oxford Nanopore Technology do not need an amplification step. One major trend has also been to shorten the run time from weeks to a single day or a couple of hours. The classical detection method by fluorescence emission is also currently challenged by the rise of electronic detection strategies which eliminate the need for expensive scanning systems. Another trend is the development of cheaper bench-sequencers like the Roche GS Junior (discontinued in 2016), the MiSeq (Illumina) or the Ion Torrent PGM (Life Technologies), cutting prices and making them affordable for a growing number of laboratories.

Sequenced host genomes

To date, a number of plant species have their complete genome finished, including Arabidopsis thaliana, Glycine max, Medicago truncatula, Oryza sativa, Populus trichocarpa, Solanum lycopersicum, Sorghum bicolor, Vitis vinifera, Musa acuminata, Zea mays, etc. For many other plants or crops a high-quality draft genome is available, like Carica papaya, Helianthus annuus, Manihot esculenta or Solanum tuberosum (see http://www.ncbi.nlm.nih.gov/genomes/PLANTS/ PlantList.html). From the practical diagnostics point of view, the access to more and more complete genome sequences of host plants opens the way to in silico subtraction approaches as already used for human pathogens, in which sequencing reads are first screened for homology to the host genome so that further analysis efforts are concentrated on non-host sequences.

Sequenced viruses and viromes

Part of the challenge in the bioinformatics analysis of NGS data for virus identification is that this step largely relies on the identification of homologies with already known agents (see below). The growing availability in public databases of genomic sequences for a wide diversity of viruses is therefore a key element in a successful diagnostic. More than 3500 reference sequences of virus (and viroid) genomes are now available at NCBI (see http://www.ncbi.nlm.nih.gov/genome) and 623 plant virus genomes are also available in Comprehensive Phytopathogen Genomics Resource [START_REF] Hamilton | The Comprehensive Phytopathogen Genomics Resource: a web-based resource for data-mining plant pathogen genomes[END_REF].

Besides targeted sequencing efforts in individual hosts that allow the characterization of individual agents, a wide range of novel viruses have been identified in metagenomic efforts aimed at the characterization of virus populations in various environments like feces [START_REF] Minot | Hypervariable loci in the human gut virome[END_REF][START_REF] Reyes | Viruses in the faecal microbiota of monozygotic twins and their mothers[END_REF], or fresh [START_REF] Djikeng | Metagenomic analysis of RNA viruses in a fresh water lake[END_REF][START_REF] Rosario | Metagenomic analysis of viruses in reclaimed water[END_REF] or saline aquatic environments [START_REF] Williamson | The Sorcerer II Global Ocean Sampling Expedition: metagenomic characterization of viruses within aquatic microbial samples[END_REF]. These projects have already greatly expanded the viral genes and genomes catalogs and will continue to do so at an increasing pace in the coming years, contributing to an improved ability to identify viral sequences among NGS data. Nevertheless, the recent discovery and sequencing of giant viruses (∼2 Mb) with only 7% of their genes with matches in databases also shows the limitations of our current knowledge [START_REF] Philippe | Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb reaching that of parasitic eukaryotes[END_REF].

Bioinformatics development

Bioinformatics developments impact the four steps of any highthroughput sequencing project: quality control, sequence assembly into contigs, contigs annotation and identification of variations between samples.

The quality control is dependent on the sequencing technology used. Standard parameters and thresholds are usually provided by the manufacturer. It is now a very standardized process on "older" technologies like Roche pyrosequencing or Illumina Sequencing by synthesis. Given the increase in throughput of sequencing machines, an extra step of demultiplexing combined samples is more and more frequently used before the second step of sequences assembly.

The assembly of sequences to generate contigs can be done in two ways: de novo assembly or mapping of reads on (a) reference sequence(s). For de novo assembly, the (meta)genome is reconstructed by matching all the generated sequences to each other. This is considered the current gold standard for bacteria or virus genome sequencing. It is also the only feasible approach to characterize novel viral agents for which no reference genome is available. Each NGS platform developed its own bioinformatic tool, such as the Consensus Assessment of Sequence and Variation (CASAVA -Illumina) or the GS De Novo Assembler, Reference mapper and Variant Analyzer (Roche). In parallel, many softwares were developed specifically for de novo assembly or alignment (for more information, see http://en.wikipedia.org/wiki/List of sequence alignment software#Genomics analysis).

The annotation of the generated contigs or of the remaining singletons is relatively straightforward and generally based on the use of well-known homology search programs such as Blast (in its various BlastN, BlastX, BlastP and TBlast versions) or Blat [START_REF] Kent | BLAT -the BLAST-like alignment tool[END_REF]. This is a very straightforward process when the reads or contigs belong to a well annotated species or a relatively close relative. However, problems increase when the sequences belong to agents that are more and more distant from the viruses present in international databases. Although automated algorithms are now routinely used, there is frequently no or little manual assessment of accuracy [START_REF] Foster | Measuring the microbiome: perspectives on advances in DNA-based techniques for exploring microbial life[END_REF]. For shotgun metagenomic sequencing, another strong limitation is the large number of contigs and singletons which have to be annotated de novo. This has an important impact on computing time which is likely to increase as sequence databases continue their exponential growth. The use of dedicated databases or of subsections of GenBank partially solves this problem while creating other potential misidentification pitfalls. The other problematic situation concerns the ability (or inability) to identify sequences from a virus that has no close homolog in databases. This situation is far from theoretical since, for example, a large fraction of the genes identified in marine viral metagenomes, in particular when it comes from phages or Archeae have no clear counterpart in GenBank. The recent discovery of Pandora virus, containing only 7% of the genes homologous to existing genes, is another striking example [START_REF] Philippe | Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb reaching that of parasitic eukaryotes[END_REF]. In such situations, other strategies that do not rely on homology, such as frequency analysis techniques [START_REF] Palacios | Heart and skeletal muscle inflammation of farmed salmon is associated with infection with a novel reovirus[END_REF][START_REF] Trifonov | Frequency analysis techniques for identification of viral genetic data[END_REF], may possibly offer an interesting option but need additional evaluation and testing.

The (meta)genome of a sample can be characterized by identifying its genomic variations or specificities as compared to a reference genome or gene catalog. For genome sequencing projects, these variations correspond to gene content, single nucleotide polymorphisms (SNP), insertion and deletion (indel), copy number variation or chromosomal re-arrangement. For metagenome sequencing projects, the characterization is also focused on defining and quantifying clusters of genes or functions or taxons sequenced in the sample, although it should be stressed that there are currently no or very few tools allowing the simple estimation of the number of taxons for viral metagenome data [START_REF] Klingenberg | Protein signaturebased estimation of metagenomic abundances including all domains of life and viruses[END_REF].

Importantly, the bioinformatics analysis of high-throughput sequencing data is now making a transition. Initially largely costprohibitive and accessible only to bioinformaticians, it is becoming more and more cost-effective and biologist-friendly, in particular with the development of commercial packages such as CLC Genomics Workbench or Geneious, or of user-friendly open platforms such a Galaxy. This transition also benefits directly from the exponential growth and cost reduction of computational power and from the availability of cloud computing. The current general trend is also to simplify the use and the parameterization of these tools, making them usable without extended bioinformatics knowledge. There are now visual and user-friendly techniques to explore and analyze the data for a biologist [START_REF] Foster | Measuring the microbiome: perspectives on advances in DNA-based techniques for exploring microbial life[END_REF]. These efforts improve and facilitate the manipulation and analysis of the generated sequences. They will further speed up the diffusion of NGS and are likely to ultimately reach the diagnostics laboratory.

Applications of NGS approaches in plant virus detection

Conceptually, NGS can be applied to solve problems in a range of areas of virology and, in the present case, in etiology of viral diseases, in virus characterization, taxonomy, viral population genetics and in diagnostics of plant viruses. The objective of this chapter is to underline the topics which hold interest in a future application of NGS in plant virus diagnostic. A more detailed presentation of the current applications of NGS in plant virology can be found in two recent reviews [START_REF] Barba | Historical perspective, development and applications of next-generation sequencing in plant virology[END_REF][START_REF] Prabha | Applications of next generation high throughput sequencing technologies in characterization, discovery and molecular interaction of plant viruses[END_REF].

Moreover, NGS can also be used to study viral populations at very different scales: from single isolated host cells to organs, host plants, plant communities or even within ecosystems, giving access to the phytoviral metagenome with, for example, application in viral ecology.

Strategies for NGS analysis of plant viruses

A specificity of NGS applications for plant virus characterization is the absence in the plants of acellular fluids such as plasma, cerebrospinal fluid or lymph that are available in animals. Complex nucleic acid (NA) populations contaminated by host molecules are therefore generally used and analyzed. One of the key parameters to consider is the identity and nature of the NA molecules that are targeted by the NGS effort. Indeed, a range of NA populations have been analyzed to date, differing in the nature (DNA or RNA, single or double stranded, with or without size selection) and in the use or not of strategies to enrich the NA populations in viral sequences.

The first option is to extract total DNA or RNA from a sample and to directly sequence it in a shotgun approach. As in other approaches, bioinformatics analyses are then used to identify viral sequences. These protocols are straightforward in the laboratory but the bioinformatics analysis is more complicated as host or microflora-derived sequences generally dominate the sequence data and must be discarded. The small proportion of the generated sequences which correspond to the pathogen can however be sufficient to identify the genomes of new viruses [START_REF] Wylie | The complete genome sequence of a Passion fruit woodiness virus isolate from Australia determined using deep sequencing, and its relationship to other potyviruses[END_REF]. It is possible to enrich DNA populations in genomic sequences of circular DNA viruses through rolling circle amplification [START_REF] Wyant | Circular DNA genomics (circomics) exemplified for geminiviruses in bean crops and weeds of northeastern Brazil[END_REF] since small enough host-derived circular molecules are generally infrequent. Likewise, total RNA preparations can be enriched in viral sequence by purification of mRNAs (to eliminate the vast amounts of host-derived ribosomal RNA) but also by subtraction or RDA (representational differential analysis) [START_REF] Scott Muerhoff | Amplification and subtraction methods and their application to the discovery of novel human viruses[END_REF]. Such an approach has for example been used to enrich NA populations for the sequencing of a novel Cucumovirus, the gayfeather mild mottle virus [START_REF] Adams | Next-generation sequencing and metagenomic analysis: a universal diagnostic tool in plant virology[END_REF].

The second option corresponds to the sequencing of NA molecules obtained from partially or completely purified viral particles. Various techniques can be used to obtain such viral particles preparations from host plants, including immune- [START_REF] Wetzel | A highly sensitive immunocapture polymerase chain reaction method for plum pox potyvirus detection[END_REF] or print-capture [START_REF] Olmos | Print-capture PCR: a simple and highly sensitive method for the detection of Plum pox virus (PPV) in plant tissues[END_REF], simplified partial purification schemes [START_REF] Muthukumar | Non-cultivated plants of the Tallgrass Prairie Preserve of northeastern Oklahoma frequently contain virus-like sequences in particulate fractions[END_REF] or more complex purification schemes through, for example, cesium chloride gradient prior to DNA or RNA extraction. The isolated viral DNA or RNA is finally sequenced following a classical shotgun protocol. This kind of approach is technically more challenging in the laboratory and there is a risk of counter-selecting viruses with labile particles but sequences of viral origin should be enriched and may reach in some case a very high proportion of the sequencing reads [START_REF] Thapa | Detection of members of the Secoviridae in the Tallgrass Prairie Preserve, Osage County, Oklahoma, USA[END_REF].

The third option relies on the isolation and subsequent highthroughput sequencing of small interfering RNAs (siRNA). siRNA are intermediate molecules as well as end products in the antiviral defense pathway called RNA interference in plants and animals. A consequence of this defense reaction is the production of 21-24 nt long siRNAs representing most if not all of the viral genomes accumulated during infection, irrespective of the genome structure of the targeted virus [START_REF] Ding | Antiviral immunity directed by small RNAs[END_REF]. This strategy has thus the potential to be truly polyvalent and to allow the simultaneous detection of DNA and RNA viruses as well as viroids [START_REF] Itaya | Potato spindle tuber viroid as inducer of RNA silencing in infected tomato[END_REF]. Given the high number of sequencing reads needed, siRNAs are generally size selected by gel purification before sequencing. The small reads are further assembled de novo to yield long enough contigs for homology-based annotation. Starting from the seminal work of [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], profiling of siRNAs using NGS has identified numerous plant viruses that had never been reported previously.

Another option, which is limited to the analysis of RNA viruses and viroids, is the purification of the double-stranded RNA (dsRNA) molecules that accumulate during RNA viruses replication. These molecules can readily be purified through their selective affinity for cellulose under appropriate conditions, providing for an important enrichment in viral sequences [START_REF] Dodds | Plant viral double stranded RNA[END_REF][START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF].

The last option represents a targeted approach based on a priori and involves the use of primers targeting a specific genomic region of the virus under study. The primers are used during a (RT)-PCR reaction to produce specific amplicons which can then be sequenced at very high depth to analyze the structure of the viral population [START_REF] Fabre | Modelling the evolutionary dynamics of viruses within their hosts: a case study using highthroughput sequencing[END_REF]. This approach is limited to population genetics studies at various ecological scales (plant, field, region) but is not suitable to identify novel viruses unless primers with broad polyvalence are used [START_REF] James | Strategies for simultaneous detection of multiple plant viruses[END_REF].

Application of NGS for genome characterization

Whole genome characterization

During the last two years, there has been an exponential growth in publications describing the determination, using NGS approaches, of the genome sequences of novel viruses or of new genome sequences for known viruses. Currently more than fifty peer-reviewed papers describing the identification of new plant viruses have thus been published [START_REF] Barba | Historical perspective, development and applications of next-generation sequencing in plant virology[END_REF]. Briefly, these results have been obtained in a very wide range of crop species, including temperate, Mediterranean or tropical species, herbaceous or woody species, annual or perennial crops. Among the described protocols, the siRNA sequencing approach is by far the most popular one. Interestingly, in case of mixed infection, the NGS approaches have proven able to detect and characterize all the viral genomes present in the samples, whether they belong to different strains of a viral species [START_REF] Li | Deep sequencing of small RNAs in tomato for virus and viroid identification and strain differentiation[END_REF] or to different species [START_REF] Alabi | Highthroughput sequence analysis of small RNAs in grapevine (Vitis vinifera L.) affected by grapevine leafroll disease[END_REF][START_REF] Li | Deep sequencing of small RNAs in tomato for virus and viroid identification and strain differentiation[END_REF][START_REF] Sela | A new cryptic virus belonging to the family Partitiviridae was found in watermelon co-infected with Melon necrotic spot virus[END_REF].

Viral population genetics

Viruses have very high mutation rates, short generation times, and large population sizes [START_REF] Duffy | Rates of evolutionary change in viruses: patterns and determinants[END_REF]. Under these conditions, genetic variants are produced constantly and in an infected host the virus population can display a high degree of genetic diversity. Because of their diversity, intra-host virus populations are often referred to as mutant clouds, swarms, or viral quasi-species [START_REF] Beerenwinkel | Challenges and opportunities in estimating viral genetic diversity from next-generation sequencing data[END_REF]. Given the sequencing depth that they achieve, the use of NGS technologies offers unprecedented views at the intra-isolate or intra-host diversity of viruses, allowing to better assess the impact of various evolutionary forces on viral diversity [START_REF] Fabre | Modelling the evolutionary dynamics of viruses within their hosts: a case study using highthroughput sequencing[END_REF]. For example, in a pioneering paper in plant virology [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 high-throughput sequencing of 5 regions of the zucchini yellow mosaic virus genome in a wild gourd, Cucurbita pepo ssp. texana, was carried out under two inoculation conditions: aphid vectored and mechanically inoculated. The results suggest that the vector or host-imposed bottlenecks (associated respectively with transmission and systemic infection) are less stringent than previously supposed. These results also showed that some mutations were fixed in the aphid-vectored populations but remained at low frequency in the mechanically inoculated plants.

Plant virus ecology

Deep sequencing technologies have now been applied to the non-targeted discovery of viruses in a wide range of environments, a process called viral metagenomics or viromics. These approaches have so far been applied only in a limited fashion to plant viruses, possibly because of the perceived limited importance of the free phase (i.e. outside of host plants and vectors) of plant viruses and of the limited information available on this phase. Remarkably, although not intentionally targeting plant viruses, several studies primarily targeting phages or animal/human viruses have identified a range of known or of novel plant viruses in diverse environments, including continental fresh water [START_REF] Djikeng | Metagenomic analysis of RNA viruses in a fresh water lake[END_REF], raw sewage [START_REF] Cantalupo | Raw sewage harbors diverse viral populations[END_REF], reclaimed water [START_REF] Rosario | Metagenomic analysis of viruses in reclaimed water[END_REF], human or rodent feces [START_REF] Nakamura | Direct metagenomic detection of viral pathogens in nasal and fecal specimens using an unbiased high-throughput sequencing approach[END_REF][START_REF] Victoria | Metagenomic analyses of viruses in stool samples from children with acute flaccid paralysis[END_REF][START_REF] Zhang | RNA viral community in human feces: prevalence of plant pathogenic viruses[END_REF], bat guano [START_REF] Li | Bat guano virome: predominance of dietary viruses from insects and plants plus novel mammalian viruses[END_REF] or even the nearsurface atmosphere [START_REF] Whon | Metagenomic characterization of airborne viral DNA diversity in the near-surface atmosphere[END_REF]. There have been few efforts to study the phytoviral metagenome directly from plant populations but the few publications available illustrate, as expected, a wide diversity of viruses associated with plants. A large fraction of these viruses appear to be novel, in particular when it comes to double-stranded RNA viruses [START_REF] Coetzee | Deep sequencing analysis of viruses infecting grapevines: virome of a vineyard[END_REF][START_REF] Giampetruzzi | A new grapevine virus discovered by deep sequencing of virus-and viroid-derived small RNAs in Cv Pinot gris[END_REF][START_REF] Min | Molecular characterization, ecology, and epidemiology of a novel tymovirus in Asclepias viridis from Oklahoma[END_REF][START_REF] Muthukumar | Non-cultivated plants of the Tallgrass Prairie Preserve of northeastern Oklahoma frequently contain virus-like sequences in particulate fractions[END_REF][START_REF] Quito-Avila | Complete sequence and genetic characterization of Raspberry latent virus, a novel member of the family Reoviridae[END_REF][START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF][START_REF] Scheets | Infectious transcripts of an asymptomatic panicovirus identified from a metagenomic survey[END_REF][START_REF] Thapa | Detection of members of the Secoviridae in the Tallgrass Prairie Preserve, Osage County, Oklahoma, USA[END_REF][START_REF] Wren | Plant virus biodiversity and ecology[END_REF][START_REF] Wylie | Exotic and indigenous viruses infect wild populations and captive collections of temperate terrestrial orchids (Diuris species) in Australia[END_REF], with important implications for the way we envision and develop research efforts in plant virus ecology and diagnostic [START_REF] Malmstrom | The expanding field of plant virus ecology: historical foundations, knowledge gaps, and research directions[END_REF][START_REF] Roossinck | The big unknown: plant virus biodiversity[END_REF][START_REF] Roossinck | Plant virus metagenomics: biodiversity and ecology[END_REF].

View on the future developments and bottlenecks

Until very recently the prospect of using NGS-based approaches for plant virus diagnostics, potentially down to plant clinics level would have seemed extremely remote if not improbable, in particular due to time constraints and to the costs involved. Recent developments in sequencing machines (see above) have drastically changed the situation. Moreover, sequencing machine is more and more coupled with robots allowing automation and high throughput sample processing. The ability to perform a general viral and viroid indexing on a plant sample, including the detection of distant variants of known viruses or of unknown or novel agents is an extremely attractive possibility in a range of diagnostic situations (quarantined plant material, certification programs, quality assurance of seed lots. . .). It should be stressed that no other technique currently has the potential to deliver such broad-spectrum diagnostics. Given the pace of research and the above mentioned developments in sequencing technologies it is clear that the use of these approaches will increase in the coming years, including in diagnostic. In a pioneering experiment, a virus diagnostic protocol based on high-throughput sequencing was tested [START_REF] Hagen | Accurate and sensitive diagnosis of geminiviruses through enrichment, highthroughput sequencing and automated sequence identification[END_REF], eliminating the need to develop and apply targeted real-time PCR protocols or of antibody development for ELISA. The sensitivity of the technique was similar to PCR. This breakthrough concept, although limited to dsDNA viruses, combined amplification of circular viral DNA (without previous knowledge), high-throughput sequencing of the amplified DNA and bioinformatic analysis of the obtained sequence data Besides technical and budgetary aspects, there are however today a range of issues that need to be addressed and solved before a wide acceptance of these approaches in the plant virus diagnostics field. In a sense, this situation is not novel, since essentially the same questions have to be asked for each newly introduced diagnostic technique.

A first question that has to be considered is the sequencing strategy used (i.e. which target, which sequencing platform. . .) in terms of advantages, limitations and costs, and whether a truly complete viral indexing can indeed be achieved. Currently two strategies appear to have the potential to detect all viral agents, irrespective of the nature (DNA or RNA) and structure (linear, circular, single or double-stranded) of their genome: total RNA (or mRNA) [START_REF] Al Rwahnih | Deep sequencing analysis of RNAs from a grapevine showing Syrah decline symptoms reveals a multiple virus infection that includes a novel virus[END_REF] or siRNAs [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] sequencing. Other targets like circular DNA [START_REF] Wyant | Circular DNA genomics (circomics) exemplified for geminiviruses in bean crops and weeds of northeastern Brazil[END_REF], dsRNA sequencing sequences [START_REF] Roossinck | Ecogenomics: using massively parallel pyrosequencing to understand virus ecology[END_REF] or virus particle isolation [START_REF] Muthukumar | Non-cultivated plants of the Tallgrass Prairie Preserve of northeastern Oklahoma frequently contain virus-like sequences in particulate fractions[END_REF] target only a fraction of the viral diversity (in this case, respectively circular DNA viruses, RNA viruses and viroids, or agents with stable enough particles to withstand the purification procedure). On the other hand, both the total RNA and the siRNA approaches require a higher number of reads (and hence a higher cost per sample) than the strategies involving an enrichment step like dsRNA sequencing or virus particle isolation as indicated by the few direct comparisons available [START_REF] Adams | Next-generation sequencing and metagenomic analysis: a universal diagnostic tool in plant virology[END_REF]. Moreover, advances in the metagenomic field are also bringing innovative and comprehensive preparation protocols which might hold future interest in plant virus diagnostic [START_REF] Roume | Sequential isolation of metabolites, RNA, DNA, and proteins from the same unique sample[END_REF]. Thus, further direct comparison of these approaches is clearly needed in order for the diagnostician to select the most appropriate technique based on sound data rather than on educated guesswork. Ultimately this raises the question of deciding whether there exists an optimal and universal strategy for diagnostics purposes.

The second very practical question concerns the sensitivity of these techniques in comparison to the currently used diagnostic techniques and, in particular, to the current gold standard of realtime (RT)-PCR. Although sensitivity may not be an issue in some applications, it will clearly be a crucial question in many other diagnostics situations. Remarkably, there is extremely little information available on the sensitivity of the NGS-based approaches, in any field of virology. The results of Cheval and co-workers [START_REF] Cheval | Evaluation of high-throughput sequencing for identifying known and unknown viruses in biological samples[END_REF] with human viruses suggest however that a sensitivity similar to optimized real-time PCR protocols can be reached with sufficient sequencing depth (and therefore costs) of total DNA or RNA on the Illumina platform. On the other hand, the detection of novel agents not represented in the databases necessitated de novo assembly of contigs, which could only be achieved at higher viral titers. Almost no corresponding data is currently available for plant viruses, with the exception of the work of Hagen [START_REF] Hagen | Accurate and sensitive diagnosis of geminiviruses through enrichment, highthroughput sequencing and automated sequence identification[END_REF], who showed that siRNA sequencing allowed the detection of tomato spotted wilt virus (TSWV) in tomato plants as early as 4 days post-inoculation, a time at which no symptoms are observed and virus detection by molecular hybridization is at best very difficult. Comparative efforts, assessing the efficiency of NGS-based approaches on spiked samples close to the limits of detection of current serological (ELISA) or molecular [(RT)-PCR] approaches are therefore clearly needed, in particular with plant matrices, for the diagnostician to have a clear idea of the sensitivity of these novel technologies. It is however obvious that even with current sequencing technologies, detection of some low titer agents may rest on the identification of very few or even of a single read [START_REF] Tan | Identification of a new cyclovirus in cerebrospinal fluid of patients with acute central nervous system infections[END_REF], which will clearly raise questions about detection threshold, as in any other detection technique.

Indeed, the determination of a suitable detection threshold is a key aspect in essentially all diagnostic techniques. Whether the detection of a single viral read should be considered sufficient to assess as positive a sample analyzed by deep sequencing remains to be investigated but, more importantly, debated. Given that the current NGS strategies all involve one or more PCR steps, it is easy to see that NGS-based approaches will be as susceptible to contamination problems as (notoriously) are PCR-based assays. This is in fact a frequently observed but rarely reported observation in many if not all laboratories that have invested in NGS approaches. In many cases, these problems, frequently limited to a low proportion of reads, are of little consequences but the specifics of the diagnostics field clearly give more impact to such potential contamination problems. A direct consequence is that the same precautions and standards currently implemented in (RT)-PCR-based diagnostics will almost surely need to be also implemented for diagnostics uses of NGS technologies.

Other strategies may help to resolve contamination/low representation and detection threshold issues, for example the detailed analysis of the coverage of the viral genomes by the sequences obtained, since a low but distributed coverage is likely to reflect the presence of a virus while the same number of reads mapping to a single genomic region are more likely to reflect a contamination problem. Associated with these aspects will come questions about the need to validate the NGS-based approaches and therefore about their reproducibility and repeatability both within a given laboratory and between laboratories using the same protocol [START_REF] Massart | Inter-laboratory evaluation of a duplex RT-PCR method using crude extracts for the simultaneous detection of Prune dwarf virus and Prunus necrotic ringspot virus[END_REF][START_REF] Massart | Interlaboratory evaluation of two reverse-transcriptase polymeric chain reaction-based methods for detection of four fruit tree viruses[END_REF].

Another question concerns the adaptation of the protocols and techniques to particular plant species or tissues or to particular target virus(es) or diagnostic needs. A number of plant species are notorious for containing substance that interfere with nucleic acids extraction or with their subsequent enzymatic manipulation (reverse transcription, PCR amplification). Simple and robust extraction protocols have been developed in many cases for (RT)-PCR-based assays and will likely prove appropriate for NGS-based approaches but will first need to be validated. Also, initial results in the authors laboratories indicate that sequencing depth will likely need to be adapted in some cases since, for example, the fraction of siRNAs of viral origin appears to be much lower in woody plant samples (Olmos, unpublished results) than reported in herbaceous hosts like sweet potato [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].

Lastly, if these NGS-based approaches are to take their place in diagnostics laboratories, there is a clear need for the further development of simple, reliable and user-friendly bioinformatic tools that will allow the rapid and simple identification of the viruses present in a sample. Although much progress in that direction has been made, there is still much room for improvement and for the development of faster and more efficient programs and algorithms. Of particular concern, if complete viral indexing is to be achieved, is the question of the identification of viruses too divergent to be identified by the currently used homology-based approaches. Homology-independent approaches can be envisioned in some cases, but with exceptions [START_REF] Wu | Homology-independent discovery of replicating pathogenic circular RNAs by deep sequencing and a new computational algorithm[END_REF] are still in their infancy.

In conclusion, these novel NGS-based approaches have a huge potential in the diagnostics field. This potential is already amply illustrated by the monthly harvest of newly discovered and described human, animal and plant viruses published in the scientific literature. Other more practical and diagnostics-oriented uses of these novel technologies will likely take more time to develop and spread and will require specific efforts for the optimization, comparison and validation of these approaches before they can replace for specific applications the currently validated and used diagnostic techniques. The pace of adoption of these technologies will also vary depending on the origin of the sample: it is likely that NGS will be applied first in the certification of highvalue plant material, as mother trees for in vitro multiplication. The new and currently used techniques should however not be seen as competitors, the development of one signaling the demise of the other. Rather, as has almost always been the case in the diagnostics field, these techniques will continue parallel lives, the diagnostician selecting to use one or the other, relying on a cost-benefit analysis to decide which technique best suits his precise needs.

Another emerging question, which will become more acute as more results accumulate, is the biological significance and the implications of the identification of a novel virus. This question is particularly acute in the case of well characterized or high value plant materials such as mother plants or 'top tier' plants in clean plant programs that serve or have served as the source of plants for international trade. The finding of a novel virus in such plant material raises very practical questions that the diagnostician will need to address, in particular the impact of the virus identified on the plant concerned and, ultimately, the potential need to halt the distribution of the plant(s) concerned [START_REF] Macdiarmid | Biosecurity implications of new technology and discovery in plant virus research[END_REF]. At the same time, we must acknowledge the fact that very little information will be available, besides the complete or even partial sequence of the novel agent, to assist in reaching a decision. It is already clear that some of the agents identified will not be plant viruses, but will in fact be mycoviruses infecting fungal agents associated with the analyzed plant. Mycoviruses within plants are associated with the presence of plant pathogens or endophytes and are poorly studied so far [START_REF] Pearson | Mycoviruses of filamentous fungi and their relevance to plant pathology[END_REF]. In grasses, it has been demonstrated that mycovirus incidence reached 22% among endophytic fungi isolates [START_REF] Herrero | Mycoviruses are common among different species of endophytic fungi of grasses[END_REF]. As numerous endophyte species, more than one hundred in some cases, can be associated with a plant species, mycoviruses are frequently detected and can represent more than 50% of the viral sequences generated in a NGS experiment [START_REF] Al Rwahnih | Deep sequencing evidence from single grapevine plants reveals a virome dominated by mycoviruses[END_REF]. Any new viral sequence discovered must therefore be carefully analyzed, for example through blastn or blastx algorithms, to try to determinate its plant or fungal origin. In some case, additional experiments may be needed to determine the host of the virus discovered, for example trying to isolate [START_REF] Al Rwahnih | Deep sequencing evidence from single grapevine plants reveals a virome dominated by mycoviruses[END_REF] or detect fungi from the studied plant.

We can also reasonably anticipate that the pace of discovery of novel viral agents, either mycovirus or plant virus, will slow down in the future. Indeed, the virome of crop species will progressively be better characterized through the increasing number of NGS experiments carried out. As the viral sequence databases become more and more complete, the discovery of new viral agents during a certification process will become less frequent but the detection of poorly characterized viruses could remain frequent. This strengthens the importance to also develop efforts aimed at the understanding the biological significance of all these newly characterized virus species, in order to be able to make the most relevant diagnostic decisions in the future. However, it should be stressed that although the discovery of such novel or poorly characterized agents may today complicate the decision-making process, it will clearly lead, in the long run, to an improved situation of better informed decisions and to the safer movement and trade of plant propagation material.

A side question raised about the rapid pace of discovery of novel viral agents for which very little if any, biological data is available is that of the impact on viral taxonomy. Indeed, the Executive Committee of the International Committee for the Taxonomy of Viruses (ICTV) recently agreed to accept species or higher taxa proposals based only on sequence data from (meta)genomic studies, with certain safeguards. These include evidence that the sequences are effectively complete, that correct assembly has been verified and that the sequence is indeed viral in origin [START_REF] Gorbalenya | Taxonomic proposals based on metagenomic and genomeonly studies[END_REF]. It is therefore probably just a matter of time before the first viral species described solely on the basis of sequence data become accepted at the international level.

It should also be stressed that with their remarkable potential when it comes to viral genome characterization, NGS-based techniques are likely to have a large and long-lasting impact on (RT)-PCR-based assays, since the availability of a wider diversity of genomic sequences will allow us to develop more broad-specificity primers, allowing the reliable detection of all isolates of a given virus. Such a situation is for example illustrated by the recent identification by NGS of isolates of plum bark necrosis stem pitting associated virus (PBNSPaV) that are not or only poorly detected by currently used RT-PCR assays and by the use of the sequence of such isolates to design new, more polyvalent PBNSPaV-specific PCR primers [START_REF] Marais | Characterization by deep sequencing of divergent Plum bark necrosis stem pitting associated virus isolates and development of a polyvalent PBNSPaV-specific detection assay[END_REF].