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Analyse du virome et des flux de virus entre populations de carottes 

cultivées et sauvages 

 

Résumé  

Les technologies de séquençage haut débit (HTS pour High-Throughput Sequencing) appliquées 

aux études de métagénomiques ont révolutionné notre vision de la biodiversité virale, avec un 

impact notable dans les domaines du phytodiagnostic et de l'écologie virale, permettant d’identifier 

tous les virus présents dans un échantillon sans connaissance préalable. Cependant, comme pour 

toute technologie, les stratégies HTS et les pipelines d’analyses des données générées doivent être 

validés pour garantir leur fiabilité. Ces évaluations sont basées sur la comparaison des 

performances théoriques et réelles, en utilisant des communautés virales de composition connue. 

Néanmoins, de telles études font encore largement défaut dans le domaine de la virologie végétale. 

Au cours de cette thèse, les défis méthodologiques et les questions écologiques liées à la 

description et à l'analyse des communautés de virus végétaux ont été abordés. Tout d’abord, des 

communautés synthétiques de phytovirus de complexités variables ont été utilisées pour évaluer 

les deux stratégies d'enrichissement des virus les plus utilisées dans les études de métagénomique, 

à savoir l’analyse des acides nucléiques associés aux virions (VANA, Virion-Associated Nucleic 

Acids) et l'analyse des ARN double brin (ARNdb). Nos résultats montrent que l'approche de 

l'ARNdb fournit systématiquement une description plus complète du virome à ARN mais, comme 

attendu, est peu performante pour les virus à ADN. Par ailleurs, on a pu mettre en évidence une 

corrélation robuste entre la profondeur de séquençage des échantillons et l'exhaustivité de la 

description du virome, ainsi que l'influence d'autres paramètres tels que la complexité du virome, 

l'utilisation de contigs et la longueur minimale des contigs. Dans une approche plus orientée vers 

des questions d’écologie, le virome de 45 populations de carottes sauvages (Daucus carota ssp. 

carota) et cultivées (Daucus carota ssp. sativus) récoltées en France et de six populations 

collectées en Espagne a été analysé en utilisant une approche HTS basée sur l’ARNdb. Les 

résultats ont permis de constater que: (i) les carottes présentent un virome particulièrement 

diversifié, riche en nouveaux virus qui ont ensuite été caractérisés au niveau moléculaire et (ii) le 

virome des carottes cultivées est très différent de celui des carottes sauvages. Les signatures virales 

entre ces deux populations montrent une présence différentielle de certains virus, mais aussi une 

prévalence différentielle d'autres virus. Sur la base de l'analyse de plantes individuelles, la diversité 

génétique des virus transmis par pucerons a été analysée, mettant en évidence une différenciation 

intraspécifique des populations virales entre hôtes sauvages et cultivés pour plusieurs de ces virus. 



  

 
 

Il s'agit d'un résultat particulièrement intéressant si l'on considère que les carottes cultivées et 

sauvages sont membres de la même espèce, et qu'elles représentent donc un pathosystème pour 

lequel peu de contraintes génétiques et botaniques sont attendues sur le flux de virus entre ces deux 

populations. Globalement, les résultats obtenus suggèrent un impact majeur des conditions de 

culture liées à l'agriculture dans la structuration de la richesse et de la composition du virome. Ils 

ont également montré l'existence de flux viraux entre les compartiments sauvage et cultivé mais 

aussi l'existence de barrières limitant ou empêchant les échanges de certains virus ou de certains 

groupes d'isolats viraux. Le pathosystème carotte utilisé ici a permis de mieux comprendre les 

viromes contrastés qui peuvent s'assembler chez des plantes étroitement apparentées à l'interface 

agro-écologique et fournissent une base pour des recherches plus approfondies sur les barrières 

biologiques et écologiques s’appliquant aux mouvements des virus, ainsi que sur les interactions 

entre virus transmis par pucerons dans un réseau complexe d'interdépendances mutuelles. 

Mots clés: virome, carotte, séquençage haut débit, flux de virus, diversitè 

 

 

 

 

 

 

 

 

 

  



  

 
 

Analysis of the virome and reciprocal transfers of viruses between 

wild and cultivated carrot populations 

 

Abstract  

HTS-based metagenomics has revolutionized our view of biodiversity and has become a powerful 

tool in plant virus diagnostics and ecology, allowing to theoretically capture without prior 

knowledge all viruses present in a sample. However, as with any technology, HTS strategies and 

the corresponding data processing pipelines need to be validated to provide reliable assessments 

of plant health status and balance the cost of sequencing with the specificity and sensitivity levels 

required by the study. In this context, metagenomics benchmarking efforts are often based on mock 

communities of known composition thus allowing to compare the actual vs the expected 

performance. Despite their importance, such comparative studies in virology are mainly limited to 

the clinical sector and are largely lacking in the plant virology field. In the present thesis both 

methodological challenges and ecological questions in relation to the description and analysis of 

plant virus communities have been addressed. Phytovirus synthetic communities of varying 

complexity were used to benchmark the two most frequently used virus enrichment strategies for 

plant virus metagenomics, virion associated nucleic acids (VANA) and double stranded (ds)RNA. 

The results show that the dsRNA approach systemically provided a more complete description of 

the RNA virome but, as expected, performed poorly for DNA viruses. A robust correlation 

between sample sequencing depth and the completeness of virome description was observed, 

together with the influence of other parameters such as virome complexity, use of de novo 

assembled contigs and minimal contig length. In a second more ecologically oriented approach the 

virome of 45 different wild (Daucus carota ssp. carota) and cultivated carrot (Daucus carota ssp. 

sativus) populations in France and six additional populations in Spain was analyzed using a 

dsRNA-based HTS approach. The datasets generated have revealed two important findings: (i) 

carrots exhibit a particularly diverse virome, rich in novel viruses that were then molecularly 

characterized and (ii) virus communities differ remarkably between wild and cultivated carrots. 

The contrasting virome fingerprints between field and wild carrot populations involve both 

differential presence of some viruses and differential prevalence of other viruses. Based on 

analysis of individual plants by HTS sequencing and RT-PCR, population genetics of aphid-

transmitted viruses were analyzed, highlighting intraspecific viral population differentiation 

between wild and cultivated hosts for several of them. This is a particularly interesting result 

considering that both cultivated and wild carrots are members of the same species, and thus 



  

 
 

represent a pathosystem with expected least genetic and botanical constraints on potential virus 

flow between a crop and its weedy relative. Taken together, the results obtained suggest a major 

impact of growth conditions created by agriculture in shaping virome richness and composition. 

They demonstrated the existence of viral fluxes between the wild and cultivated compartments but 

also the existence of barriers limiting or altogether preventing exchange of some viruses or of some 

groups of isolates. The carrot pathosystem used here allowed to gain deep insights into the 

contrasted viromes that can assemble in closely related plants a the agroecological interface and 

to provide a baseline for further investigations of the biological and ecological barriers to virus 

movements and on the complex interaction linking aphid-transmitted viruses in a complex network 

of mutual interdependencies. 

 

Keywords: virome, carrot, high throughput sequencing, virus fluxes, diversity 
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 Plant viruses – definition, classification and diversity  

The plant virologist Richard Ellis Ford Matthews defined viruses as follows: “A virus is a set 

of one or more nucleic acid template molecules, normally encased in a protective coat or coats 

of protein or lipoprotein, that is able to organize its own replication only within suitable host 

cells” (Matthew, 1991). Therefore, viruses can be seen as biological entities that can parasitize 

all cellular life forms. Viruses differ from other pathogens in their size and shape, strategies of 

infection, multiplication and in the symptoms they produce. In particular, the genetic structure 

and replication of viruses differ from those seen in all cellular forms. The genomes of viruses 

vary significantly in size and can encode from one to about 250 proteins (Hull, 2014). Plant 

viruses possess rather small genomes but can reach sizes over 20kb, encoding up to 12 proteins 

(Candresse and Fuchs, 2020). The genetic material can consist of one or more nucleic acid 

molecules that can be packaged into separate particles as in the case of segmented viruses or 

into a single particle as for bi- or multipartite viruses. Another unique feature of viruses is their 

diversity of genome types and replication strategies. About 50 years ago David Baltimore 

classified viruses into six categories based on the types of genomes and the routes of genome 

expression, which are now known as Baltimore classes and cover the diversity of virus genomes 

and gene expression strategies. This represented an important conceptual framework in 

virology. The initial six classes comprise double stranded DNA (dsDNA), single stranded DNA 

(ssDNA), double stranded RNA (dsRNA), positive sense (+) ssRNA, negative sense (-) ssRNA 

and reverse transcribing (RT) RNA viruses (Baltimore, 1971). This was shortly after enriched 

by a seventh class comprising RT-dsDNA viruses that replicate through an RNA intermediate 

(Galibert et al. 1979). Further virus characteristics used for virus classification and 

nomenclature comprise the structure of virus particles and whether or not they are enveloped, 

host range, serological properties, pathogenicity and genome sequence similarities. At present, 

the International Committee on Taxonomy of viruses (ICTV) is the main governing body for 

all matters related to viral taxonomy. Until recently a 5-rank hierarchical system was used, 

comprising order, family (subfamily in some), genus and species. This was replaced by a 15-

rank hierarchical system (Gorbalenya et al., 2017) which is closer to the Linnaean taxonomic 

system used for cellular organisms. Another important change approved by the ICTV in 2021 

was the adoption of a uniform binominal format for the naming of virus species. Comprehensive 

guidance on the application of these changes is provided by Sidell et al. (2020). With the advent 

of high-throughput sequencing, most viruses are today discovered through metagenomic studies 
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without easy access to their biological properties, and it has been proposed to reconsider the 

current rules for virus taxonomy to be able to take into account viruses identified solely on the 

basis of sequencing data from metagenomic studies (Simmonds et al., 2017). Recent advances 

in metagenomic sequencing have shown that the actual diversity of viruses has been largely 

underestimated and that mixed infections are frequent and often symptomless in wild plants 

(Muthukumar et al., 2009, Roossinck, 2012b, Roossinck et al., 2015, Bernardo et al. 2018, Susi 

et al., 2019). In contrast to the one host-one pathogen perspective, metagenomic studies have 

thus been able to explore virus communities in the context of different environments, which 

will be addressed in more detail below.  

 Plant virology - Historical perspective and methodological 

advances  

The earliest record of a plant virus disease is possibly found in a poem composed by Japanese 

Empress Koken in 752 AD and translated by T. Inouye (Matthew, 1991):  

“In this village 

It looks as if frosting continuously  

For the plant I saw 

In the field of summer 

The colour of the leaves were yellowing”. 

The poem has been suggested to describe the leaf yellowing symptoms caused in Eupatorium 

lindleyanum by a geminivirus, eupatorium yellow vein virus (Sauders et al., 2003). Plant 

virology, and more generally virology as a branch of science, dates however back to the 1890s 

when the Russian botanist Dimitri Ivanovski and the Dutch chemist Martinus Beijerinck 

discovered tobacco mosaic virus and found that ultra-filtrates of infected plant extracts 

remained infectious (Fraenkel-Conrat, 1986). The fact that viruses were too small to be retained 

by bacterial filters lead to the development of more advanced techniques such as 

ultracentrifugation and electron microscopy (Brakke, 1953; Ball et al., 1968; Baker et al., 1985) 

that provided more information about viruses shape and size. Especially in the second half of 

the 20th century much progress was made in the biological and molecular characterization of 

viruses by the development of a range of molecular tools such as protein and nucleic acids gel 

electrophoresis, serological techniques including enzyme-linked immunosorbent assay 

(ELISA) (Clark and Adams, 1977) or tissue blot immunosorbent assays (TBIA) (Lin et al., 

1990) and nucleic acids-based methods such as molecular hybridization techniques (Britten and 

Davidson, 1985) with the latter evolving into high-speed microarray assays specifically suited 
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for screening multiple viruses in a single diagnostic test (Schena et al., 1995; Boonham et al., 

2007). Last but not least, the polymerase chain reaction (PCR) technique by which small 

amounts of DNA or RNA molecules could be amplified to a detectable amount of DNA 

(Henson and French, 1993; Hadidi and Candresse, 2003) was an important milestone in virus 

detection, characterization and diversity studies.  

Another key technology, DNA sequencing, had a major impact on virology and, in general, on 

microbiology. Several approaches were developed but the most well-known is Sanger 

sequencing, developed in the mid 1970 (Sanger and Coulson, 1975) and referred to as first 

generation sequencing. Coupled with PCR technology, sequencing technologies revolutionized 

the view of microbial diversity as conserved genomic regions in bacteria and fungi, such as 16S 

and 18S ribosomal RNA genes could be amplified and sequenced, revealing many new taxons 

and the fact that the cultivable microorganisms represent just a minority of the actual diversity 

(Handelsman, 2005). In the last two decades, a new generation of sequencing technologies 

called Next Generation Sequencing (NGS) or High-Throughput Sequencing (HTS) has 

emerged, allowing the limitations of Sanger sequencing to be circumvented by the massively 

parallel sequencing of short reads (sequences), enabling whole genomes to be sequenced in a 

short time and generating enormous amounts of sequencing data. Different HTS technologies 

are available including second generation and third generation sequencing technologies 

(Heather and Chain, 2016). Second generation sequencing technologies (e.g. Roche 454, 

SOLiD or Ion Torrent/Life Technologies and Illumina/Solexa platforms) vary in their outputs, 

run times, and maximum read length and require different laboratory steps: (i) DNA 

fragmentation and the addition of synthetic DNA adapters (library preparation), (ii) clonal 

amplification of the prepared libraries (iii) massive parallel sequencing of DNA fragments 

(reads) (Massart et al., 2014). Third generation sequencing (TGS), on the other hand, are 

innovative, long-read sequencing technologies (e.g. PacBio-Illumina or Oxford Nanopore 

Technologies (ONT)) capable of sequencing single molecules without the need to amplify 

DNA, as was the case with all previous technologies. TGS enables the generation of much 

longer reads (up to several kilobases) but is prone to higher error rates (Miclotte et al. 2016; 

Athanasopoulou et al., 2022). However, the MinION instrument introduced by ONT is the only 

portable sequencing device that allows rapid real-time sequencing of long reads between 6000 

and 48000 nucleotides (Deamer et al., 2016), and has already found applications in plant virus 

diagnostics (Liefting et al. 2021). 
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2.1 HTS based metagenomics in plant virus diagnostics and ecology  

Developments in HTS sequencing have driven the advent of the field of metagenomics, a term 

that first appeared in an article by Handelsman et al. (1998) and refers to the genetic study of 

all or nearly all genomes within an environmental sample (Handelsman, 2005; Roossinck et al., 

2015). Metagenomics have proven to be particularly interesting for virology as viruses lack 

universal genes such as 16S and 18S ribosomal genes present in bacteria and fungi. Indeed, the 

possibility of using shotgun sequencing (Breitbart et al., 2002) or random primers for whole 

genome untargeted amplification (Roossinck et al., 2010; Wang et al. 2002) has proven 

successful in circumventing the limitation due to the lack of these conserved genes in viruses. 

This has established the field of metagenomics of viruses (viromics). Several groups started to 

use virus metagenomic approaches in virus diagnostics of agricultural crops (Adams et al. 2009, 

Al Rwahnih et al, 2009; Kreuze et al.; 2009, Donaire et al., 2009) and advanced in the 

development of efficient protocols and pipelines for virus detection. The use of HTS rapidly 

proved a compelling alternative to classical serological and molecular tests such as ELISA or 

PCR because it does not require prior knowledge of the pathogen(s) and allows to determine 

the complete phytosanitary status of a plant in a single assay (Studholme et al., 2011; Maree et 

al., 2018). In addition, the large amounts of virome sequence data obtained allow to differentiate 

virus variants that could contribute differentially to disease etiology (Maree et al., 2018).  

HTS-based metagenomics has greatly contributed to a new understanding of viral diversity in 

nature. One of the first plant virus metagenomic studies was performed in the frame of the 

“Plant Virus Biodiversity and Ecology“ (PVDE) project that initiated a survey of virus diversity 

in native wild plants of the Tallgrass Prairie Preserve of north-eastern Oklahoma (Wren et al., 

2006; Melcher et al., 2008.; Muthukumar et al. 2009). This precursor efforts began to uncover 

the largely underestimated viral diversity in natural ecosystems and gave rise to many other 

investigations on virus diversity in non-cultivated plants (Roossinck et al., 2010, Lebouvier et 

al., 2011; Roossinck et al., 2015; Maclot et al., 2020) as well as their role and distribution across 

agricultural and ecological boundaries (Malmstrom et al., 2011; Alexander et al., 2014; 

Bernardo et al., 2018; Ma et al., 2020, Maachi et al., 2022). HTS has therefor revolutionized 

the field of plant virus ecology by closing the gap between classical virologists (focusing on 

disease-causing viruses in controlled and managed ecosystems) and ecologists (focusing on 

natural unmanaged ecosystems).  
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2.2 The plant virome and its technical challenges 

Even though HTS-based metagenomics has already proven to be a powerful tool in plant virus 

diagnostics, ecology and epidemiology many technical challenges must still be met such as the 

development of efficient sample preparation methods or the choice of bioinformatic pipelines. 

Every HTS experiment starts with the sampling step that can be either single plants, pools of 

the same plants species, also referred to as the ecogenomics approach if the origin of these pools 

is georeferenced (Roossinck et al., 2010) or complex pools involving different plant species 

representative of a certain area/environment. This last approach is sometimes referred to as the 

metagenomic or "lawnmower" method (Roossinck, 2012b). While the first strategy allows to 

keep host identity information and therefore allows some specific ecological or evolutionary 

analyses, the metagenomic approach allows for a more global virome comparison between 

environments or geographical locations. The next critical step is nucleic acid extraction, as field 

samples from plants contain complex mixtures of host and microbial (including viral) DNA and 

RNA. Different nucleic acid populations can be used for metagenomic studies in plants and 

have been described in detail (Roossinck et al., 2012b; Roossinck et al., 2015; Kutnjak et al., 

2021). In summary, the simplest method is to prepare total RNA or DNA from the sample of 

interest. This has the advantage of capturing the full spectrum of DNA and RNA viruses, 

reducing potential biases, but it inevitably results in data that are heavily skewed towards host 

plant sequences, complicating bioinformatic analyses and reducing virus detection sensitivity. 

Another approach targets small interfering RNAs (siRNAs), small 21-24 nt long RNAs 

produced by the host defence system as a result of viral RNA cleavage by the Dicer complex 

during viral infection. This method can be used to detect RNA or DNA viruses as well as viroids 

(Kreuze et al., 2009; Donaire et al., 2009), but the assembly of viral genomes can be challenging 

due to the small size of siRNAs reads. When it comes to more complex plant pools, the 

enrichment of viral nucleic acids may allow to capture also low titre viruses. Two enrichment 

approaches are available: (i) purification of dsRNAs, a molecule that is a hallmark for RNA 

viruses and virus-like agents’ replication in plants (Dodds et al., 1984) but has the disadvantage 

that DNA viruses may be counter selected and (ii) virion associated nucleic acids (VANA) 

which is probably the most widely used virus enrichment approach in metagenomic studies 

(Moubset et al., 2022). The VANA approach relies on filtration, ultracentrifugation and 

nuclease treatment steps to enrich both RNA and DNA virus particles but the method may 

counter-select viruses with labile particles or particle-less agents.  
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The computational analysis of huge sequencing datasets generated also represents a very 

significant challenge in HTS based metagenomics. Most published virome studies follow a 

common series of steps: (i) removal of low-quality reads and trimming of adapter sequences 

(ii) de novo assembly of reads into contigs (contiguous nucleotide sequences assembled from 

overlapping reads) and (iii) identification of viral reads or contigs against a database of known 

viral sequences or motifs. The most widely used databases are the NCBI non-redundant 

nucleotide database (nr/nt,), the non-redundant GenBank protein database (nr) or the viral 

RefSeq database used for BLAST approaches (Altschul et al., 1990) or DIAMOND (Buchfink 

et al., 2014). Alternatively, viral protein motifs databases such as PFAM (Punta et al., 2012) 

can be used, together with specific, motif-searching algorithms that have been shown to be 

faster (Kutnjak et al., 2021). If the main scope is to identify known viruses, quality-filtered 

reads can also be directly mapped against reference viral genomes. Virus identification can be 

performed using either reads or de novo assembled contigs. However, longer sequences 

obtained through an assembly step generally improve the ability to identify viruses and to 

reduce the volume of unannotated “dark matter” (François et al., 2018). In an ideal situation, 

de novo assemblers can reconstruct near complete viral genomes from sequencing reads with a 

uniform read coverage along the genome. Examples of frequently used assemblers in viral 

metagenomic studies comprise e.g. Velvet, IDBA-UI, Spades and MetaSpades or assemblers 

present in more user-friendly, commercially available packages such as CLC Genomics 

Workbench or Geneious prime (https://www.geneious.com/) which are reviewed in detail 

elsewhere (Blawid et al., 2017; Kutnjak et al., 2021). The assembly step faces several 

challenges, including low DNA yields limiting read coverage that can lead to fragmentation in 

the assembly and to a decrease in the recovery of the genomes (Hasiów-Jaroszewska et al., 

2021). Another issue that has to be addressed in HTS experiments is contamination (Massart et 

al., 2014; Galan et al. 2016), that can be introduced during all wet-lab steps necessary for library 

preparation but also when multiple libraries are sequences in a multiplexed format which can 

lead to index hopping (Ilumina, 2017; van der Valk et al., 2019). Specific precautions and the 

use of positive and negative controls or of the recently proposed alien controls is highly 

recommended to reduce or eliminate contamination (reviewed by Massart et al., 2022). 

In summary, the choice between sample preparation methods, sequencing platforms and 

bioinformatic pipelines can require careful strategic choices that take into account the study 

specific objective(s) as well as the budget and know-how available. Careful planning is also 

required when it comes to controls and standards, as discussed in more detail in Chapter 1. 

https://www.geneious.com/
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 Plant virus ecology and evolution 

Although early research on viruses was more ecological in nature (Broadbent, 1950; Bos, 1981; 

Gibbs, 1983), the introduction of molecular tools led to a more restricted view, as viruses were 

mainly studied on a molecular basis in terms of their potentially pathogenic character in systems 

of anthropological importance, be it as human pathogens or as agricultural pests. 

Plant virus ecology considers viruses in the light of entire environments including biotic and 

abiotic factors. It draws from different disciplines including virology, plant biology and 

ecology, epidemiology, and entomology (Hull, 2014). Plant viruses are therefore studied in a 

range of environments to assess their diversity, interaction with vectors or with other viruses in 

mixed infections and their contribution to the functioning of plant populations and communities 

in more diverse systems such as natural, non-cultivated ecosystems. Earlier studies of viruses 

in wild plants have shown that virus-induced changes are not so common and that infections 

are frequently symptomless (Cooper and Jones, 2006). In this context, wild plants have been 

found to be frequently infected with persistent viruses (Roossinck, 2012a, Roossinck, 2015a; 

Roossinck 2015b) that do not cause visible symptoms. Persistent plant viruses, also called 

“cryptic” or latent viruses were first described in the 1960s (reviewed in Boccardo et al. 1987). 

These viruses are only transmitted vertically through seeds or pollen (Valverde and Gutierrez, 

2007), and appear to infect their hosts for many generations. In contrast to viruses transmitted 

horizontally (mechanically or through vectors), persistent viruses lack a gene for systemic 

movement. They rather move through their host cell divisions, thereby infecting every host cell 

(Roossinck, 2015a). Many families of persistent viruses are shared between plants and fungi 

and have mostly dsRNA genomes, such as the Amalgaviridae, Chrysoviridae, Partitiviridae 

and Totiviridae. In this context, the Endornaviridae, classified with ssRNA genome viruses, 

are an exception. Since they are very generally asymptomatic, there is little information about 

the impact of persistent viruses on their hosts but evolutionary arguments and a few studies 

suggest that some persistent viruses might have a positive impact on their host plants. It has for 

example been shown that the coat protein of white clover cryptic virus 1 suppresses nodulation 

of legumes if adequate soil nitrogen is available (Nakatsukasa-Akune et al., 2005). Virome 

studies, and in particular those using a dsRNA-based HTS approach, have demonstrated that 

persistent viruses are abundant in wild plants where they may represent more than half of the 

viral sequences that show homologies with entries in GenBank (Roossinck et al., 2010, 

Roossinck, 2015, Roossinck and Garcia-Arenal, 2015, Fetters et al. 2022). These and similar 

findings have shifted our view of viruses as purely disease-causing agents and highlighted the 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.578064/full#B80
https://www.frontiersin.org/articles/10.3389/fmicb.2014.00767/full#B28
https://www.frontiersin.org/articles/10.3389/fmicb.2014.00767/full#B28
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need to get a deeper insight into their raison d'être. We might only be at the beginning of the 

elucidation of the contribution of these biological entities to the functioning of ecosystems and 

of the importance of the ‘ecological trinity’ between virus, vector and host. 

3.1 The ecological trinity 

3.1.1 Virus vector interactions 

Other than vertical transmission through seeds or pollen described earlier, some viruses are 

transmitted effectively by vectors. Most vector-borne plant viruses are transmitted by insect 

vectors of the order Hemiptera, which include aphids, whiteflies, leafhoppers, and thrips 

(Whitfield et al., 2015), but transmission by mites, soil-borne nematodes, chytrids, and 

plasmodiophorids also occurs (Roossinck, 2015b). Hemipteran insects are especially efficient 

vectors because of their needle-like stylets with which they feed on plants. Depending on 

transmission parameters (acquisition period, latency period, retention period during which the 

vector remains viruliferous), several transmission modes have been identified, from non-

persistent (retention period of minutes to hours), semipersistent (retention up to a few days) and 

persistent (life-long retention). Transmission mode also somewhat correlates with virus 

localization in the vector: non-persistent viruses are stylet-borne, semipersistent viruses are 

foregut- and/or stylet borne while in persistent transmission the virus circulates in the entire 

insect body and can be either non-replicative or replicative, depending on whether it 

propagates/replicates within the vector. The persistent transmission mode is also characterized 

by lengthy acquisition and latency periods. In contrast, for non-persistently transmitted viruses, 

a brief probing of infected hosts is sufficient to acquire virions and for the vector to become 

viruliferous. These transmission modes have been extensively reviewed elsewhere (Hogenhout 

et al, 2008; Whitefield et al., 2015). It should be emphasized that the interaction between viruses 

and vectors may contribute to the determination of the realized natural host range of viruses. 

For example, carrot red leaf virus host range is limited to the Apiaceae family (Watson and 

Falk, 1994; Yoshida, 2020) and it is naturally only transmitted by the willow carrot aphid 

Cavariella aegopodii, in a persistent non-propagative way. However, under laboratory 

conditions, it was also transmitted by the very polyphagous aphid Myzus persicae (Naseem et 

al., 2016). 
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3.1.2 Virus-host interactions 

Virus infection can affect the host plant at different levels, (i) at the cellular level and (ii) at the 

broader ecological level. At the cellular level, plants usually respond to virus infection with 

various defence mechanisms such as RNA interference (RNAi) also termed RNA silencing. 

The replicative dsRNA forms of viruses are recognized the Dicer complex and cleaved into 

small 21-24-nt RNAs. As countermeasures, viruses have evolved RNA silencing suppressors, 

suggesting a long coevolution of plant hosts and viruses (Csorba et al., 2015). While virus-

infected plants may exhibit various abnormalities such as leaf mosaic patterns, necrosis, 

chlorosis, stunting, etc. (Hull, 2014), the final outcome of cellular interactions between viruses 

and plants may also depend on abiotic factors, such that the interaction between virus and host 

can change from harmful to beneficial under certain environmental conditions (Fraile and 

García-Arenal, 2016). For example, some reports have shown that under abiotic stress 

conditions viruses enhance stress tolerance in plants (Xu et al., 2008; Gorovits et al., 2019). 

Viruses may also interact with other co-infecting viruses within host plants. Mixed infections 

are frequent and co-infecting viruses can show interactions over a wide spectrum ranging from 

synergistic to antagonistic. Synergistic interactions refer to a benefit for at least one of the 

viruses involved manifested, for example, by increased replication and/or pathogenicity 

resulting in more severe symptoms than those observed in single infections. A well 

characterized example is the synergism between potato virus Y (PVY, genus Potyvirus) and 

potato virus X (PVX, genus Potexvirus) characterized by a 3- to 10-fold increase in PVX titer 

as compared with single infection (Pruss et al., 1997). Conversely, when one virus causes a 

decrease in replication or pathogenicity of the other virus, the interaction is said to be 

antagonistic. Antagonism plays for example an important role in cross-protection, otherwise 

referred to as superinfection exclusion (SIE) (reviewed by Mascia and Gallitelli, 2016). 

Another type of interaction is termed assistance, where a dependent virus, defective in one or 

more functions, can see these functions restored through the action of a ‘helper’ virus. Helper-

dependence is exemplified by the interaction between umbraviruses (which lack a coat protein 

gene) and viruses of the family Solemovirideae (previously Luteoviridae) that are able to 

encapsidate umbraviruses genomes in their own particles, in a process called transcapsidation. 

Transcapsidated umbraviruses can then benefit of the aphid transmission possibilities offered 

by Solemoviridae particles. Conversely, umbraviruses may facilitate the in planta movement of 

their helper viruses through the action of their movement protein. Well characterized examples 

of such interactions include groundnut rosette virus (GRV, Umbravirus) and its dependency on 
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Groundnut rosette assistor virus (GRAV) (Robinson et al., 1999) or viruses involved in the 

carrot motley dwarf disease (CMD) (Watson and Falk,1994; Yoshida, 2020).  

At the ecosystem level, viruses can influence host fitness with respect to competitors in complex 

host communities. Metagenomic studies have shown that different plant hosts are usually 

infected with multiple viruses and are rarely associated with disease, especially in natural plant 

populations (Roossinck, 2012b; Roossinck 2015b, Thapa et al., 2015, Susi et al., 2019; Ma et 

al., 2021). However, the absence of symptoms does not necessarily mean that viruses have no 

impact on their hosts. Malmstrom et al. (2005) observed that introduced exotic grasses in 

California exhibited higher aphid infestations and resulted in increased virus incidence in native 

perennial grasses, most likely reducing their fitness in the face of environmental stress and thus 

altering plant population dynamics to the benefit of the introduced grasses.  

3.1.3 Virus-host-vector interactions 

Virus ecology is intricately linked to the ecology of both insect vectors and host plants. Plant 

viruses are known to impact the behaviour of insect vectors directly or indirectly, influencing 

the frequency and nature of virus-vector interactions and therefore the frequency of 

transmission events. In a broad literature analysis, Mauck et al. (2012) addressed the hypothesis 

that different modes of vector transmission have different effects on host traits that mediate 

vector attraction, arrestment on and dispersal from infected plants. The authors found evidence 

that virus-induced changes in host characteristics generally favoured vector attraction, 

regardless of the mode of transmission. However, non-persistently transmitted viruses often 

reduce plant quality to ensure short feeding times and rapid spread, while persistently 

transmitted viruses tend to improve host quality to promote long-term feeding. Accordingly, 

CMV-infected plants exhibited increased emissions of plant volatile compounds, which are 

known to be a key foraging stimulus for aphids, increasing attractiveness to vectors. At the 

same time, host plant quality decreased as a consequence of the production of anti-feeding 

compounds, prompting aphids to quickly move away and migrate to new plants, a strategy that 

promotes transmission of CMV, which requires very short feeding periods for both acquisition 

and transmission (Carmo-Sousa et al., 2014; Mauck et al., 2010). In addition, CMV-infected 

tomato and Arabidopsis have been shown to alter the foraging behaviour of bumblebees 

(Bombus terrestris), thereby increasing pollination and plant reproduction (Groen et al., 2016). 

The authors speculate that this might be a ‘payback’ of the virus to compensate for a decreased 

yield of seeds observed in CMV infected plants in the absence of pollinators, and that such 
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enhanced pollinator services might provide mutual benefits to the virus and to its susceptible 

hosts in wild plant populations.  

3.2 Viruses at the agroecological interface  

Human activities such as agricultural practices and increasing levels of globalization have 

caused heavily managed agroecosystems to be more and more frequently located adjacent to 

natural undisturbed habitats, creating what has been termed the agroecological interface. These 

boundaries represent an interactive area populated by crop plants, weeds, and wild non-crop 

plants as well as diverse animals and microbes (Alexander et al., 2014) A this boundary, plant 

genes can be exchanged between crop plants and wild relatives via the movement of pollen and 

seeds (Alexander et al., 2014). Microbes and in particular viruses, as highly adaptive and 

variable biological entities, are equally able to move in both directions through the 

agroecological interface, from wild plants to crops and vice versa. Early studies of wild plants 

have indeed focused on their role as a source of infection for crop plants as “reservoir hosts”, 

ensuring the maintenance of viruses when host crops are absent from the field e.g. during winter 

or during crop rotations (Watson and Serjeant 1964; Bos, 1981). The paucity of viral diseases 

in wild plant communities has been ascribed to the long coevolution between wild plants and 

viruses (Lovisolo et al., 2003) or to other ecological factors limiting for viral populations, such 

as lower host plant densities, the presence of predators that limit vector abundance of vectors 

or the mixture of different genotypes and non-host plants that "dilute" virus spread (Cooper and 

Jones, 2006). Many crop viruses are believed to be originated from wild relatives that have 

contributed to the development of crop species. The loss of biodiversity, the increased 

prominence of the agroecological interface, together with enhanced global trade are 

contributing to an increase in "new encounters" between otherwise separate plant and virus 

species and have likely increased the frequency of virus emergence events (Roossinck and 

Garcia-Arenal, 2015). Emergence can be envisionned as involving several sequential steps: (i) 

virus jump from a reservoir host to a new host species (or to the same host species in different 

environmental or ecological conditions), (ii) virus adaptation to the new host or environment, 

(iii) spread in the new host population through enhanced between-host transmission, often as a 

consequence of adaptation to vectors. These phases are extensively reviewed by Elena et al. 

(2014). Emergence often goes along with changes in pathogenesis and enhanced disease 

severity, leading to devastating epidemics (Fargette et al., 2006; Elena et al., 2014; Roossinck 

and Garcia-Arenal, 2015). The subtropics and tropics provide many examples where viruses 

emerged from indigenous plants at the agroecological interface such as cassava mosaic virus 
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(family Geminiviridae, genus Begomovirus) causing serious epidemics in cassava after its 

introduction to Africa from South America (Legg, 1999). Advances in HTS methods provide 

the ability to analyse virus communities in wild and adjacent crop species in comparative 

studies and to identify potential virus reservoirs (Roossinck et al. 2015; Ma et al., 2020; Maachi 

et al., 2022). These studies show that the virome of wild plants can significantly differ from 

that of neighbouring cultivated plants. In fact, a poorly investigated possibility it that newly 

introduced crop viruses may spill over from cultivated plants to wild plant communities, with 

the potential to threaten biodiversity. Most of the sparsely available data suggest that the impact 

of crop viruses on fitness components of wild plants, in terms of survivalship or reproductive 

success, is largely negative or neutral (Maskell et al., 1999; Malmstrom et al., 2005; Malmstrom 

and Alexander, 2016). 

Infection risk may therefore depend on host and vector ecology with ecosystem diversity likely 

to be a key determinant. Two opposing hypotheses have emerged. First, it is hypothesized that 

increased plant diversity may lead to an increased risk of infection due to higher abundance of 

host plants and reservoirs, is what has been termed the “amplification effect”. On the other 

hand, increased diversity may also lead to a reduction in the abundance of the most competent 

hosts in what is referred to as the dilution effect. Evidence has been reported in support of both 

hypotheses but the majority of studies to date found evidence for the dilution effect and thus a 

negative correlation between biodiversity and disease risk (Pagán et al., 2012, Civitello et al., 

2015, Fraile et al., 2017, Liu et al., 2020). 

 Carrots and their viruses 

4.1 Biology and life cycles of Daucus carota L.  

The family Apiaceae comprises about 3,700 species consisting of wild plants and important 

crops (Petruzzello, 2019). Carrot (Daucus carota L) is the most important root vegetable of the 

family and is cultivated worldwide (Que et al., 2019). There is general consensus with evidence 

from genetic studies that the domesticated carrot likely developed from the wild carrot in 

Central Asia, around 1,100 years ago (Iorizzo et al., 2013, Rong et al., 2014). Carrot is a diploid, 

highly outcrossing and insect pollinated species. Plants are andromonoecious (they possess 

bisexual flowers and are therefore self-pollinating, but can also be cross-pollinated). Some 

populations are found to exhibit male sterility (Ronfort et al., 1995), a trait widely used in the 

development of cultivated hybrid carrot. Flowers are organized as umbels, that consist of many 

tiny flowers held on short flower stalks. Carrots are cold-tolerant plants, which is why they are 
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also classified as winter vegetables. Vernalization (periods of low temperatures between 0 and 

10 °C following the seedling stage) is required for flowering. Carrot is a biennial plant and 

during the first year it produces a basal rosette of leaves and stores carbohydrades and sugars 

in a tuberized tap root. After the development of a substantial number of leaves (8-12) and when 

storage roots have reached 4-8 mm in diameter plants become responsive to vernalization, 

though the duration of the required cold period varies greatly across genotypes (Linke et al., 

2019). After a vernalization period, flowering starts normally during the spring and summer 

months of the following year. The emergence of flower stems is called bolting. Once 

reproduction is completed and a plant has set seed it will die (Mandel et al., 2019). Wild carrots 

(Daucus carota ssp carota) however might not always act as biennials and show some variation 

in their life history strategies. Wild carrots may behave as winter annuals, germinating in fall 

and surviving winter as rosettes and flower the next summer. They can also occur as perennials, 

surviving several years as rosettes with postponed flowering. These different life cycle 

strategies may be highly dependent on genetic and environmental factors with, for example, 

annual plants being more common in resource-rich environments and perennials in nutrient-

poor environments (Wijnheijmer, 1989; Mandel et al., 2019). In the carrot industry, the roots 

are either harvested directly for consumption in the first season or, if grown for seed production, 

stored at low temperatures to protect them from winter frosts while still providing the cool 

needed for vernalization. The roots are then planted in spring and produce seeds that are 

harversted around October. Wild and cultivated carrots belong to the same species and can 

easily hybridize. A common phenomenon in the cultivation of carrots is the blooming of some 

carrot plants in the field during the first year (Figure 1). These plants are also called bolters and 

have woody whitish roots, a characteristic also observed in wild carrots. It is thus generally 

assumed that these bolters result from hybridization with cultivated carrots due to 

contamination during seed production. The early bolting in the field is likely related to the fact 

that wild carrots, especially in Europe, often have a one-year life cycle, unlike biennial 

cultivated carrots (Wijnheijmer et al., 1989, Mandel et al., 2019). 

These so-called off-type carrots represent a problem for carrot producers as they are of no 

economic value. The main carrot seed production areas in the northern hemisphere are located 

in the northwestern USA (Oregon, Washington, Idaho and northern California) and in southern 

France (Spurr and Lucas., 2021). France is one of the top producers of carrots in Europe and 

the region of Nouvelle Aquitaine represents the largest carrot growing area. Most of the regional 

production (99%) is located in the departments of Gironde and Landes (draaf.nouvelle-
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aquitaine.agriculture.gouv.fr), where deep sandy soils provide optimal growing conditions. 

Wild carrots are common in temperate regions, frequently found in undisturbed sites, along 

roads or abandoned fields. In Gironde and Landes, it is the only species within the Apiaceae 

family significantly growing in deep sandy soils outside of wetter areas along streams. 

 

Figure 1. Bolter carrots growing within cultivated carrot fields in Nouvelle Aquitaine (France). 

These plants with phenotypic traits of wild carrots (early bolting, small tap roots) are considered 

to be hybrids between wild and cultivated carrots contaminating commercial seed lots. 

4.2 Carrot viruses 

In addition to various bacterial and fungal pathogens, viruses are among the most important 

pathogens of carrots. In particular, aphid-transmitted viruses with +ssRNA genomes of the 

families Tombusviridae, Solemoviridae, Closteroviridae, Secoviridae and Potyviridae include 

well-known carrot-infecting viruses that can cause severe damage to carrot production. A list 

of the most important carrot infecting viruses with corresponding literature references is given 

in Table 1. 
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Table 1: known viruses infecting carrots (Daucus carota L.)  

Virus family Virus genus Virus name Category References 

Solemoviridae Polerovirus carrot red leaf virus 

(+)ssRNA 

Watson et al., 1964, Yoshida, 2020 

Solemoviridae Polerovirus wild carrot red leaf virus  

Tombusviridae Umbravirus carrot mottle virus Watson et al., 1964, Yoshida, 2020 

Tombusviridae Umbravirus wild carrot mottle virus  

Tombusviridae Umbravirus carrot mottle mimic viurs Gibbs et al., 1996 

Closteroviridae Closterovirus carrot yellow leaf virus Adams et al., 2014 

Closteroviridae Closterovirus carrot closterovirus Adams et al., 2014 

Closteroviridae Crinivirus lettuce infectious yellows virus Duffus et al., 1986 

Betaflexiviridae Chordovirus carrot Ch virus 1 Adams et al., 2014 

Betaflexiviridae Chordovirus carrot Ch virus 2 Adams et al., 2014 

Betaflexiviridae Carlavirus carrot carlavirus WM-2008 Menzel and Vetten, 2008a 

Potyviridae Potyvirus carrot virus Y Moran et al., 2002 

Potyviridae Potyvirus carrot thin leaf virus Howell and Mink, 1976; Howell and Mink, 1981 

Potyviridae Potyvirus celery mosaic virus Howell and Mink, 1981 

Potyviridae Potyvirus watermelon mosaic virus Parry and Persley, 2005 

Potyviridae Potyvirus gazar virus Y Soliman et al., 2012 

Secoviridae Sequivirus carrot necrotic dieback virus Menzel and Vetten, 2008b 

Secoviridae Sequivirus parsnip yellow fleck virus van Dijk and Bos, 1985 

Secoviridae Torradovirus carrot torradovirus 1 Adams et al,, 2014; Rozado-Aguirre et al., 2016 

Bromoviridae Alphamovirus alfafa mosaic virus Howell and Mink, 1981 

Bromoviridae Cucumovirus cucumber mosaic virus Afreen et al., 2009 

Pospiviroidae Pospiviroid citrus exocortis viroid circular (-)ssRNA Fagoaga and Duran-Vila, 1996 

Partitiviridae Alphapartitivirus carrot cryptic virus 

dsRNA 

Willenborg et al., 2009 

Partitiviridae unassigned Carrot temperate virus 1 Natsuaki et al., 1990 

Partitiviridae unassigned Carrot temperate virus 2 Natsuaki et al., 1990 

Partitiviridae unassigned Carrot temperate virus 3 Natsuaki et al., 1990 

Partitiviridae unassigned Carrot temperate virus 4 Natsuaki et al., 1990 

Geminiviridae Begomovirus tomato leaf curl New Delhi virus 

dsDNA 

Sivalingam et al., 2011 

Geminiviridae Begomovirus pedilanthus leaf curl virus Saritha et al., 2017 

Geminiviridae Begomovirus ageratum enation virus Kumar et al. 2013 

Tolecusatellitidae Betasatellite ageratum yellow leaf curl betasatellite circular ssDNA Kumar et al. 2013 

unclassified unclassified carrot mottle virus satellite RNA linear ss satellite RNA Menzel et al., 2009 

unclassified unclassified carrot red leaf virus associated RNA Tombus-like associated 

RNA 

Watson et al., 1998 

unclassified unclassified beet western yellows virus associated RNA Adams et al., 2014 
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One of the first identified virus disease in carrots is the carrot motley dwarf (CMD) disease first 

described by Stubbs in Australia (1948). CMD is caused by a complex interplay between a 

polerovirus, carrot red leaf virus (CtRLV), an umbravirus, carrot mottle virus (CMoV) or carrot 

mottle mimic virus (CMoMV) and, in some instances, a polerovirus-associated RNA, carrot 

red leaf virus-associated RNA (CtRLVaRNA) that interact in a helper-dependent way (Yoshida, 

2020). The umbravirus and the associated RNA lack a capsid protein and are transcapsidated 

by the coinfecting polerovirus, thus allowing their transmission by the willow carrot aphid 

(Cavariella aegopodii). Other early studies have identified carrot necrotic dieback virus 

(CNDBV, genus Sequivirus). CNDBV, originally described as the Anthriscus strain of parsnip 

yellow fleck virus (PYFV, genus Sequivirus) by van Dijk and Bos (1985) naturally infects cow 

parsley (Anthriscus sylvestris L.) but causes leaf necrosis, severe stunting and dieback in carrots 

(Menzel and Vetten, 2008b). Both, PYFV and CNDBV are transmitted by the aphid Cavariella 

aegopodii in a semipersistent way but transmission occurs only in case of coinfection with the 

helper virus Anthriscus yellows virus (AYV, genus Waikavirus, family Secoviridae). 

Cavariella aegopodii exhibits seasonal host alternation with Salix spp. as primary hosts, where 

sexual generations and overwintering occurs and a secondary more nutritious herbaceous host 

of the family Apiaceae, where parthenogenetic reproduction occurs (Kundu and Dixon, 1993, 

Abbot et al., 2018). In spring the eggs hatch on the primary host and winged migrants are 

formed which migrate to the secondary herbaceous host with a peak at the end of spring (Dunn, 

1965). On the secondary host, the aphids produce several asexual parthenogenetic cycles of 

winged and wingless morphs throughout summer until in fall winged males and gynoparae 

(winged morphs giving birth to sexual females) are formed. Gynoparae migrate back to the 

primary willow hosts to produce sexual females (oviparae) which then mate with the males and 

produce overwintering eggs (Kundu and Dixon, 1993; Williams and Dixon, 2007). The life 

cycle of Cavariella aegopodii is represented in figure 2. As pointed out by early studies, 

overwintering wild plants of the Apiaceae family may play an important role as source of virus 

inoculum, and therefore in the spread of carrot motley dwarf to carrot crops (Dunn, 1965, 

Watson and Serjeant, 1964).  

In addition to viruses involved in complex assistance interplays, other ssRNA viruses are known 

to infect carrot crops. Carrot thin leaf virus, a potyvirus, is a regularly occurring pathogen of 

commercial carrot crops in western USA (Geoffriau and Simon, 2020) and first reported from 

field carrots in Washington State. It causes vein clearing and leaf narrowing on carrot seedlings 

(Howell and Mink 1976).  
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Figure 1: Life cycle of Cavariella aegopodii 

Another Potyvirus affecting carrot crops is carrot virus Y, which causes foliar and root disease 

and results in significant yield reduction. Its occurrence has been limited to the Australian 

continent (Moran et al., 2002; Geoffriau and Simon, 2020). Some viruses from the family 

Closteroviridae can also affect carrot crops, including carrot yellow leaf virus (CYLV) or carrot 

closterovirus, with the former being associated with internal root necrosis (Adams et al. 2014) 

and the later having been recently discovered by HTS-based virome scanning. Through the 

same HTS analyses, the authors also identified two novel viruses of the genus Chordovirus.  

Up to date, only a few viruses with dsRNA genomes have been identified in carrots, including 

a member of the Partitiviridae family, carrot cryptic virus (CaCV, genus Alphapartitivirus) 

reported in Germany (Willenborg et al., 2009) and several unassigned Partitiviridae members 

reported in Japan (Natsuaki et al., 1990) and referred to as carrot temperate viruses 1-4 (CteV1-

4).  
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4.3 Carrot as model plant for virome comparisons 

In efforts to determine the effects of intrinsic host traits on host range Moury et al. (2017) found 

that the plant family taxonomic rank represents an important threshold for virus host range, 

indicating that ability for a virus to infect a plant species is correlated with the botanical 

closeness of this species to hosts of the virus. In addition, the host genotype has been shown to 

play a key role in the composition of virus communities (Sallinen et al, 2020). Cultivated and 

wild carrots belong to the same species and therefore represent the lowest genetic and botanical 

barrier to virus flow between a crop and its wild relative. In the present work, wild and 

cultivated carrot populations have been used as model pathosystem to compare their viromes 

and to analyse virus fluxes between wild and cultivated compartments. 

 Outline of the scientific tasks and questions addressed in the 

present thesis 

In the work presented here I used HTS-based virus metagenomics approaches to address both 

methodological and virological/ecological questions related to plant virome description and 

comparison.  

The methodological part, presented in Chapter 1, is based on the development and use of 

phytovirus synthetic communities with different degrees of complexity to benchmark the 

performance of VANA and dsRNA-based HTS approaches. Specifically, the following 

questions have been addressed: (i) how accurate and complete is the description of the virome 

we obtain? (ii) How is virome description affected by different HTS strategies (VANA, 

dsRNA)? (iii) what other parameters influence virome description performance? The results are 

presented in Chapter 1 as a manuscript that will be submitted shortly. 

With regard to virological questions, I have used a dsRNA-based metagenomic approach to 

study the virome of 45 populations of different wild and cultivated carrots in five different 

regions of France, as well as six additional populations from central Spain obtained from 

Spanish collaborators, Prof. Fernando Garcia Arenal and his PhD student Bisola Babalola. The 

results are presented in Chapter 2 and provide a full description of the identified virome. It is 

structured in the form of a manuscript (to be submitted shortly) describing all novel and known 

viruses detected in the different carrot populations, and of two recently published articles, one 

describing a novel flavi-like virus in wild carrots and the other discussing the diversity of 

polerovirus-associated RNAs identified in the carrot virome.  
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In the Annex, a recently published paper, on which I am a co-author, is included. It describes 

satellite RNAs with hammerhead ribozymes identified in the virome of French and Spanish carrot 

populations. 

The third part, presented in Chapter 3 as manuscript to be submitted shortly, deals with more 

ecological aspects, including a detailed virome analysis to compare virus community 

fingerprints between cultivated and wild carrots at the local level in Nouvelle-Aquitaine, 

France. A complementary approach of HTS and RT-PCR has allowed to extend the analysis 

from the plant population level to individual plants, and to move from the virus interspecies 

level to the analysis of virus populations to gain insights into virus fluxes (or barriers to fluxes) 

at the agroecological interface. Therefore, the following questions could be addressed: (i) how 

different are the viromes in cultivated and wild carrot populations? (ii) can virus exchanges (or 

absence of exchanges) between wild and cultivated carrot populations be identified? (iii) can non-

random virus interactions within and between host types be identified?  
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Benchmarking of virome metagenomic analysis approaches using a large, 60+ members, 
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Abstract 

In contrast to other areas of metagenomics, while a range of approaches and target nucleic acid 

populations have been used for the metagenomic analysis of viromes, there has to date been 

only limited efforts to benchmark their performance, in terms both of completeness of 

description and of faithfulness to community structure. While natural communities are more 

readily accessible, synthetic communities constructed using well characterized isolates present 

added advantages since they allow to evaluate performance in absolute terms. Starting from 

well characterized, quality controlled viral isolates from the DSMZ collection, we have 

assembled synthetic communities of varying complexity up to a highly complex community of 

68 viral agents (115 viral molecules) comprising isolates from 21 viral families and 63 genera. 

These communities were then analyzed using a virion-associated nucleic acids (VANA) based 

strategy and a highly purified double-stranded RNAs (dsRNA) based one. The results obtained 

allow to compare the performance of these two approaches for groups of viruses and satellites 

with different genome types and confirm that the dsRNA-based approach provides a more 

complete representation of the RNA virome. They also allow to identify important parameters 

and to propose hypotheses to explain differences in performance, in particular the imbalance in 

representation of individual viruses using each approach. Remarkably, these analyses highlight 

a strong relationship between the completeness of virome description and sample sequencing 

depth which should prove useful in virome analysis efforts. 

Keywords: virome, VANA, dsRNA, synthetic community, metagenome, double-stranded 

RNA, high-throughput sequencing 
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INTRODUCTION  

Significant advances in the development of molecular methods have been made in the last 

decades, including innovative sequencing technologies based on DNA/RNA approaches such 

as targeted (RT)-PCR or non-targeted High-Throughput Sequencing (HTS). HTS, also known 

as next generation sequencing (NGS), enables high-speed, high-throughput sequencing of the 

entire genetic material (metagenome) in a sample, generating enormous amounts of sequencing 

data. These developments led to major advances in the field of metagenomics, i.e. the 

sequencing of the entire genetic material of a sample, and to a new understanding of the 

diversity of the microbial world (Zhang et al. 2019; Jian et al., 2021). Viral metagenomics has 

revealed the immense diversity and ubiquity of viruses in nature and thus revolutionized our 

vision of these biological agents (Lefeuvre et al., 2019, Maclot et al., 2020; Roux et al., 2021). 

Specifically, these metagenomics studies have revealed that sequence data available in public 

databases are biased toward human viruses or viruses of anthropological significance, with e.g. 

influenza-like viruses found in fish and amphibian hosts (Shi et al., 2018) or more than 75% of 

the characterized plant virus species that have been isolated from crops (Wren et al., 2006). 

These, together with findings of viruses associated with hosts different from those known for 

the vast majority of their relatives such as flavi-like viruses found in plants (Kobayashi et al., 

2013, Schönegger et al., 2022) have raised novel questions about virus-hosts co-divergence or 

host switching. In plant virology in particular, advances in the development of viral 

metagenome analyses have been of great importance, as more than half of emerging diseases 

in plants are thought to be caused by viruses (Anderson et al. 2004), while early detection of 

causative agents is critical to prevent or control disease outbreaks. Plants are very frequently 

infected by more than one virus (Moreno and López-Moya, 2020), complicating the unravelling 

of the etiology of plant viral diseases. HTS has a huge potential in plant virus diagnostics 

because it allows to picture the complete phytosanitary status of a plant and to differentiate 
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between virus variants that may contribute differentially to disease etiology (Maree et al., 

2018). For example, in a metagenomic analysis of sour cherry showing symptoms of Shirofugen 

stunt disease (SSD), a divergent isolate of little cherry virus 1 (LChV1) was identified in the 

absence of any other viral agent, suggesting that LChV1 could be responsible for the SSD 

disease (Candresse et al. 2013).  

HTS has also renewed the link between classical plant virology and ecology (Malmstrom et al., 

2011; Maclot et al., 2020). The rich viromes identified in different plants and plant populations 

enabled the study of ecological processes such as the movement of viruses between different 

host reservoirs, the effects of management practices or of the anthropological simplification of 

ecosystems (Bernardo et al., 2018, Ma et al., 2020, Ma et al., 2021; Susi and Laine, 2021; 

Maachi et al., 2022).  

For the efficient characterization of plant-associated viromes, there is generally a need to enrich 

viral sequences and conversely reduce the amount of host plant sequences that are generated. 

Different target nucleic acid populations have been used for virome studies but, coupled with 

the virus enrichment constraint, the most widely used approaches have targeted virion-

associated nucleic acids (VANA) or double stranded RNAs (dsRNAs) (Maclot et al., 2020). A 

huge number of bioinformatic tools are available for HTS data analysis and have been, together 

with nucleic acid preparation strategies, extensively reviewed (Roossinck et al., 2015; Villamor 

et al., 2019; Kutnjak et al., 2021). The choice of a specific viral enrichment method or 

bioinformatic pipeline depends on the experimental objectives. For single plant samples or low 

complexity samples, the use of total RNA or siRNA sequencing might be the most universal 

and straightforward (Kreuze et al., 2009; Kashif et al., 2012) but when the viromes of entire 

plant communities are analyzed from complex plant pools, VANA or dsRNAs enrichment 

approaches are generally preferred (Thapa et al., 2015; Bernardo et al., 2018; Maclot et al., 

2020; Ma et al., 2021). Even though there have been some efforts towards performance 
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comparisons of different virome analysis approaches, there is a need to better benchmark them 

and assess their respective efficiency at faithfully and comprehensively describing the complex 

viromes analyzed without introducing unwanted biases. In a virus discovery study on single 

quarantine plants, VANA was shown to assemble longer contigs compared to siRNA for a novel 

DNA virus (Mastrevirus) (Candresse et al., 2014), while in a study investigating the virome of 

native plants in Oklahoma, more viral Operational Taxonomical Units (OTUs) could be 

detected with dsRNA compared to the VANA approach (Thapa et al., 2015). Ma et al. (2019) 

provided a more comprehensive comparison of these two approaches using the natural viral 

communities present in complex plant pools from managed and unmanaged sites. The authors 

found significant differences with more viral contigs and, on average, longer contigs assembled 

from libraries prepared using the dsRNA approach. With regard to viral richness, more OTUs 

were detected by the dsRNA approach compared to the VANA approach. However, most DNA 

viruses were only detected using VANA. Standardization is fundamental for the reliable 

representation of microbiome/virome in metagenomic/phytovirome studies and is challenged 

by the rapid development of sequencing platforms, protocols and bioinformatic pipelines. 

Benchmarking is a powerful tool to provide standards that can be used to compare and evaluate 

the performance of the different steps required in metagenomic studies, including target nucleic 

acids population extraction, library preparation, sequencing (and sequencing platform) and 

finally bioinformatics sequence analysis. 

In this context, benchmarking studies in metagenomics are often based on mock communities 

that are microbial assemblages of known composition which can be used to compare the actual 

vs the expected performance of a process. Besides the use of actual empirical phytoviromes 

(Ma et al. 2019), the use of synthetic communities could therefore provide a more precise and 

detailed benchmarking of HTS-based virome description strategies. Bacterial and fungal mock 

communities have thus been developed and used to compare the performance of different 
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sequencing platforms, e.g. short read Illumina or long read PacBio SMRT sequencing (Kozich 

et al., 2013; Egan et al., 2018, Sevim et al., 2019). In recent years, viral mock communities 

have also been developed, especially in the medical and clinical field, to benchmark protocols 

in human virome studies. For example, the nucleic acid preparation step for the virome analysis 

of fecal samples was optimized using a combination of both viral and bacterial mock 

communities (Conceição-Neto et al., 2015). In another study, the bias introduced by viral 

enrichment or random amplification were assessed using a DNA virus mock community 

(Parras-Moltó et al., 2018). Viral synthetic communities have also been used to benchmark 

library preparation approaches in environmental (Roux et al., 2016b) and insect (Gil et al., 

2021) virome studies. However, the use of synthetic communities in plant virome studies is 

lagging behind. The only study so far using a defined mix of plant viruses to assess different 

nucleic acid preparation protocols was performed by Gafaar and Ziebell (2020). This study 

revealed a better performance of enriched dsRNAs as compared to ribo-depleted total RNA or 

siRNAs for virus detection. However, so far only low complexity synthetic communities have 

been used, whereas most of the natural viral metagenomes are composed of a complex and 

diverse mixture of DNA and RNA viruses. In the present work, we used synthetic phytoviruses 

communities of varying degrees of complexity to compare the performance of VANA and 

dsRNA-based approaches for virome description and analyse how this performance is affected 

by sequencing depth and other parameters.  

MATERIALS AND METHODS 

Mock viral communities design 

A list of 61 different viruses (60 different genera and 18 different families) was selected among 

those kept into collection and available at the German Collection of Microorganisms and Cell 

Cultures (Leibniz-Institute DSMZ, Braunschweig, Germany), taking into consideration a range 

of criteria. These criteria included (1) maximizing viral diversity by including viruses with all 
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genome types (ssDNA, dsDNA-RT, dsRNA, +ssRNA, -ssRNA) and including only a single 

representative virus per viral genus and (2) availability of a complete or near complete genomic 

sequence for each viral isolate included. In some cases, these genomic sequences had been 

determined previously while in other cases they were developed specifically in the frame of 

efforts to further improve the characterization of isolates distributed by the DSMZ through the 

EU-funded EVA-Global initiative (https://www.european-virus-archive.com/). Quality 

controlled samples were obtained from the DSMZ in the form of infected, lyophilized plant 

material in vacuum-sealed vials. The complete list of the isolates used, together with their 

properties and the propagation host in which they were provided are given in Table 1. 

To create virus mock communities with different degrees of community complexity, initial low 

complexity pools were generated by assembling 30 mg of virus infected sample into 12 viral 

communities comprising five viruses each (150 mg of plant material each). Each of these 

communities contained at least one virus with a genome type different from +ssRNA 

(Supplementary Table S1).  

Double-stranded RNA extraction 

Double-stranded RNAs were purified from pooled samples according to the protocol of Marais 

et al. (2018) with some minor modifications. Briefly, instead of 75 mg, 150 mg dried plant 

material (representing a pool of five plants, Table S1) was used as starting material and buffer 

volumes increased proportionally. Plants were ground in liquid nitrogen until a fine powder was 

obtained which was then mixed with the phenol-extraction buffer. Following gentle agitation 

for 30 min and centrifugation, the supernatant was decanted and half of it directly further 

processed, while the other half was used for the stepwise gradual assembly of pairs of 

communities used to generate more complex viral communities. In this way, six communities 

of 10 viruses each, then three communities of 20 viruses and finally a single community of 60 

viruses could be assembled. Between each step, assembled samples were vortexed for at least 

https://www.european-virus-archive.com/
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30s for optimal homogenization. A detailed scheme of the pooling strategy to form communities 

of different complexities is shown in Supplementary Figure S1. Irrespective of its complexity, 

a supernatant volume corresponding to an initial input of 75 mg of plant samples was thus 

obtained and further processed as per the protocol of Marais et al. (2018) which involves two 

rounds of CC41 cellulose (Whatman) chromatography followed by a nuclease treatment 

(DNase RQ1 plus RNaseA under high salt conditions) to remove any remaining host DNA and 

single-stranded RNA. A negative extraction control using only buffer was systematically 

included. Purified dsRNAs were finally converted to cDNA and randomly amplified while 

simultaneously adding MID tags (François et al., 2018a; Marais et al., 2018).  

VANA extraction 

VANA extractions were performed on pools of five viruses similarly prepared as for dsRNA 

using the protocol of François et al. (2018a) with minor modifications. Briefly, 150 mg of 

lyophilized plant material (representing a pool of five plants, Table S1) were ground in Hank’s 

buffered salt solution (HBSS) (1:10) with four metal beads. Following centrifugation, the 

supernatants were split and used in the same stepwise assembly of more complex communities 

as for the dsRNA approach (Supplementary Figure S1). A negative, buffer only, extraction 

control was systematically included. Each of the thus generated samples, representing different 

degrees of community complexity, was filtered through a 0.45-µm filter and centrifuged at 

150,000g for 2.5 hours at 4°C to concentrate the virus particles. Unprotected nucleic acids were 

eliminated by DNase and RNase treatment at 37°C for 1.5 hours. Viral RNA and DNA were 

then isolated using the NucleoSpin Virus kit (Macherey Nagel, Hoerdt, France), using only 80 

µl of sample in the first lysis step and omitting the addition of proteinase K. Extracted RNAs 

were transformed to cDNA using Superscript III reverse transcriptase (ThermoFisher 

Scientific/Invitrogen), cDNAs purified with the QIAquick PCR purification Kit (QIAGEN, 

Courtaboeuf, France) and a complementary strand was synthesized using the Klenow fragment 
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of DNA polymerase I before a random PCR amplification adding barcoded dodeca-linkers and 

corresponding MID primers during reverse transcription and PCR, respectively (François et al., 

2018a) 

Illumina sequencing 

PCR products from all communities analyzed using the dsRNA and VANA procedures were 

finally purified using the MinElute PCR purification kit (QIAGEN) and equimolar quantities 

of amplification products were sent to Illumina sequencing in multiplexed format (2 × 150 bp) 

on two lanes (one for VANA and one for dsRNA, respectively) on a NovaSeq 6000 system at 

the GetPlaGe platform (GenoToul INRAE Toulouse, France).  

HTS data analysis 

Sequencing reads were imported into CLC Genomics Workbench v. 21.0.3. (CLC-GW) and 

adapters were removed from reads followed by trimming on quality and length using default 

settings and a minimum read length of 60 nucleotides (nt). Final trimmed reads were on average 

111-113 nt long for the various datasets. Datasets were normalized by resampling at varying 

depth as needed, using the random reads sampling tool in CLC-GW. 

To analyse virus detection performance as a function of contig size, de novo assembly was 

performed with CLC-GW (word size, 50; bubble size, 300) using various minimum contig 

lengths (125, 175, 250, 350, 500, 1000 nt). In order to identify viruses that were not expected 

in the analyzed samples, contigs were annotated by a BlastX analysis (Altschul et al., 1990) 

against the viral RefSeq portion of the non-redundant (nr/nt) NCBI GenBank database. For 

unexpected viruses thus identified, a genomic scaffold was reconstructed and extended by 

repeated rounds of residual reads mapping using CLC-GW, thus yielding near complete 

genome sequences that were used as reference for the relevant virus (Table 2). In a few cases, 

these assemblies were considered too incomplete and the closest complete genomic sequence 

in GenBank was selected as reference sequence (Table 2). 

https://bsppjournals.onlinelibrary.wiley.com/doi/full/10.1111/ppa.13623#ppa13623-bib-0002
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In order to determine virus detection performance, unassembled reads or de novo assembled 

contigs were mapped against the reference genome segment(s) for each virus (Tables 1 and 2) 

using very stringent mapping parameters (length fraction 100%, minimal similarity fraction 

90%) in CLC-GW. In order to take into account inter-sample crosstalk due to index jumping 

(Illumina, 2017; van der Valk et al., 2019), a threshold of positive detection was computed for 

each viral molecule by calculating the average + 3 standard deviations (SD) of background 

reads in libraries generated from communities that did not contain the corresponding virus. 

RESULTS 

Expected and unexpected viruses or virus-like agents in viral communities HTS data 

The analysis of reads from both the VANA and dsRNA approaches for all communities 

revealed the presence of all expected viruses, although a few viruses were only represented by 

a limited number of reads or were only detected using one of the two approaches. Overall, only 

lettuce ring necrosis virus turned out to be fully absent from VANA reads, while banana bunchy 

top virus was only represented by a single dsRNA read. It should also be noted that not all 

viruses could be detected in all the communities of different complexity in which they were 

present. 

In addition to the expected 61 viruses, evidence for the presence in some communities of 

unexpected viruses or virus-like agents was obtained through the BlastX indexing of de novo 

assembled contigs from the low complexity, 5-viruses communities. A total of 11 unexpected 

agents were thus identified (Table 2). These include three linear ssRNA satellites associated 

with the helper virus isolates included in the communities [turnip crinkle satellite F 

(TCVsatRNA F), pea enation mosaic satellite RNA (PEMVsatRNA) and strawberry latent 

ringspot virus satellite RNA (SLRSVsatRNA)], latent viruses associated with the propagation 

hosts used [Hordeum vulgare endornavirus (HvEV), maize-associated totivirus (MATV), 

maize-associated totivirus2 (MTV-2) and Chenopodium quinoa mitovirus 1 (CqMV1)], as well 
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as viruses in coinfection with some viral isolates used [poinsettia mosaic virus (PnMV), tobacco 

mosaic virus (TMV), turnip yellows virus (TuYV) and maize streak Réunion virus (MSRV)] 

(Table 2). For these additional unexpected viruses, either a nearly complete genome was 

reconstructed from sequencing reads and used as the mapping reference or the closest full 

genome sequence in GenBank was used for further mapping analyses (Table 2). For all other 

viral isolates included in the communities, complete or nearly complete genomic sequences are 

available (Table 1).  

While the communities of varying complexities analysed here will be referred to a 5-viruses, 

10-viruses, 20-viruses and 60-viruses, it should be kept in mind that the real number of the 

viruses present in a given community might be slightly different because of (i) the presence of 

one or more of the unexpected viruses and (ii) the counting of pea enation mosaic virus as one 

virus when it is in fact a co-infection of pea enation mosaic virus 1 (Enamovirus) and pea 

enation mosaic virus 2 (Umbravirus). 

Read mapping analysis of VANA and dsRNA datasets for the communities of various 

complexities 

To be able to compare results between low and high complexity communities, all datasets were 

normalised by randomly subsampling 120K cleaned reads. To adress the issue of inter-sample 

crosstalk caused by index jumping (Illumina, 2017; van der Valk et al., 2019) a threshold of 

positive detection was computed for each viral molecule by calculating the average + 3 standard 

deviations (SD) of background reads in libraries generated from communities that did not 

contain the corresponding virus. Assuming a normal distribution of crosstalk reads numbers, 

this strategy ensures that the probability of having a mapped reads number higher than the 

threshold by chance (false positive detection) has a probability of less than 1%. 

In general, the proportion of viral reads was high (64-89%) in both VANA and dsRNA datasets 

and was slightly affected by community complexity, with a general trend to reach a higher 
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proportion of viral reads when analysing more complex communities (Figure 1A). The 

proportion of viral reads in the dsRNA datasets were slightly higher than in the corresponding 

VANA datasets, with the strongest effect observed for lower complexity, 5- and 10-viruses 

communities (64-65% viral reads as compared to 79-82%, Figure 1A). 

Using the 12 communities of five viruses and a sequencing depth of 120K reads, 67 viruses 

were detected with both VANA and dsRNA approaches (with detection of reads for a single 

genomic molecule considered as positive detection for a virus with a divided genome), out of 

the total 72 viruses or virus-like agents in the 12 communities analysed (93.1%). However, 

VANA yielded reads for all six DNA viruses present, when dsRNA yielded reads for only three 

of them. Conversely, VANA yielded reads for 61 of the 66 RNA viruses or satellites (92.4%), 

when dsRNA yielded reads for 64 of them (97.0%) (Figure 1B). As expected and previously 

reported, the performance of VANA is thus superior for DNA viruses but that of dsRNA 

superior for RNA viruses. 

The impact of increasing community complexity is reflected by the diminishing number of 

viruses detected at an equal sequencing depth effort of 120K reads. The performance of VANA 

gradually deteriorated, going from 61 viruses detected to 58 (10-viruses communities) and then 

to 52 (20-viruses communities) to reach only 34 viruses detected (51.5%) with the most 

complex community (Figure 1B). The same pattern is observed for DNA viruses, where all six 

DNA viruses were detected for the 10- and 20-viruses communities but only one DNA virus 

detected when analysing the 60-viruses community. In the case of the dsRNA approach, 

performance was marginally reduced for 10- and 20-viruses communities (65 and 63 viruses 

detected, respectively) and less affected than for the VANA approach for the most complex 

community with still 57 of 66 viruses detected (86.4%) (Figure 1B). 

However, if trying to compensate for community complexity by proportionally increasing the 

sequencing effort for more complex communities, the erosion in performance is strongly 
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reduced for VANA, with still 57 of 66 RNA viruses detected for the 60-virus community 

(86.4%) sequenced at 1.44 M reads depth (12 x 120K) and five of the six DNA viruses (83.3%). 

The performance of dsRNA, on the other hand, is no longer impaired, as all 66 RNA viruses 

(100%) are still detected for the most complex community (result not shown). 

The stronger degradation of VANA performance as community complexity increases, 

correlates with a more uneven distribution of read numbers between viruses and the stronger 

dominance of a few viruses, in particular turnip yellow mosaic virus (TYMV). In the 60-viruses 

community VANA dataset, TYMV represented 67% of the reads while the corresponding value 

for the dsRNA dataset was only 28%. As shown in Figure 2, even if spanning a 5 to 6 logs 

scale, read numbers (or proportion of reads over total dataset reads) tend to be somewhat more 

evenly distributed between viruses in the dsRNA dataset than in the VANA dataset for the 60-

viruses community. 

Although allowing to compare the performance of the VANA and dsRNA approaches, these 

analyses based on the mapping of reads against cognate reference genomes do not mimic the 

situation in metagenomic studies, in which a high proportion of viruses are expected to be novel 

and for which therefore no suitable reference genome is available. We therefore analysed the 

performance of these two approaches following a de novo assembly of reads into contigs, which 

is known to reduce the proportion of un-annotated “dark matter” (François et al., 2018b). 

Impact of minimal contig length on the number of detected viruses 

We first evaluated the impact of the minimal contig length on the number of detected viruses 

using the most complex community of 60 viruses and deep datasets normalized at 10 million 

reads. As expected and as seen in Figure 3, the number of viruses reported decreased as minimal 

contig length increased. The pattern observed in the figure for RNA viruses is also observed for 

DNA viruses (not shown). The dsRNA approach consistently detected more viruses than the 

VANA one, irrespective of the minimal contig length used, but the difference increased as 
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minimal contig length increased. Using the shortest, 125 nt contig length, VANA identified 54 

of the 66 RNA viruses present in the community (81.8%), while dsRNA identified 63 of them 

(95.5%) (Figure 3). The corresponding values for DNA viruses are respectively 4 (66.7%) and 

3 (50%). 

On the other hand, the coverage of the detected viruses (fraction of the target molecules 

represented in contigs) was much less affected by minimal contig length. Relatively stable for 

the dsRNA approach, for which it varied between 66.5% and 74.9% with no clear trend, it 

showed a tendency to increase with contig length for the VANA approach, from 50.2% (>125 

nt contigs) to 76.7% (>1,000 nt contigs) (Supplementary Figure S2).  

For further analyses, an intermediate 250 nt minimal contig length was retained as it 

corresponds to an encoded 83 amino acids sequence that was felt sufficient for many conserved 

protein domain searches which are often used in virome analysis or annotation (Lefebvre et al., 

2019). 

Effects of community complexity on virome description performance 

We evaluated how, for a given sequencing depth, community complexity affects virome 

description performance following contigs assembly. For this, all datasets were normalized at 

a 120k read depth. Similar to the situation observed using reads mapping (Figure 2), the number 

of detected viruses was reduced as community complexity increased. Again, dsRNA 

outperformed VANA at all complexity levels and VANA performance degradation was more 

drastic at high community complexity, dropping from 44 viruses detected for communities of 

five viruses (66.7% of total viruses) to 11 viruses detected (16.7%) for the 60-viruses 

community. The corresponding values for dsRNA are 53 viruses (80.3%) and 26 viruses 

(39.4%) (Supplementary Figure S3). These results indicate that even for limited complexity 

communities involving only five viruses, reads numbers significantly higher than 120K are 
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needed by both techniques to achieve a 100% detection performance with a wide range of 

viruses. 

If trying to compensate increased virome complexity by a parallel increase in sequencing depth, 

a negative impact of complexity is still seen but is much less severe. For example, for the most 

complex community of 60 viruses, at a 1.44M depth (12*120K reads), VANA detected 23 RNA 

viruses (compared to 44 when analysing individually the 12 pools of five viruses at 120K reads 

depth) a reduction in performance of 47.8%, while dsRNA detected 42 viruses to be compared 

with 53 viruses when individually analysing the 12 pools of five viruses, a reduction in 

performance of 20.7% (Figure S4). The loss in performance resulting from community 

complexity is therefore significant for both approaches, but stronger for VANA.  

Impact of sequencing depth on de novo assembly 

The 60-viruses community was used to investigate the influence of sequencing depth on de 

novo assembly performance itself. The VANA and dsRNA datasets were therefore resampled 

at different depths (100K, 300K, 1M, 3M and 10M reads, five random resampling at each 

depth), assembled and mapped against the viral reference genomes to determine the average 

assembly parameters and viral contigs parameters. The results are shown in Supplementary 

Table S2 and, for viral contigs alone, in Table 3. 

As expected, all assembly parameters (number of contigs, average contig length, N50, maximal 

contig length) increased with sequencing depth (Supplementary Table S2). The same tends to 

be true for viral contigs (number and length, Table 3), while the proportion of viral contigs 

tended to diminish as sequencing depth increased, likely reflecting increased probability of 

assembly of non-viral reads (Supplementary Table S2). Although at the lowest, 100K reads 

sequencing depth, few assembly parameters were found to be statistically different, both the 

total number of assembled contigs and the number of viral contigs were found to be highly 
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statistically different, with dsRNA yielding about 3-fold more contigs and 3-fold more viral 

contigs than VANA (Table 3 and Table S2). This trend was observed at all sequencing depth, 

with 1.3 to 1.8-fold more viral contigs identified for dsRNA.  

At other sequencing depths, differences between the VANA and dsRNA assemblies proved 

systematically highly significant, with dsRNA consistently yielding more numerous and longer 

contigs as well as more numerous and longer viral contigs. On the other hand, the proportion 

of viral contigs was found consistently higher in the assemblies of the VANA datasets 

(Supplementary Table S2). 

It should be noted that the better performance of dsRNA is independent of the minimal contig 

length (Table 4). In particular, using the most complex community and 10 million reads 

datasets, the higher performance of dsRNA over VANA was observed for all assembly 

parameters (number of contigs, average length, N50, maximum length) and for all viral contigs 

parameters (number and average length) at all minimal contigs length (from 125 to 1000 nt) 

with a single exception, the number of viral contigs >125 nt long (1,852 for VANA vs 1,672 

for dsRNA) (Table 4). At all other minimal contig length, VANA showed from 19.2% (contigs 

≥175 nt) to 50.7% (>1 kb contigs) fewer viral contigs than dsRNA and these contigs were 23-

33% shorter on average than the dsRNA ones (Table 4). 

Impact of sequencing depth on virus identification performance 

We proceeded to evaluate the performance of VANA and dsRNA in identifying the expected 

viruses or viral molecules as affected by sequencing depth. The contigs obtained for the various 

datasets resampled at different depths (five resamplings per sequencing depth) were mapped on 

individual reference sequences. This allowed to evaluate both the proportion of detected viruses 

and the coverage of the detected viral molecules, together with their standard deviation 

(Supplementary Figure S5). Once again, at all sequencing depths and for both parameters, 
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dsRNA outperformed VANA for RNA viruses, while VANA outperformed dsRNA for DNA 

viruses. In all cases, average coverage of detected molecules showed a high standard deviation 

but dsRNA contigs covered 9% to 22% more of the detected molecules than VANA contigs.  

Similarly, and as expected from single reads mapping data, dsRNA outperformed VANA for 

the identification of RNA viruses present in the most complex, 60-viruses community. For 

VANA, performance ranged from 17.7% of RNA viruses identified at the 100K reads depth to 

60.3% at the 10 million reads depth. The corresponding values for dsRNA are respectively 

35.2% and 89.7%.  

A plot of the observed proportion of detected viruses over a logarithmic scale of the sequencing 

effort is shown in Figure 4. It shows a remarkable pattern with linear regression r² coefficients 

of 0.97-0.99 suggesting a very strong and monotonous relationship between sequencing depth 

and the proportion of the viruses present in the community that are represented by at least one 

assembled contig. An extension of that trend would suggest that a depth of about 30 million 

reads would be needed for the dsRNA approach to recover at least one contig for each of the 

66 RNA viruses present in the synthetic community, while in excess of 1 billion reads would 

be need to achieve a comparable performance using VANA.  

Due to a more limited number of reads available for virus communities up to the 20-viruses 

pools, a similar evaluation could not be as extensively performed for these lower complexity 

communities. However, an analysis at three sequencing depths (100K reads, 300K reads, 875K 

reads) of the 20-viruses communities data provided comparable results with r² correlation 

coefficients of 0.95-0.98, suggesting that the linear correlation between the percentage of 

viruses recovered and the log of the sequencing depth is independent of the complexity of the 

analysed community (result not shown).  

An analysis performed at the level of individual viral genomic molecules (115 viral molecules) 

allows to evaluate the performance of the two methods using the most complex, 60-viruses 
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pool, for groups of viruses with different genome types. The numbers are however small for 

RNA satellites, dsRNA viruses and dsDNA viruses. The results, using a 10 million reads 

sequencing depth, are summarized in Table 5. Considering individual molecules, VANA had 

at least one contig for only 50% of the viral molecules present in the most complex synthetic 

community, to be compared with a 76.5% value for dsRNA. But while the VANA performance 

was at an intermediate level for all virus groups analysed, dsRNA showed good performance 

for +ssRNA viruses (89.5% of molecules), RNA satellites (100%) and dsRNA viruses (100%). 

As expected, dsRNA performance was however poor for DNA viruses but also for -ssRNA 

viruses (41.7% of detected molecules only). 

DISCUSSION  

While synthetic communities have been widely used to benchmark metagenomic processes 

targeting bacteria and fungi, methodological benchmarking approaches in virome studies are 

still more limited. Although progress has been made in standardizing viral metagenomic 

approaches in clinical settings (Ajami et al., 2018, Parras-Moltó et al., 2018; Santiago-

Rodriguez et al., 2020) and, to some extent, in environmental virome studies (Roux et al., 

2016a; Zablocki et al., 2021), such approaches are largely lacking in plant virology. Here we 

used DSMZ quality-controlled plant samples that allowed for a simplified construction of 

synthetic viral communities of varying complexity. Although some of the viruses were detected 

by only very low read numbers, no virus was fully absent from all generated datasets, validating 

the approach and the samples used. The fact that some viruses were identified only by low read 

numbers could have a variety of reasons, such as low virus titer in some samples,  competition 

with other viruses for representation in the assembled communities, or difficulties in extracting 

viruses from certain host plant species. In this respect, it should be noted that the two viruses 

present as infected banana samples, banana streak OL virus (BSOLV) and banana bunchy top 

virus (BBTV) were only detected by very low read numbers in both techniques used, despite 
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the fact that these techniques have successfully been used in the past to analyse banana samples 

(Teycheney et al., 2015; Filloux et al., 2015). 

On the other hand, a few unexpected viruses or viral agents were identified. In most cases these 

correspond to satellites that had not been specifically indexed in the isolates used or of viruses 

latently infecting propagation hosts, such as Hordeum vulgare endornavirus, which is present 

in many barley varieties or Chenopodium quinoa mitovirus. 

The communities assembled cover all known phytovirus genome types, 21 viral families (plus 

satellites and one virus unassigned in a family) and a total of 62 genera [plus two viruses not 

currently assigned to a genus (poinsettia mosaic virus and spartina mottle virus) and three 

satellites]. It is thus probably to date the largest scale effort to build synthetic viral communities 

and use them for the benchmarking of phytovirome analysis approaches. In some benchmarking 

studies, the nucleic acid proportions of the individual viruses involved in the virus community 

were quantified prior to extraction (Roux et al., 2016b, Sevim et al., 2019). The fact that, in our 

study, no special effort was made to normalize or measure the concentration of the different 

viruses is a limitation for some comparisons. On the other hand, the samples used involved 

different propagation hosts and actual virus titres in those hosts, so that the communities 

assembled are more likely to reflect actual samples from phytovirome studies. The results 

obtained indicate that a range of parameters impact the completeness of the virome description 

achieved. Not surprisingly, such parameters include (i) sequencing depth, (ii) community 

complexity, (iii) use of de novo assembled contigs vs use of unassembled reads and (iv) minimal 

contig length.  

As was previously reported using natural communities (Ma et al., 2019), the dsRNA approach 

provided in all comparisons a more complete description of the RNA virome than the VANA 

approach but performed very poorly with DNA viruses. However, the differential with VANA 

is more limited for the less complex, 5- or 10-viruses communities. The dsRNA approach is 
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therefore recommended whenever analysing complex viromes or when an emphasis on RNA 

viruses is of importance, in particular since it allows comparable levels of completeness with a 

lower sequencing effort. The reason for the better performance of the dsRNA approach is not 

fully clear but might result from a lower level of competition between viruses for representation 

in complex pools, resulting in the somewhat less imbalanced distribution of read numbers 

between viruses (Figure 2). Different human microbiome studies have shown that different 

steps of RNA/DNA extraction such as homogenization, centrifugation, filtration and 

chloroform treatment, can have a major impact on the quantitative and qualitative composition 

of identified virus communities, skewing viral assemblages in metagenomes (Kleiner et al., 

2015; Conceição-Neto et al., 2015; Parras-Moltó et al., 2019). Another critical step is the library 

preparation step, that often involves a random amplification PCR to increase virus genetic 

material and to add linkers allowing the multiplexing samples during HTS sequencing, thus 

reducing sequencing costs. The amplification step alters the relative abundance of viruses and 

can lead to uneven coverage if random primers do not anneal randomly on viral genomes. 

Indeed, in the case of faba bean necrotic stunt virus, the relative frequencies of the different 

genome segments determined by qPCR was significantly different before and after a rolling 

circle amplification step used prior to HTS sequencing (Gallet et al., 2017). Furthermore, 

different library preparation techniques have been found to require different sequencing depths 

to achieve the same genome coverage (Visser et al., 2016). Regardless of the experiment, it is 

advisable to develop an estimate of the sequencing depth needed, so as to be able to answer the 

biological question at hand while avoiding excessive sequencing costs. Here we identified a 

very robust correlation between the percentage of viruses identified in complex communities 

and the log of the sequencing depth. This is an interesting result, since it allows to gauge the 

sequencing effort needed for a particular level of virome description or, conversely, to gauge 

the extent of virome description that can be expected from a particular sequencing depth. 
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Besides metagenomic studies, this finding might have practical implications for diagnostics 

since many plants, in particular vegetatively propagated ones, frequently display complex 

mixed infections involving a range of viruses.  

Virus detection in metagenomic studies is constrained by the degree of complexity of the virus 

communities analyzed. Our results suggest that the detection efficiency of either mapping of 

unassembled read or analysis of de novo assembled contigs were affected by community 

complexity with a general trend of detecting a lower proportion of viruses in more complex 

communities. However, the read mapping strategy was more efficient at all complexities 

(Figure 1B and Supplementary Figure S3), confirming results obtained through performance 

testing of sequence analysis strategies (Massart et al., 2019). This may be due to the complexity 

of de novo assembly of complex communities, linked with insufficient coverage or uneven 

coverage of low abundance viruses within such communities. Correspondingly, we observed a 

lower virus detection rate when using longer minimal contig sizes in the de novo assembly, 

which again might be attributed to difficulties in assembling reads from more complex 

communities for example when coexisting viruses share highly similar regions in their 

genomes, leading to higher fragmentation and reduced contig sizes (Roux et al., 2017). 

Lastly, it has been reported that the quality and completeness of virome description is also 

affected by the analysis pipeline used (Rampelli et al., 2016; Roux et al., 2017; Breitwieser et 

al., 2019, Sutton et al., 2019). The normalized 10M reads datasets generated in the present study 

with the 60-viruses community, which have been made available, together with the community 

composition and the complete or near complete genomic sequences of the isolates involved 

should prove very useful tools to benchmark virome characterization pipelines. 
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Table 1. Viral isolates used to construct mock viral communities of varying complexity. The taxonomic status of the various viruses is indicated, 

together with their DSMZ catalogue code, their propagation host and the GenBank accession number(s) of their genomic sequence(s). 

Family Genus Virus species Acronym Genome Codea Hostb 

Sequence 

accession 

number(s) 

Alphaflexiviridae Allexivirus Shallot virus X ShVX ssRNA(+)   MW854280 

Alphaflexiviridae Potexvirus Lettuce virus X LeVX ssRNA(+)   MW248356 

Benyviridae Benyvirus Beet necrotic yellow vein virus BNYVV ssRNA(+)   
OK181765-67; 

M36896  

Betaflexiviridae Capillovirus Apple stem grooving virus ASGV ssRNA(+)   MW582790 

Betaflexiviridae Carlavirus Poplar mosaic virus PopMV ssRNA(+)   ON924213 

Betaflexiviridae Trichovirus Apple chlorotic leaf spot virus ACLSV ssRNA(+)   
OK340218; 

OK340219c 

Betaflexiviridae Tepovirus Potato virus T PVT ssRNA(+)   MZ405665 

Bromoviridae Alfamovirus Alfalfa mosaic virus AMV ssRNA(+)   MZ405653-55 

Bromoviridae Anulavirus Pelargonium zonate spot virus PZSV ssRNA(+)   ON398493-95  

Bromoviridae Bromovirus Brome mosaic virus BMV ssRNA(+)   MW582787-89 

Bromoviridae Cucumovirus Peanut stunt virus PSV ssRNA(+)   MW307259-61 

Bromoviridae Ilarvirus Parietaria mottle virus PMoV ssRNA(+)   MZ405646-48 

Closteroviridae Closterovirus Beet yellows virus BYV ssRNA(+)   MT815988 

Closteroviridae Crinivirus Tomato chlorosis virus ToCV ssRNA(+)   ON398512-13 

Potyviridae Bymovirus Barley yellow mosaic virus BaYMV ssRNA(+)   OL311692-93 

Potyviridae Ipomovirus Cucumber vein yellowing virus CVYV ssRNA(+)   OK181771 

Potyviridae Potyvirus Bidens mottle virus BiMoV ssRNA(+)   ON398504 

Potyviridae Rymovirus Agropyron mosaic virus AgMV ssRNA(+)   OM471970 

Potyviridae Tritimovirus Brome streak mosaic virus BrSMV ssRNA(+)   NC_003501 

Potyviridae Unassigned Spartina mottle virus SpMV ssRNA(+)   MN788417 
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Secoviridae Cheravirus Arracacha virus B AVB ssRNA(+)   MW582785-86 

Secoviridae Comovirus Squash mosaic virus SqMV ssRNA(+)   ON398498-99 

Secoviridae Fabavirus Broad been wilt virus 1 BBWV-1 ssRNA(+)   MT663310-11 

Secoviridae Nepovirus Tomato black ring virus TBRV ssRNA(+)   MW057704-05 

Secoviridae Sequivirus Carrot necrotic dieback virus CNDV ssRNA(+)   MW080951 

Secoviridae Stralirivirus Strawberry latent ringspot virus SLRSV ssRNA(+)   MZ405640-41 

Solemoviridae Sobemovirus Rice yellow mottle virus RYMV ssRNA(+)   MT701719 

Solemoviridae Enamovirus Pea enation mosaic virus 1 PEMV1 ssRNA (+)   MW961146 

Solemoviridae Polerovirus Cucurbit aphid-borne yellows virus CABYV ssRNA(+)   MZ202344 

Tombusviridae Alphacarmovirus Calibrachoa mottle Virus CbMV ssRNA(+)   OK181769  

Tombusviridae Alphanecrovirus Tobacco necrosis virus A TNV-A ssRNA(+)   MT675968 

Tombusviridae Aureusvirus 
Johnsongrass chlorotic stripe 

mosaic virus 
JCSMV ssRNA(+)   MT682309 

Tombusviridae Betacarmovirus Turnip crinkle virus TCV ssRNA(+)   OK181761 

Tombusviridae Betanecrovirus Beet black scorch virus BBSV ssRNA(+)   OK058516 

Tombusviridae Dianthovirus Carnation ringspot virus CRSV ssRNA(+)   MT682300-01 

Tombusviridae Gammacarmovirus Melon necrotic spot virus MNSV ssRNA(+)   ON398496 

Tombusviridae Machlomovirus Maize chlorotic mottle virus MCMV ssRNA(+)   OK181780 

Tombusviridae Pelarspovirus Pelargonium line pattern virus PLPV ssRNA(+)   MW854266 

Tombusviridae Tombusvirus Tomato bushy stunt virus TBSV ssRNA(+)   MW582792 

Tombusviridae Umbravirus Carrot mottle virus CMoV ssRNA(+)   OK058520 

Tombusviridae Umbravirus Pea enation mosaic virus 2 PEMV2 ssRNA(+)   
MW961147; 

MW961148c 

Tospoviridae Orthotospovirus Impatiens necrotic spot virus INSV ssRNA(+/-)   MW582795-97 

Tymoviridae Tymovirus Turnip yellow mosaic virus TYMV ssRNA(+)   ON924209 

Virgaviridae Furovirus Soil-borne wheat mosaic virus SBWMV ssRNA(+)   MZ405651-52 

Virgaviridae Hordeivirus Barley stripe mosaic virus BSMV ssRNA(+)   ON92421012  

Virgaviridae Pecluvirus Peanut clump virus PCV ssRNA(+)   
NC_003668; 

NC_003672 
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Virgaviridae Pomovirus Potato mop-top virus PMTV ssRNA(+)   ON398500-02 

Virgaviridae Tobamovirus Paprika mild mottle virus PaMMV ssRNA(+)   OK181768 

Virgaviridae Tobravirus Pea early-browning virus PEBV ssRNA(+)   MW854268-69 

not assigned Idaeovirus Raspberry bushy dwarf virus RBDV ssRNA(+)   MW582777-78 

Rhabdoviridae Cytorhabdovirus Lettuce necrotic yellows virus LNYV ssRNA(-)   MZ202327 

Rhabdoviridae Varicosavirus Beet oak leaf virus BOLV ssRNA(-)   OK181765-67 

Rhabdoviridae Alphanucleorhabdovirus Physostegia chlorotic mottle virus PhCMoV ssRNA(-)   KX636164 

Rhabdoviridae Betanucleorhabdovirus Sonchus yellow net virus SYNV ssRNA(-)   MT613317 

Aspiviridae Ophiovirus Lettuce ring necrosis virus LRNV ssRNA(-)   ON398506-09 

Partitiviridae Alphacryptovirus Poinsettia latent virus PnLV dsRNA   ON398503  

Caulimoviridae Badnavirus Banana streak OL virus BSOLV dsDNA-RT   NC_003381 

Caulimoviridae Caulimovirus Cauliflower mosaic virus CaMV dsDNA-RT   NC_001497 

Geminiviridae Begomovirus Squash leaf curl virus SLCV ssDNA   MW582809-10 

Geminiviridae Mastrevirus Maize streak virus MSV ssDNA   NC_001346 

Nanoviridae Babuvirus Banana bunchy top virus BBTV ssDNA   
NC_003473-77; 

NC_003479 

 

 

(a) DSMZ catalogue code (information expected from DSMZ collaborators) 

(b) Host in which the virus isolate was propagated and lyophilized (information expected from DSMZ collaborators) 

(c) Two different variants are present in the propagated sample and accession numbers for both variants are provided 
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Table 2. Additional viruses identified by analysis of the HTS data in the samples used to assemble the synthetic mock communities of varying complexity. 

Family Genus Virus species Acronym 
Genome 

type 

Reference sequence 

accession numbera 

Virgaviridae Tobamovirus Tobacco mosaic virus TMV ssRNA(+) Acc. number expected 

Tymoviridae unassigned Poinsettia mosaic virus PnMV ssRNA(+) Acc. number expected 

Endornaviridae Alphaendornavirus Hordeum vulgare endornavirus HvEV ssRNA(+) Acc. number expected 

Solemoviridae Polerovirus Turnip yellows virus TuYV ssRNA(+) JQ862472 

Geminiviridae Mastrevirus Maize streak Réunion virus MSRV ssDNA Acc. number expected 

Totiviridae unassigned Maize-associated totivirus MATV dsRNA Acc. number expected 

Totiviridae unassigned Maize-associated totivirus 2 MTV-2 dsRNA MN428829 

Mitoviridae Duamitovirus Chenopodium quinoa mitovirus 1 CqMV1 ssRNA(+) MT089917 

small linear ssRNA satellite Turnip crinkle satellite RNA F TCVsatRNA F ssRNA X12749 

small linear ssRNA satellite Pea enation mosaic virus satellite RNA PEMVsatRNA ssRNA Acc. number expected 

small linear ssRNA satellite Strawberry latent ringspot virus satellite RNA SLRSVsatRNA ssRNA Acc. number expected 

(a) Accession number of the closest sequence in GenBank that was used as reference for reads mapping 
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Table 3. Comparison of the number and average length of de novo assembled viral contigs 

obtained for VANA and dsRNA datasets normalized at different sequencing depths (100K, 

300K, 1M, 3M and 10M reads, 5 resampling repeats at each depth). The standard deviations 

(SD) and the statistical differences (p-values) are also shown 

 

  
VANA average 

+/- SD 

dsRNA average 

+/- SD 
Two sample t-test 

100 K 

reads 

nb viral contigs 33.6 +/- 1.9 101.8 +/- 2.9 9.2E-11 

Viral contigs 

average length 
733.4 +/- 23.7 747.4 +/- 17.1 0.32 

300K 

reads 

nb viral contigs 70.2 +/- 5.4 129.4 +/- 8.1 8.0E-07 

Viral contigs 

average length 
643.4 +/- 27.8 887.8 +/- 38.2 2.8E-06 

1M 

reads 

nb viral contigs 106.2 +/- 6.3 159.2 +/- 6.6 1.1E-06 

Viral contigs 

average length 
694.8 +/- 30.3 1019.6 +/- 40.9 5.7E-07 

3M 

reads 

nb viral contigs 129.6 +/- 4.8 207.6 +/- 3.8 2.5E-09 

Viral contigs 

average length 
798.4 +/- 15.9 1067.6 +/- 11.5 1.4E-09 

10M 

reads 

nb viral contigs 201.2 +/- 4.1 268 +/- 2.9 1.8E-09 

Viral contigs 

average length 
791.2 +/- 11.1 1121.4 +/- 10.6 3.9E-11 
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Table 4. Performance parameters of de novo assembly using different minimal contigs length of normalized, 10M reads, VANA and dsRNA 

datasets for the 60-viruss synthetic community. 

 Minimal contig length 

 125 nt 175 nt 250 nt 350 nt 500 nt 1000 nt 

 VANA dsRNA VANA dsRNA VANA dsRNA VANA dsRNA VANA dsRNA VANA dsRNA 

nb contigs 1947 2212 416 784 220 437 144 276 86 182 37 88 

average length 235 324 506 607 757 907 985 1243 1355 1662 2191 2696 

N25 547 1764 1836 3642 2334 4007 2560 4060 3449 4505 3824 5671 

N50 206 352 628 1005 994 1521 1277 1955 1709 2775 2277 3705 

N75 156 191 313 352 481 558 618 773 888 1117 1653 1782 

Max 6549 13919 6652 13919 6652 13919 6549 13919 6652 13919 6652 13919 

nb viral contigs 1852 1672 378 468 204 269 137 181 84 131 37 75 

% viral contigs 95% 76% 91% 60% 93% 62% 95% 66% 98% 72% 100% 85% 

Viral contigs average length  235 327 525 741 783 1123 1008 1508 1368 1921 2191 2833 

Bases in viral contigs 435421 547507 198486 347003 159827 302074 138102 272883 114951 251656 81077 212467 

% bases in viral contigs 95.20% 76.40% 94.40% 72.90% 96.00% 76.20% 97.40% 79.50% 98.60% 83.20% 100% 89.50% 
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Table 5. Detection performance of VANA and dsRNA methods at the level of individual viral 

genomic molecules (a total of 115 viral molecules) using the most complex, 60-virus pool, for 

groups of viruses with different genome types at 10M reads sequencing depth. 

 

# viral 

molecules 

VANA dsRNA 
 

# detected % detected # detected % detected 

+ssRNA viruses 86 50 58.1% 77 89.5% 

-ssRNA viruses 12 1 8.3% 5 41.7% 

RNA satellites 3 1 33.3% 3 100% 

dsRNA viruses 2 0 0% 2 100% 

ssDNA viruses 10 4 40.0% 0 0% 

dsDNA viruses 2 1 50.0% 1 50.0% 

Total 115 57 49.6% 88 76.5% 
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Figure 1. Average proportion of viral reads in VANA and dsRNA datasets from viral 

communities of different complexities (A) and number of RNA viruses detected at an even 

120K read depth for communities of different complexities (B). 
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Figure 2: Distribution of percentage of mapped reads for each detected virus in the 60-viruses 

community using a normalized 1.44 million reads sequencing depth. 
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Figure 3. Number of detected RNA viruses in the 60-viruses community as a function of 

minimal contig length at an equal sequencing depth of 10M reads. 
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Figure 4: Observed percentages of regression over a logarithmic scale of sequencing depths 

with the linear regression r2 value shown for both, dsRNA and VANA approaches.  
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Supplementary Materials [Supplementary Table S1 that does not fit easily 

into an A4 format is available at https://doi.org/10.57745/XYIKFK] 

Supplementary Tables  

Supplementary Table S1. Pooling strategy to generate the various pools of variable 

complexity (from 5 to 60 viruses in a pool). 

Supplementary Table S2. Comparison of de novo assembly parameters for VANA and dsRNA 

datasets normalized at different sequencing depths (100K, 300K, 1M, 3M and 10M reads, 5 

resampling repeats at each depth) and corresponding statistical significance. 

 

Supplementary Figures 

Supplementary Figure S1: Pooling strategy to generate mock virus communities with 

different degrees of complexity (5, 10, 20, and 60-viruses communities). 

Supplementary Figure S2: Percent coverage of detected viral molecules using the VANA or 

the dsRNA approaches as a function of minimal contig length.  

Supplementary Figure S3: Number of detected RNA viruses based on de novo assembled 

contigs from the VANA or the dsRNA approaches for datasets normalized at a 120K reads 

sequencing depth and for viral communities with different degrees of complexity. 

Supplementary Figure S4: Number of detected RNA viruses for viral communities with 

different degrees of complexity using de novo assembled contigs from the VANA or the dsRNA 

approaches derived from datasets normalized so as to compensate for community complexity 

(120K reads for 5 viruses communities, 240K for 10 viruses, 480K for 20 viruses and 1.44M 

for 60 viruses). 

Supplementary Figure S5: Average proportion of the length of viral molecules represented 

by contigs obtained for the VANA or the dsRNA approaches as a function of sequencing depth. 

For each sequencing depth 5 independent random resamplings were performed and error bars 

represent the standard deviations of the coverage obtained.   
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Supplementary Table S2.  

    
VANA average 

+/- SD 

dsRNA average 

+/- SD 

Two sample 

t-test 

100K 

reads 

nb contigs 33.6 +/- 1.9 103.2 +/- 2.4 2.6E-11 

average length 733.4 +/- 23.7 741.8 +/- 14.9 0.52 

N50 839.2 +/- 104.8 937.2 +/- 34.1 0.10 

Max length 5886.2 +/- 442.4 5277.2 +/- 577.9 0.10 

nb viral contigs 33.6 +/- 1.9 101.8 +/- 2.9 9.2E-11 

% viral contigs 100% +/- 0% 99% +/- 1% 2.5E-02 

Viral contigs average 

length 
733.4 +/- 23.7 747.4 +/- 17.1 0.32 

300K 

reads 

nb contigs 70.6 +/- 6.1 140.4 +/- 8.9 5.1E-07 

average length 642.4 +/- 30.0 849.4 +/- 35.3 8.5E-06 

N50 681.2 +/- 93.1 1102.4 +/- 104.5 1.5E-04 

Max length 6260 +/-213.1 7581.6 +/- 3875.5 0.49 

nb viral contigs 70.2 +/- 5.4 129.4 +/- 8.1 8.0E-07 

% viral contigs 100% +/- 1% 92% +/- 2% 7.7E-05 

Viral contigs average 

length 
643.4 +/- 27.8 887.8 +/- 38.2 2.8E-06 

1M reads 

nb contigs 108.2 +/- 6.1 198.4 +/- 7.8 3.5E-08 

average length 687.6 +/- 28.1 915.4 +/- 35.4 3.5E-06 

N50 767 +/- 74.9 1556.4 +/- 178.3 2.6E-04 

Max length 6491 +/- 79.4 10382.6 +/- 1825.7 8.9E-03 

nb viral contigs 106.2 +/- 6.3 159.2 +/- 6.6 1.1E-06 

% viral contigs 98% +/- 1% 80% +/- 2% 8.3E-08 

Viral contigs average 

length 
694.8 +/- 30.3 1019.6 +/- 40.9 5.7E-07 

3M reads 

nb contigs 134.2 +/- 3.4 284 +/- 8.2 2.5E-07 

average length 783.4 +/- 10.1 931 +/- 16.6 1.5E-07 

N50 1016.6 +/- 73.5 1599.4 +/- 214.1 4.3E-04 

Max length 6540 +/- 3.4 11573.4 +/- 2359.2 8.8E-03 

nb viral contigs 129.6 +/- 4.8 207.6 +/- 3.8 2.5E-09 

% viral contigs 97% +/- 1% 73% +/- 1% 1.0E-09 

Viral contigs average 

length 
798.4 +/- 15.9 1067.6 +/- 11.5 1.4E-09 

10M 

reads 

nb contigs 217 +/- 4.4 433.8 +/- 4.4 8.2E-13 

average length 764.6 +/- 10.5 907.2 +/- 7.7 8.2E-09 

N50 1025.4 +/- 31.2 1529.6 +/- 21.7 1.8E-09 

Max length 6534.4 +/- 210.2 13930.4 +/- 24.9 1.6E-07 

nb viral contigs 201.2 +/- 4.1 268 +/- 2.9 1.8E-09 

% viral contigs 93% +/- 0% 62% +/- 1% 2.2E-13 

Viral contigs average 

length 
791.2 +/- 11.1 1121.4 +/- 10.6 3.9E-11 
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Supplementary Figure S1 
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Supplementary Figure S2 
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Supplementary Figure S3 
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Supplementary Figure S4 
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Supplementary Figure S5 
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                                                                                         CHAPTER II 

Carrot populations in France and Spain host a complex virome rich in previously 

uncharacterized viruses 

This chapter is divided into three manuscripts, the first (to be submitted shortly) describing all 

novel and known viruses detected in the different carrot populations sampled in France and in 

Spain, and two recently published articles, one describing a novel flavi-like virus in wild carrots 

and the other discussing the diversity of polerovirus-associated RNAs identified in the carrot 

virome.  
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Abstract 

High-throughput sequencing (HTS) has been proven a powerful tool to uncover the virome of cultivated 

and wild plants and offers the opportunity to study virus movements across the agroecological interface. 

The carrot model consisting of cultivated (Daucus carota ssp. sativus) and wild carrot (Daucus carota 

ssp. carota) populations, is particularly interesting with respect to comparisons of virus communities 

due to the low genetic barrier to virus flow since both types belong to the same plant species. Using a 

highly purified double-stranded RNA-based HTS approach, we analyzed on a large scale the virome of 

45 carrot populations including cultivated, wild and off-type carrots (wild carrots growing within the 

field and likely representing hybrids between cultivated and wild carrots) in France and additional six 

carrot populations in central Spain. Globally, we identified a very rich virome including 45 viruses of 

which 25 are novel. Most of the identified novel viruses showed preferential associations with wild 

carrots, either occurring exclusively in wild populations or infecting only a small proportion of 

cultivated populations, indicating the role of wild carrots as a reservoir of viral diversity. In addition, 

the carrot virome is particularly rich in viruses involved in complex interactions of mutual 

interdependencies for aphid transmission such as poleroviruses, umbraviruses and associated satellites 

which can be the basis for further investigations of synergistic or antagonistic virus-vector-host 

relationships. 

Keywords: carrot, Daucus carota, virome, double-stranded RNA, high-throughput sequencing 
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INRTODUCTION 

Agriculture has drastically changed biodiversity at the landscape level by converting natural habitats 

into intensively managed environments. As a result, an increasing proportion of natural habitats lie 

adjacent to agricultural lands, referred to as the agroecological interface, which integrates wild lands as 

highly fragmented patches within a matrix of crop-, pasture- and grassland (Alexander et al., 2014). 

Such intersections of managed and unmanaged ecosystems can directly influence the emergence of 

pathogens via pathogen spill-over and spill-back events between them (Alexander et al., 2014; Elena et 

al., 2014; Roossinck and García-Arenal, 2015). This is particularly important with regard to viruses that 

can infect both native wild plants and cultivated crops, allowing them to move through the ecological 

interface (Roossinck and García-Arenal, 2015). Wild plants can therefore play a role as reservoirs of 

virus infecting cultivated plants. On the other hand, viruses infecting cultivated plants can spread into 

wild plants and influence their fitness within unmanaged ecosystems in more or less complex/subtle 

ways (Malmstrom and Alexander, 2016). The agroecological interface is therefore an important 

boundary that can contribute to the structuring of virus communities and thus directly and indirectly 

influence ecosystem functions. Viruses are ubiquitous biological entities in diverse environments and 

play a significant role as pathogens in agriculture, where they are estimated to be responsible for half of 

emerging diseases (Anderson et al., 2004). However, in some instances and in particular when 

environmental conditions change, viruses have been suggested to switch from parasitic to mutualistic 

interactions with their host (González et al., 2021). In addition, in wild plants, viruses are often 

asymptomatic and it has been suggested that one of the reasons for this situation might be viruses long 

co-evolution with wild hosts and vectors in complex trophic interactions (Lefeuvre et al., 2019). 

The family Apiaceae comprises about 3,700 species consisting of wild plants and important crops 

(Petruzzello, 2019). Carrot (Daucus carota L) is the most widely grown crop within the family. In total, 

more than 30 viruses from 12 different families are known to infect carrots (Mihara et al., 2016; Brunt 

et al., 1996; Wu et al., 2022), with some of them causing severe damage to carrot production. Early 

studies have focused on carrot necrotic dieback virus (CNDBV, genus Sequivirus) and the carrot motley 

dwarf (CMD) disease complex. CNDBV was originally described as the Anthriscus strain of parsnip 
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yellow fleck virus (PYFV, genus Sequivirus) by van Dijk and Bos (1985) as it naturally infects cow 

parsley (Anthriscus sylvestris L.). In carrots, it causes leaf necrosis, severe stunting and dieback (Menzel 

and Vetten, 2008). The CMD complex was first described in Australia by Stubbs (1948) and is caused 

by a mixed infection of a polerovirus, carrot red leaf virus (CtRLV), an umbravirus, carrot mottle virus 

(CMoV) or carrot mottle mimic virus (CMoMV) and, in some instances, a polerovirus-associated RNA, 

carrot red leaf virus-associated RNA (CtRLVaRNA) (Yoshida, 2020). The umbravirus and the 

associated RNA lack a capsid protein and their RNAs are transcapsidated by the coinfecting polerovirus 

for transmission by the aphid Cavariella aegopodii. The CMD complex causes leaf reddening and 

yellowing, stunting and reduces sugar content of taproots (Yoshida, 2020; Stubbs, 1948). Another 

economically important virus causing disease in carrot crops is carrot yellow leaf virus (CYLV), a 

closterovirus, which has been associated with internal root necrosis (Adams et al., 2014). The authors 

found additional novel viruses infecting carrot crops, such as novel members of the Chordovirus and 

Closterovirus genera. However, less is known about viruses infecting wild carrots which may represent 

an important reservoir of carrot infecting viruses.  

Recent advances in sequencing technologies such as high-throughput sequencing (HTS) have 

revolutionized the field of viral ecology over the past decade by moving from a "one host-one pathogen" 

perspective to analyzing the entire phytovirome at ecosystem level. HTS-based studies have highlighted 

the importance of wild plants as a source of virus diversity (Muthukumar et al., 2009; Roossinck, 2012, 

Thapa et al., 2015; Bernardo et al., 2018; Susi et al., 2019). More recent studies have confirmed the 

importance of unmanaged wild plants surrounding cultivated crop species in the epidemiology, ecology, 

distribution and emergence of viruses (Bernardo et al., 2018; Ma et al., 2020; Ma et al., 2021; Maachi 

et al., 2022, Rivarez et al., 2022). Carrot represents a particularly interesting model plant as the cultivated 

crop (Daucus carota ssp. sativus) and its weedy relative, wild carrot (Daucus carota ssp. carota), belong 

to the same species and therefore represent a host pair with the lowest expected host genetic barrier to 

virus flow. The aim of the present study was to characterize virus communities in wild and cultivated 

carrots using a double-stranded RNA (dsRNA)-based metagenomic approach. We have identified a rich 

and diverse carrot virome in different regions of France and central Spain, providing the basis for further 
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studies on the role of wild plants as virus reservoirs and on the complex interplay and interdependencies 

of viruses in mixed infections as well as the underlying evolutionary processes in relation to their vectors 

and hosts. 

MATERIALS AND METHODS  

Sample collection and processing 

In July-August 2019, 16 different carrot populations were sampled in south-west France (Gironde and 

Landes departments of the Nouvelle Aquitaine region) (Supplementary Table S1). The sampled carrot 

populations comprised four cultivated populations, four populations growing within cultivated carrot 

fields and showing some characteristics of wild carrots (early bolting, small tap root, often white in 

color) suggesting an origin from seed contaminations of the planted commercial varieties and thereafter 

referred to as off-type carrots, and eight wild carrot populations. In July-September 2020, carrot 

populations were sampled across a north south transect of France (Supplementary Table S1). In total, 

29 carrot populations were collected, comprising 11 cultivated carrots populations, three off-type 

populations and 15 wild populations. A total of 45 carrot populations were therefore sampled in France 

over the two years (Supplementary Table S1, Figure 1A). Additional carrot populations were sampled 

in June 2021 near Segovia (central Spain), including five cultivated and one wild carrot populations 

(Supplementary Table S1, Figure 1B).  

In each sampled population, leaves from 50 individual plants were collected. Carrot plants were sampled 

regardless of the presence of viral symptoms, but plants with evident fungal infection or necrosis were 

excluded. Leaf samples were stored desiccated over anhydrous CaCl2 (Sigma-Aldrich, Saint-Quentin-

Fallavier, France) until use. For each population, a pool corresponding to the 50 sampled plants was 

assembled (0.1 g leaf per plant). 

Double-stranded RNAs purification and Illumina sequencing 

Double-stranded (ds) RNAs were purified from each pool consisting of 50 carrot plants. Samples were 

ground to a fine powder using liquid nitrogen and a mortar and pestle and dsRNAs purified by two 

rounds of CC41 cellulose chromatography as described by Marais et al. (2018). A negative extraction 

control was included by using only buffer. In some cases, dsRNAs were also extracted from individual 
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plants using the same protocol. Purified dsRNAs were converted to cDNA and randomly amplified 

while simultaneously adding MID tags by RT-PCR (François et al., 2018; Marais et al., 2018). Random 

amplification PCR products were purified using the MinElute PCR purification kit (Qiagen, 

Courtaboeuf, France) and their concentration determined spectrophotometrically. Equal amounts of 

amplification products from each sample/pool were sent for Illumina sequencing in a multiplexed format 

(2×150 bp) on the NovaSeq 6000 system at the GetPlaGe platform (GenoToul INRAE Toulouse, 

France).  

Bioinformatic analysis of Illumina sequencing reads: demultiplexing, quality trimming, de novo 

assembly, contigs annotation and read-mapping 

Sequencing reads were demultiplexed and trimmed on quality using CLC Genomic Workbench, version 

21.0.3 (CLC-GW, Qiagen) using default settings and a minimum read length of 60 nucleotides (nt). 

Contigs were assembled de novo using a minimal contig length of 250 nt. Viral contigs were annotated 

by a comparison against the non-redundant sequence (nr) database in GenBank using BlastX (Altschul 

et al., 1990). Identified contigs were manually scaffolded if needed using the most closely related 

reference sequence from NCBI GenBank. They were verified and extended by repeated rounds of 

mapping of residual reads using CLC-GW. When a given virus was identified in multiple samples, the 

longest contig with the deepest coverage was finally selected to be used as a reference sequence for that 

virus and was deposited in GenBank. Novel virus species were identified and tentative taxonomic 

assignation proposed based on the calculation of percent pairwise identities calculated using Mega7 

(Kumar et al., 2018) and multiple nucleotide or amino acid alignments with reference sequences selected 

according to the International Committee on Taxonomy of Viruses (ICTV) species demarcation criteria 

for each virus genus or family.  

In order to determine the geographic distribution of the identified viruses, reads from datasets, 

normalized to a common depth per sample using the read sampling tool in CLC-GW, were mapped back 

to reference contigs (for novel viruses) and reference genomic sequences from GenBank (for known 

viruses) using CLC-GW and nt identity and length fraction set at a minimum of 90%. The mapped reads 

were then manually checked to ensure the identity of the detected virus. In order to address the well-
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known HTS inter-sample cross talk issue, two approaches were used to estimate it. The first one 

considered the viral reads identified for each virus in the blank control for each run and was determined 

as average background reads plus 3 standard deviations. The second one used data from individually 

analysed plants for which we had both RT-PCR and HTS data so that plants that tested negative in RT-

PCR but showed a few reads of the given virus in the corresponding dataset could be used calculate an 

average number of background reads per million sequencing reads. With this strategy, a separate 

detection threshold could be calculated for each of those viruses that were screened by RT-PCR. For 

viruses not tested by RT-PCR, we used as threshold the average of the threshold values determined for 

the RT-PCR tested viruses. Finally, the thresholds obtained for each virus using either the blank controls 

or the RT-PCR testing were compared and the highest value retained to establish the final HTS positive 

detection threshold for each virus and clean the reads mapping table for each sample/virus combination. 

In some cases, genomes were completed by determining 5' and 3' genome ends by Rapid Amplification 

cDNA Ends (RACE) experiments using specific primers (Supplementary Table S2) and the SMARTer 

RACE Kit (Takara Bio Europe, Saint-Germain-en-Laye, France), as recommended by the company.  

Specific two-step RT-PCR assays (Marais et al., 2011) were developed for selected novel viruses to 

identify infected individual plants from positive pools. Primers were designed manually in MEGA 7 

using multiple alignments generated from contigs of the corresponding viruses and of related viruses 

and GenBank reference sequences, with the aim to design primers that would amplify all isolates of a 

given virus but be specific enough not to amplify isolates of closely related viruses (Supplementary 

Table S2). PCR products were visualized on 1.2 % agarose gels and selected amplicons were directly 

Sanger sequenced (Eurofins Genomics, France) to confirm the specificity of the amplification products. 

Analysis of viral genomic sequences, phylogenetic and recombination analyses.  

Open reading frames (ORFs) were predicted using CLC-GW and confirmed using the ExPASy Translate 

Tool (Artimo et al., 2012). Multiple nt or aa sequences alignments were performed using ClustalW as 

implemented in MEGA 7 (Thompson et al., 1994). Recombination events were analyzed from such 

multiple alignments using the RDP4 package (Martin et al., 2015). Only recombination events detected 

by at least four out of seven implemented algorithms were considered. Neighbor-joining trees were 
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inferred from multiple alignments of whole genomes or conserved gene products and strict nt or aa 

identities calculated using MEGA 7. The significance of branches was estimated with 1,000 bootstrap 

replicates.  

RESULTS 

During summer 2019 and 2020, a total of 45 carrot populations were sampled in France, covering a 

north-south country gradient. Additionally, five cultivated and one wild carrot populations were sampled 

near Segovia (central Spain) in 2021. Details on the sampled carrot populations are shown in 

Supplementary Table S1 and in Figures 1A and 1B. Illumina sequencing of cDNAs prepared from highly 

purified dsRNAs prepared from pools of 50 plants for each population and subsequent bioinformatic 

analyses revealed a rich and diverse virome comprising 45 viruses belonging to 12 different viral 

families. In most cases, long contigs representing near complete genomes with high average coverage 

could be assembled, paralleling other virome studies, demonstrating the feasibility of assembling long 

contigs from pools of plants from the same species/location (Ma et al., 2020; Rivarez et al., 2022). Out 

of these, 20 viruses (44%) belong to already known species, while the remaining 25 viruses (56%) 

belong to novel species in nine different viral families, or are unclassified subviral agents or putative 

novel Riboviria whose precise higher order taxonomic status remains to be established (Figure 1C). 

Details of novel and known viruses identified are presented in Tables 1 and 2, respectively. A more 

detailed description and analysis of the identified viruses is provided in what follows. 

Discovery of different known and novel umbraviruses and of a potential novel class of 

umbra-like virus 

The French and Spanish carrot viromes were found to be rich in viruses of the genus Umbravirus. All 

three umbraviruses known to infect carrots, including carrot mottle virus (CMoV), carrot mottle mimic 

virus (CMoMV) and the more recently reported wild carrot mottle virus (WCMoV)were identified in 

the three carrot population types (cultivated, off-type and wild), being detected in more than 90% of all 

sampled populations in France and Spain. In addition, we identified in different cultivated and wild 

populations from different regions in France a virus of uncertain taxonomic status related to CMoV and 
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referred to here as carrot umbravirus 1 (CaUV-1), and two novel umbraviruses, carrot umbravirus 2 

(CaUV-2) and carrot umbravirus 3 (CaUV-3). In all cases, the genome organization was typical for the 

genus with four ORFs coding respectively from 5' to 3' for a replication-associated protein, a RNA-

dependent RNA polymerase (RdRp, expressed as a fusion as a consequence of a -1 ribosomal frameshift) 

and long distance movement and cell to cell movement proteins encoded by overlapping 3' ORFs. A 

phylogenetic tree based on a multiple nt alignment of the RdRp genes for known umbraviruses and for 

those novel ones reported here is shown in Figure 2A. 

A 3.3kb scaffold with >3,000-fold coverage could be obtained for CaUV1, covering an estimated 79% 

of the full genome. This sequence shows a pairwise nt identity of 78% and 76% to pastinaca umbravirus 

1 (PasUV1, GenBank OL472236) and CMoV (GenBank KF533714), respectively, in its partial RdRp 

gene (Supplementary Table S3), which is above the ICTV species demarcation threshold of 70% nt 

identity between virus species for the Umbravirus genus. However, the available CaUV1 sequence 

covers only 67% of the full RdRp gene and it is therefore not possible to estimate the pairwise identity 

that would be reached if full genomes were compared and, therefore, to decide whether CaUV1 should 

be regarded as a variant of PasUV1 or CMoV or as belonging to a new umbravirus species. A 

recombination analysis performed using the multiple nt sequence alignment used for phylogenetic 

analysis suggested the existence of a recombination event linking PasUV1, CMoV and CaUV1. Details 

of this recombination event, detected by all algorithms and with a combined Bonferoni corrected 

probability of 1.7xE-35 are shown in Supplementary Figure S1. This event involves the 3' half of the 

movement protein (MP) gene and the 3' non-coding region (3'NCR), with up to 98% nt identity in this 

ca. 1 kb region between CMoV (KF533714) and CaUV1. It is however not possible to decide whether 

CaUV1 or CMoV should be considered as the parent or the recombinant, since it is not possible to orient 

this specific recombination event. CaUV1 was detected in all three carrot population types, even though 

the proportion of populations with CaUV1 infection was slightly higher in the cultivated (8/15, 53.3%) 

and off-type (4/7, 57.1%) as compared to wild populations (7/23, 30.1%).  

Nearly complete genomes of the other two novel umbraviruses, CaUV2 and CaUV3 could be assembled 

of respectively 4.25 and 4.06 kb and 605x and 1421x average coverage. These assembled genomes show 
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highest nt pairwise identities of respectively 64% and 61% with carrot mottle mimic virus (CMoMV, 

GenBank MW848525) and red clover umbravirus (RCUV, GenBank MG596237), based on near 

complete genome alignments (Supplementary Table S3) and only 47% nt identity with each other. These 

identity values are clearly below the 70% nt identity cut-off threshold in the Umbravirus genus, 

supporting the notion the sequenced isolates belong to distinct novel species. Both viruses were detected 

in more than half of the wild populations over the two sampling years in France (65.21%, 15/23) and a 

smaller proportion of field (cultivated plus off-type) carrot populations. CaUV2 was detected in 33.3% 

(5/15) of cultivated and 42.8% (3/7) of off-type populations, while the corresponding values for CaUV3 

were respectively 13.3% (2/15) and 57.1% (4/7). These two novel umbraviruses were not detected in 

any of the six Spanish populations.  

A fourth partial umbra-like sequence was identified in a total of seven French carrot populations: one 

wild and one off-type 2019 populations (FR19-2 and FR19-3, Supplementary Table S1) and two 

cultivated, one off-type and two wild 2020 populations (FR20-2, FR20-4, FR20-6, FR20-15 and FR20-

25, Supplementary Table S1). It was also detected in a cultivated Spanish population as well as in the 

wild population sampled at the same site (ES21-4 and ES21-5, Supplementary Table S1). The assembled 

partial genomic scaffold of 2.3kb with an internal gap (estimated at ca. 370 nt) showed 97% nt identity 

in a BLASTN search with the recently reported parsley umbravirus 1 (PaUV1, OM419177; 3,087nt). 

However, despite the PaUV1 name, this virus does not show phylogenetic affinities or a genomic 

organization typical of umbraviruses. In particular, only three ORFs have been predicted for PaUV1, 

similar to class 2 umbra-like-associated RNAs (Liu et al., 2021) and its phylogenetic clustering, based 

on a the partial RdRp gene (OM419177, nt 1140-2157) shows that it clusters away from umbraviruses 

and forms a distinct cluster within the umbra-like-associated RNAs (Figure 2B) suggesting that PaUV1 

may represent a separate class of umbra-like-associated RNAs.  
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Identification of known and novel viruses of the family Solemoviridae 

Carrot red leaf virus (CtRLV) is a well-known carrot-infecting polerovirus that is part of the complex 

responsible for the CMD disease affecting carrot crops. CtRLV was detected in most of the sampled 

carrot populations in France (41/45, 91%) and in all Spanish cultivated populations (5/5, 100%), but not 

in the wild one. The sequence of a distinct polerovirus, tentatively named wild carrot red leaf virus was 

deposited in 2020 in GenBank (LT615231). This virus was found exclusively in wild carrot populations, 

infecting 17/23 of wild populations sampled over two years in France. It was not detected in any of the 

sampled Spanish populations. A novel enamovirus, tentatively named carrot enamovirus 1 (CaEV-1) 

and two novel poleroviruses tentatively named carrot polerovirus 1 (CaPV1) and carrot polerovirus 2 

(CaPV2) were additionally discovered in various French carrot populations (Table 1).  

Following CaPV1 initial identification using the sequencing reads from a wild population sampled in 

France in 2019 (FR19-15, Supplementary Table S1), plants from that population were individually 

tested by specific RT-PCR. Three out of the tested 50 plants were positive for CaPV1 and dsRNAs were 

purified from one of them and sequenced by Illumina. A complete genome could be assembled from 

this single-plant dataset and the 5’ and 3’ terminal regions were determined using specific primers in 

RACE experiments (Supplementary Table S2). The full genome consists of 5,671 nt (average coverage 

873x) and shows a genome organization typical for the genus Polerovirus with seven predicted ORFs 

encoding proteins P0 to P5 and P3a (Figure 3). In Blast searches, CaPV1 is most closely related to 

Trachispermum ammi polerovirus with 89% aa identity in the RdRp and 47-69% to other poleroviruses 

(Figure 4, Supplementary Table S4). CaPV1 was detected in a high proportion (19/23, 82.6 %) of the 

French wild carrot populations over the two sampling years irrespective of their geographical origin 

(Supplementary Table S5). On the other hand, it was not detected in cultivated and off-type French 

populations, or in the Spanish populations.  

A very small contig of ca. 340 nt originally identified from a wild carrot population (FR19-15, 

Supplementary Table S1) suggested the existence of an additional, distinct polerovirus. In order to obtain 

a complete genomic sequence, the same strategy as for CaPV1 was followed: plants of the identified 

population were individually analyzed by a specific RT-PCR-assay (Supplementary Table S2) and the 
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single positive plant used to extract dsRNAs that were then analyzed by HTS. The sequencing reads 

thus obtained allowed to assemble a near complete genome of 5.2 kb for CaPV2 (324x average coverage) 

but no specific efforts were made to determine the precise missing 5' and 3’ genome ends. CaPV2 is 

most closely related to Torrilis crimson leaf virus (GenBank LT615235) and CtRLV (GenBank 

LC434063) (Figure 4) sharing with them respectively 72% and 71% aa identities in the RdRp 

(Supplementary Table S4), values that are well under the 10% aa divergence species cut-off threshold. 

CaPV2 was identified in one cultivated, one off-type and twelve wild French populations but was not 

identified in Spain. Similar to CaPV1, CaPV2 showed a wide geographical distribution in France, being 

detected in all five sampled regions (Supplementary Table S5). 

Recombination events have been identified between members of the Polerovirus genus based on full 

length genome alignments. Among the viruses identified in the carrot virome, the clearest recombination 

event concerns wild carrot red leaf virus, which was identified by all algorithms of the RDP4 program. 

WCtRLV has been identified as recombinant (combined corrected probability 1.2xE-113) with CtRLV as 

major parent and CaPV1 as minor parent, the recombined region concerning part of the CP readthrough 

(CP-RT) domain (Supplementary Figure S1). Another potential recombination event was tentatively 

identified by six out of seven algorithms for Trachispermum ammi polerovirus, resulting from a 

recombination with CaPV1 as major parent and Torrilis crimson leaf virus as minor parent. This 

tentative recombination event was identified in the CP gene, but with a much lower combined corrected 

probability of 6.9E-9. A summary of both recombination events is given in Supplementary Figure S1.  

A nearly complete genome of a novel enamovirus, CaEV1, of 5.1 kb (average coverage 31x, Table 1) 

was obtained from a wild carrot population sampled in France in 2019 (FR19_16, Supplementary Table 

S1). The sequence is most closely related to a partial sequence of Arracacha latent virus E (GenBank 

MF136435, Figure 4) with respectively 57% aa identity and 56% nt identity in the full RdRp and the 

nearly full-length genome (Supplementary Table S4). The genome organization of CaEV-1 is typical 

for the genus, with five predicted ORFs (Figure 3). The first ORF, ORF0, encodes the P0 protein, which 

has been shown to act as an RNA silencing suppressor (Fusaro et al., 2012). The second ORF, ORF1, 

harbors a conserved serine-like protease motif (Peptidase S39, Pfam PF02122). The third ORF, ORF2, 
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is translated by a -1 ribosomal frameshift of ORF1, resulting in an ORF1-ORF2 fusion protein, which 

encodes the viral RdRp. The fourth and fifth ORFs, ORF3 and ORF4, respectively encode the CP (with 

a conserved luteovirus CP motif, pfam PF00894) and the CP-RT expressed by readthrough of the ORF3 

stop codon, which contains a pfam PF01690 conserved motif and is thought to be involved in aphid 

transmission (Jolly and Mayo, 1994). CaEV1 lacks a movement protein, which is typical for members 

of the Enamovirus genus. CaEV1 was more prevalent in wild carrot populations, being detected in 11/23 

wild populations and in only 2/15 cultivated populations and one off-type population from France and 

was not detected in Spain. In France, it was geographically limited to southwest France, including 

Nouvelle Aquitaine and one population sampled in Occitanie (Supplementary Table S5). 

Several polerovirus-associated RNAs have been identified in the French and Spanish carrots virome 

including carrot red leaf virus-associated RNA (CtRLVaRNA), beet western yellows virus-associated 

RNA (BWYVaRNA), and two other such molecules detected for the first time in carrots, arracacha 

latent virus E-associated RNA (ALVEaRNA) and a new agent, carrot red leaf virus-associated RNA 2 

(CtRLVaRNA-2). These self-replicating subviral agents depend on helper viruses of the family 

Solemoviridae for aphid transmission and have recently been classified as tombus-like associated RNAs 

(tlaRNAs) due to their phylogenetic affinities to the family Tombusviridae (Campbell et al., 2020). A 

detailed description of their diversity, distribution and preferential association with either wild or 

cultivated carrots within this metagenomic study has recently been provided (Schönegger et al., 2022a). 

Moreover, two novel hammerhead ribozyme containing single-stranded circular satellite RNAs carrot 

red leaf virus satellite 1 (CtRLV Sat1) and carrot red leaf virus satellite 2 (CtRLV Sat2) have also been 

identified in Spanish and French carrot populations and reported in detail recently (Babalola et al., 2022). 

Menzel et al. (2009) had described two linear single-stranded satellite RNAs of respectively 745 and 

748 nt and named carrot mottle virus satellite RNA (CMoVsatRNA) and carrot mottle mimic virus 

satellite RNA (CMoMVsatRNA). These two satellites are closely related, since they show 94% nt 

sequence identity with each other. Given the diversity of these two satellites and their very close 

relationship, it was not possible to easily distinguish them and, for the sake of simplicity, all related 

contigs identified in our study were annotated as representing CMoVsatRNA. It was identified from 

https://fr.wikipedia.org/wiki/Pyrénées-Atlantiques
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most of the French populations (41/44, 93%) and all Spanish populations. In addition, smaller contigs 

of ~320 nt (average coverage of the retained reference contig 620x) were identified from various French 

populations and showed a more distant relationship to CMoVsatRNA, with only 84-85% nt identity in 

BLASTN searches with CMoVsatRNA and CMoMVsatRNA. These contigs are therefore tentatively 

considered as representing a distinct satellite RNA, for which the name carrot mottle virus satellite RNA 

2 (CMoVsatRNA2) is proposed. This additional satellite was preferentially identified in French wild 

carrot populations (91%, 21/23) as compared to cultivated (27%, 4/15) or off-type (43%, 3/7) 

populations. It was identified in three regions of France (Supplementary Table S5) but not in Spain. 

Known and novel Betaflexiviridae members in the carrot virome 

Two chordoviruses, carrot chordovirus 1 (CChV1) and carrot chordovirus 2 (CChV2) have been 

described from carrot samples in the UK (Adams et al., 2014). Both viruses were identified at low 

frequency in the French carrots virome (CChV1 in one cultivated, one off-type and one wild population; 

CChV2 in two cultivated and two wild populations).  

In addition, two novel chordoviruses, for which the names carrot chordovirus 3 (CChV3) and carrot 

chordovirus 4 (CChV4) are proposed, have been identified in one off-type population (FR20-8, 

Supplementary Table S1) and one wild population (FR20-16, Supplementary Table S1), respectively. A 

6,860 nt scaffold (39x average coverage) was obtained for CChV3, covering ~84% of the full genome. 

In GenBank BlastN searches, this contig shows highest homology to hogweed virus 4 (HV4, GenBank 

OK032418). Pairwise comparisons of CChV3 with HV4 show highest pairwise aa identities of 67% and 

69% in the RdRp and CP gene, respectively (Supplementary Table S6, Figures 5A and 5B), which are 

well below the 80% aa identity species cut-off thresholds for these proteins in the Betaflexiviridae. 

CChV4, identified as a 7.7 kb nearly complete genome with 23x average coverage (Table 1), also shows 

highest aa pairwise identities to HV4, with respectively 71% and 69% in the RdRp and CP. Similar to 

lettuce chordovirus 1, the two novel chordoviruses show four predicted ORFs, encoding from 5' to 3' a 

large, ca. 210 kDa replicase (REP), a 30K-family movement protein (Pfam PF01107), a capsid protein 

(Pfam PF05892) and a fourth protein (12.3 kDa) of unknown function (Figure 6A). CChV3 and CChV4 

https://www.ncbi.nlm.nih.gov/nucleotide/OK032418.1?report=genbank&log$=nuclalign&blast_rank=1&RID=MS50V3PU013
https://www.ebi.ac.uk/interpro/entry/pfam/PF01107/
https://www.ebi.ac.uk/interpro/entry/pfam/PF05892/
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share with each other respectively 73% and 69% aa identy in the RdRp and CP and cluster together in 

the corresponding reconstructed phylogenetic trees (Figures 5A and 5B, Supplementary Table S6). 

A tentative novel vitivirus, carrot vitivirus 1 (CaVV1), was identified in a single population of wild 

carrots sampled in 2020 in Gironde, France (FR20-20, Supplementary Table S1). This is, to our 

knowledge the first report of a member of the genus Vitivirus infecting carrots. A near complete CaVV1 

genome scaffold of 7.5 kb with an average coverage of 221x was reconstructed (Table 1). It shares the 

highest identity with a partial sequence of mint vitivirus 2 (MV-2, GenBank NC_043088) with 83% aa 

identity (72% nt identity) in the RdRp (Supplementary Table S6). While this value is above the species 

demarcation criterion, the partial MV-2 RdRp sequence comprises only ~30% of the REP, so that it is 

not possible to estimate overall REP relatedness, but it is estimated to be lower than the computed 83%, 

since the available MV-2 sequence covers the most conserved part of the REP protein. The pairwise aa 

distances in the CP between CaVV1 and MV-2 is 78%, below the species cut-off threshold. The next 

closest virus in the pairwise comparisons is tomato vitivirus 1 (GenBank OL472239) with respectively 

70% and 81% aa identity in the RdRp and CP (Supplementary Table S6). CaVV1 shows a typical 

vitivirus genome organization including five ORFs encoding from 5' to 3' a replicase, a 20K-protein of 

unknown function typical of genus members, a movement protein, a capsid protein and a nucleotide 

binding protein (Figure 6B). Interestingly, CaVV1 ORF2 does not have a canonical AUG codon but 

could be expressed from an alternative CUG start codon.  

Known and novel closteroviruses in the carrot virome.  

Carrot yellow leaf virus (CYLV), a known member of the Closterovirus genus, was identified in one 

cultivated population sampled in 2019 in Gironde (FR19-10, Supplementary Table S1) and in one wild 

population from north of France (FR20-22, Supplementary Table S1). Carrot closterovirus 1 (CtCV1), 

previously described in the UK (Adams et al., 2014), was also identified in the same wild carrot 

population from north of France. Two additional novel viruses of the Closterovirus genus were 

identified from a few French or Spanish carrot populations. A large contig covering a nearly complete 

genome (16.3 kb, average coverage 24,536x, Table 1) was obtained from a cultivated carrot population 

(FR20-9, Supplementary Table S1) and corresponds to a novel closterovirus for which the name carrot 
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closterovirus 2 (CtCV2) is proposed. A second large contig of 14.6 kb was initially assembled from a 

different cultivated population (FR20-11, Supplementary Table S1) sampled in 2020 in France. The 

contig was extended by repeated mapping of residual reads to obtain a near complete genome scaffold 

of 16.3 kb (4,173x average coverage, Table 1) for a second novel closterovirus, for which the name 

carrot closterovirus 3 (CtCV3) is proposed. CtCV3 was identified in two French populations, one 

cultivated from Nouvelle Aquitaine and one wild from Ile-de-France (20-11 and 20-16, Supplementary 

Table S1), and in four cultivated Spanish populations (ES21-1B, ES21-2, ES21-3 and ES21-5, 

Supplementary Table S1). These two novel closteroviruses show a genomic organization with 10 

predicted ORFs typical for the genus. The 5’ ORFs 1a and 1b encode replication associated proteins: 

P1a contains RNA methyltransferase (MET) and RNA helicase (HEL) domains, while P1b, expressed 

by a +1 ribosomal frameshift of ORF1a encodes RdRp. The 3’ proximal ORFs are expressed from 

monocistronic subgenomic (sg) RNAs with five downstream genes that are highly conserved among 

Closteroviridae members (Dolja et al., 2006) including a ~6 kDa hydrophobic protein (p6), a HSP70 

homolog (HSP70h), a ~60 kDa protein (p60); the minor, duplicate capsid protein (CPd), and the major 

capsid protein (CP). The two novel closteroviruses, CtCV2 and CtCV3, encode an additional ~30 kDa 

protein of unknown function which is also present in the CYLV genome and in a few other 

closteroviruses, such as citrus tristeza virus (CTV, GenBank U16304) or beet yellow stunt virus (BYSV, 

GenBank U51931) (Figure 7). This gene is, however, apparently absent from the genome of CtCV1, 

which presents a more typical genomic organization. A unique feature of CYLV, CtCV2 and CtCV3 is 

the location of the p30 ORF, which is found dowstream the p6 ORF protein, whereas in CTV and BYSV, 

it is found directly downstream ORF1b (Figure 7). In addition, a unique genomic feature of the two 

novel closteroviruses is the position of the HSP70h ORF, which is located directly downstream of 

ORF1b, when in all other closteroviruses, it is located downstream the p6 ORF (Figure 7). Lastly, the 

genomes of the two novel closteroviruses contain two 3’ terminal ORFs encoding respectively p21 and 

p20 proteins whose homologs in BYSV have been shown to be involved in systemic movement and 

suppression of RNA silencing, respectively (Dolja et al., 2006). 

https://www.ncbi.nlm.nih.gov/nuccore/U16304
https://www.ncbi.nlm.nih.gov/nuccore/U51931
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The two novel closteroviruses share respectively 83% and 61% aa identity in their RdRp and in the full 

ORF1a-ORF1b fusion protein, respectively. Pairwise comparisons in the HSP70h and the CP show 

respectively 80% and 70% aa identity between CtCV2 and CtCV3 (Supplementary Table S7). Both 

viruses share 74-78% aa identity, 65-68% HSP70h aa identity and 44-47% CP aa identity CtCV1 and 

CYLV. Even though the pairwise distances in the RdRp and HSP70h gene show that the two novel 

closteroviruses are related, their distance is above the ICTV species demarcation threshold of 25% aa 

divergence in the CP. Altogether, these comparisons suggest that the assembled genomes correspond to 

viruses that belong to two distinct and novel species.  

A new alphaendornavirus in a wild carrot population 

A novel alphaendornavirus was identified from a wild carrot population sampled in the north of France 

in 2020 (FR20-18, Supplementary Table S1). According to our knowledge, this is the first record of a 

virus of the Endornaviridae family infecting carrots. The assembled genomic scaffold of 14.6 kb 

(average coverage 608x, Table 1) represents a near complete genome and shows highest phylogenetic 

affinities to winged bean alphaendornavirus 1 (WBEV1, GenBank NC_031336) and fagopyrum 

esculentum endornavirus 1 (FeEV1, GenBank LC500285) with 54-55 % pairwise nt identity and 44-

45% pairwise aa identity over the genome polyprotein (Supplementary Table S8). CaAEV1 clusters 

together with these two viruses and with related members of the genus Alphaendornavirus, separately 

from members of the Betaendornavirus genus but its divergence level with WBEV1 and FeEV1 

unmistakeably make it a novel species (Figure 8). 

Novel Spinareoviridae identified in wild carrot populations in France 

Two novel viruses, carrot reovirus 1 (CaRV1) and carrot reovirus 2 (CaRV2), have been identified in 

wild carrot populations in France. Contigs for ten RNA genomic segments could be obtained for CaRV1, 

which was identified in three wild populations (FR20-18, FR20-20, FR20-21, Supplementary Table S1) 

sampled in 2020 in France. On the other hand, only three genomic segments, including one encoding 

the viral RdRp, could be identified by Blast searches for CaRV2, which was identified in only two 

populations sampled in different parts of the north of France (populations FR20-19 and FR20-22, 

Supplementary Tables S1 and S5). Both viruses show homologies to members of the family 
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Spinareoviridae (previously Reoviridae) and group in separate subclusters of a clade composed of rice 

ragged stunt virus (RRSV, Oryzavirus) and unclassified plant-associated viruses, including grapevine 

Cabernet Sauvignon reovirus (GCSV) and raspberry latent virus (RpLV) (Figure 9). The latter was 

proposed to belong to a novel genus in the previously listed Reoviridae family (Quito-Avila et al., 2011). 

Eight out of 10 obtained CaRV1 genomic segments appear to be full length and show nearly identical 

conserved ends as seen for RpLV (Quito-Avila et al., 2011) with the conserved tetranucleotide AGUU 

at the 5’ termini and the hexanucleotide GAAUAC at the 3’ termini. Pairwise RdRp aa identities of 

respectively 71% and 66% between CaRV1 and GCSV or RpLV, distances that are well below the 86-

94% aa identities registered between maize rough dwarf virus, southern rice black-streaked dwarf virus 

and rice black streaked dwarf virus, which are all ICTV accepted species (Supplementary Table S9). If 

a new genus is created at some point to include RpLV, CaRV1 would clearly be a candidate to be 

integrated in this genus, together with GCSV (Figure 9). In the case of the partial CaRV2 RdRp, the 

highest aa identity recorded, 68%, was with Hubei reo-like virus 5 (KX884720), a virus identified from 

insect metagenomic data. 

Other double-stranded RNA viruses identified in the carrot virome 

A few viruses of the family Partitiviridae have been reported to infect carrots. A member of the genus 

Alphapartitivirus, carrot cryptic virus (CaCV), has been reported in Germany (Willenborg et al., 2009) 

and unassigned Partitiviridae members have been reported in Japan (Natsuaki et al., 1990), referred to 

as carrot temperate viruses 1-4 (CteV1-4). Unfortunately, no reference isolates or sequence information 

are available for the latter. In the 9th Report of Virus Taxonomy (Ghabrial et al., 2012), CteV1, CteV2 

and CteV4 have been listed as members of the Alphapartitivirus genus and CteV3 in the genus 

Betapartitivirus. CaCV has been detected in a high proportion of cultivated (11/15, 73.3%) and off-type 

carrot populations (6/7, 86%) but was only detected in one wild population sampled near Bordeaux 

(FR20-15, Supplementary Table S1). Three other viruses from different Partitiviridae genera were also 

identified. A divergent variant of dill cryptic virus 2 (DiCV2) was detected in all three types of carrot 

populations, infecting a higher proportion of wild carrot populations (6/23, 39%) than cultivated (2/15, 

8%) or off type ones (1/7, 14%). It was geographically limited to the region Nouvelle-Aquitaine 
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(Supplementary Table S5). The DiCV2 carrot isolate here identified shows significant divergence from 

the type DiCV2 from dill in GenBank (NC_021147 and NC_021148) showing with it only 88% and 

86% pairwise aa identity in the RdRp and CP, respectively (Supplementary Table S10), which are 

borderline values for species demarcation according to the ICTV guidelines for the genus 

Betapartitivirus (Ghabrial et al., 2012). Phylogenetically, DiCV2 isolates cluster together with other 

betapartitiviruses and are clearly separated from other genera in the Partitiviridae family (Figure 10A). 

Two novel members of the Deltapartitivirus genus have also been identified in the carrot virome, 

representing to our knowledge the first report of deltapartitiviruses in carrot. These two novel viruses 

are referred to as carrot cryptic virus 2 (CaCV2) and carrot cryptic virus 3 (CaCV3) and typically possess 

two RNA segments of about 1.5 kb each. RNA1 codes for the viral RdRp and RNA2 for the CP. CaCV2 

was detected in 8/23 (34.8%) cultivated and 4/15 wild populations (26.7%), both in north and southwest 

France (Supplementary Table S5). It was also detected in one cultivated Spanish population (ES21-1A). 

The two contigs assembled for the genomic RNAs of CaCV2 have an average coverage of 31,529x 

(Table 1). CaCV2 is most closely related to persimmon cryptic virus (GenBank HE805113-14) and, 

based on the RdRp, clusters with other members of the Deltapartitivirus genus (Figure 10A). A similar 

clustering was observed when using the CP (not shown). The second novel deltapartitivirus CaCV3 was 

identified from a single wild carrot population in Spain (ES21-4, Supplementary Table S1). Similarly, 

to CaCV2, the genomic contigs assembled had very deep average coverage (13,634x, Table 1) and 

CaCV3 shows clear phylogenetic affinities to members of the genus Deltapartitivirus (Figure 10A). 

Highest pairwise RdRp aa identity (68%) was observed with persimmon cryptic virus (YP_006390090), 

while the corresponding value for the less conserved CP was only of 42% with rhodiola cryptic virus 1 

(QED42889) (Supplementary Table S10). However, these two novel viruses cluster in different 

subgroups within the Deltapartitivirus clade and their RdRp and CP proteins are very divergent (Figure 

10A, Supplementary Table S10). Given the very limited information available on CTeV1-4, it is not 

possible to ascertain whether they might be similar to CaCV2 and CaCV3 reported here. 

Contigs showing similarities to members of the genus Amalgavirus (family Amalgaviridae) were 

detected in several French wild and off-type populations in both sampling years. The virus was not 

identified from French cultivated populations or from carrots sampled in Spain. A nearly complete 
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genome of this new amalgavirus, referred to as carrot amalgavirus 1 (CaAV1), was obtained from a wild 

carrot population sampled in 2020 in France (FR20-15, Supplementary Table S1). The obtained 3.2 kb 

contig (average coverage 929x, Table 1) harbors the two ORFs characteristic of amalgaviruses. ORF1 

encodes a 44 kDa protein (398 aa) of unknown function and ORF2, translated in the +1 frame with 

respect to ORF1, codes for a 118 kDa (1066 aa) fusion protein containing the RdRp. The overlapping 

ORF1-ORF2 sequence of CaAV1 contains the +1 ribosomal frameshift motif conserved among 

amalgaviruses (UUU CGN) (Nibert et al., 2016). CaAV1 does not seem to be closely related to any 

previously reported amalgavirus and shows highest RdRp pairwise aa identity of 48% with Gevuina 

avellana amalgavirus 1 (DAB41733, Supplementary Table S11). 

A short contig of 777 nt (19x average coverage, Table 1) showing sequence similarity to members of 

the genus Amalgavirus, was assembled from the reads from the wild population sampled in Spain (ES21-

4, Supplementary Table S1). The sequence covers a central region of amalgavirus ORF2 and is most 

closely related to CaAV1 with 69% aa identity (Supplementary Table S11), which is in the range for 

species demarcation (65-70% aa identity in the RdRp) for the genus Amalgavirus. This contig is 

therefore considered as representing a partial genome of a distinct amalgavirus, with the proposed name 

carrot amalgavirus 2 (CaAV2). Even though the sequence of CaAV2 is only partial, raising uncertainties 

about the divergence level when analyzing complete proteins, pairwise identity levels between 

recognized amalgavirus species in the region encompassed by the available CaAV2 sequence are similar 

to the CaAV1-CaAV2 divergence level, providing evidence that the two sequences correspond to 

different species (data not shown). Both viruses cluster unambiguously within the Amalgavirus genus 

and away from zygosaccharomyces bailii virus Z (GenBank NP_624325), the only member of the 

second genus recognized in the Amalgaviridae family (genus Zybavirus) (Figure 10B). 

Two overlapping contigs of 923 nt and 4,254 nt were assembled from the reads from an off-type carrot 

population sampled in 2020 in Gironde (20-4, Supplementary Table S1). The contigs were scaffolded 

into a near complete genome of 5,128 nt (8876x average coverage, Table 1). This contig harbors two 

ORFs: ORF1 encodes a 793 aa protein corresponding to the CP, and ORF2, which overlaps ORF1 by 

only one nucleotide, encodes a 69 kDa (855aa) protein with a RdRp conserved motif. This genomic 
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organization is similar to that of viruses of the Totiviridae family, and the encoded proteins show 

affinities to those of Toviviridae members, so that it is proposed to refer to the identified virus as carrot-

associated toti-like virus (CaaTLV). In a BLASTN search, CaaTLV shares highest identities with black 

raspberry F virus (BRVF, GenBank EU082131). Pairwise comparisons of its CP and RdRp confirm 

BRVF as the most closely related virus with 65% and 73% aa identity in the CP and RdRp, respectively 

(Supplementary Table S12) and phylogenetic analyses demonstrate its affinities with a group of plant-

associated totiviruses (Figure 10C). Although the pairwise protein identity levels are above the accepted 

molecular demarcation criteria (50% aa identity threshold), the viruses in question originate from 

different host species, which is a biological ICTV demarcation criterion. In addition, RdRp identity 

levels between accepted plant-associated totiviruses are often well above the 50% threshold (e.g. 

between peach-associated virus 2 (QSV39138) and loquat-associated totivirus 1 (OK318989) with 71% 

aa identity, Supplementary Table S12), all providing evidence that CaaTLV may constitute a new 

species within the genus Totivirus. 

Unclassified putative novel Riboviria in the carrot virome  

Several large ca. 8 kb nearly identical (ca. 99-100% nt identity) contigs were obtained from different 

French cultivated and off-type carrot populations. These contigs span the nearly complete genome of a 

novel virus showing distant homologies to members of the Benyviridae family. The selected reference 

contig 8,068 nt long (average coverage 2927x, Table 1) harbours two predicted ORFs, the largest 

encoding a 244 kDa protein (2,201 aa) with viral RNA helicase (PF01443) and RdRp (PF00978) motifs 

and the smallest, 3' located, encoding a 18.5 kDa protein (165 aa) of unknown function (Figure 11A). 

The genome 3’end is polyadenylated, but the length of the polyA sequence was not determined. This 

genome organization is similar to that several other unclassified viruses in GenBank with homology to 

Benyviridae members (Figure 11B). In a BLASTN search, two recently released GenBank 1.2-1.3kb 

contigs (OM419188 and OM419189), referred to as carrot-associated RNA virus 1 (CaRNAV1) and 

obtained from a historical carrot sample collected in 2005 in Australia, show 99% and 100% identity to 

the sequence of the virus identified here, indicating that it should be referred to as carrot-associated 

RNA virus 1. The next most closely related viruses are red clover virus 1 (GenBank MG596242) and 

https://www.ncbi.nlm.nih.gov/nucleotide/MG596242.1?report=genbank&log$=nuclalign&blast_rank=3&RID=ND0D5WN4016
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Dactylorhiza hatagirea beny-like virus (BK013327), which show pairwise RdRp aa identity levels of 

43% and 39%, respectively (Supplementary Table S13). Accordingly, CaRNAV1 groups together red 

clover RNA virus 1 and other unclassified viruses in a separate cluster from accepted Benyviridae 

members and shows more distant relationships to other rod shaped viruses of the Virgaviridae family 

(Figure 11B). The virus was very frequently detected in the collected field carrot populations in both 

countries, infecting 100% of cultivated and off-type populations in 2019 and 82% of cultivated and 

100% of off type populations sampled in 2020 in France as well as all four cultivated Spanish carrot 

populations. 

Further identified putative novel Riboviria comprise carrot flavi-like virus 1 (CtFLV1) and carrot Ker-

like virus (CaKLV). The molecular characterization of CtFLV1 and its geographical distribution has 

recently been described by Schönegger et al. (2022b), while CaKLV, which shows homologies to 

viruses first identified in a viral metagenome from the Kerguelen island and together likely represent a 

potential higher order viral taxon will be presented elsewhere (TC, AM, DS et al., manuscript in 

preparation).  

DISCUSSION 

In the past decade, several studies have begun to explore the largely underestimated viral diversity in 

unmanaged ecosystems and the role of wild plants as virus reservoirs (Muthukumar et al., 2009; 

Roossinck, 2012; Thapa et al., 2015; Bernardo et al., 2018; Susi et al., 2019; Ma et al., 2020; Ma et al., 

2021; Maachi et al., 2022; Rivarez et al., 2022). The carrot pathosystem, consisting of cultivated and 

wild carrot populations, is particularly interesting with respect to metagenomic comparisons of virus 

communities due to the low genetic barrier to virus flow since both carrot types belong to the same 

species. This situation is further enriched by off-type carrot populations that most likely represent 

hybrids between cultivated and wild carrots contaminating commercial carrot seed lots (Magnussen and 

Hauser, 2007). In a large-scale effort, we characterized the virome of 15 cultivated, 23 wild and seven 

off-type carrot populations from five different regions in France over two years. In addition, five 

cultivated and one wild carrot populations were sampled in Spain. Using a highly purified dsRNA-based 

HTS approach, we identified a very rich virome including 45 viruses of which 25 are novel (Figure 1C). 

https://www.ncbi.nlm.nih.gov/nucleotide/BK013327.1?report=genbank&log$=nuclalign&blast_rank=4&RID=ND0D5WN4016
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In the majority of cases, very long contigs, often representing near full length genomes could be 

assembled from the reads derived from the pools of plants used, thanks to the deep average genome 

coverage achieved. With four exceptions, a coverage in excess of 150x was achieved for all novel viruses 

reported here (Table 1). This depth of coverage and ability to assemble very long contigs parallel results 

obtained in other comparable virome studies (Ma et al., 2020; Rivarez et al., 2022).  

In a limited screening of public carrot RNASeq transcriptomic data in GenBank sequence reads archives 

(SRAs), a total of seven viruses were identified, five of which are in common with the present study, 

with the other two identified viruses being the potyvirus carrot thin leaf virus and a novel Partitiviridae 

member distinct from those reported here (data not shown). The range of carrot infecting viruses with 

dsRNA genomes was extended through the identification of novel members of the families 

Amalgaviridae, Totiviridae, Spinareoviridae as well as two novel viruses of the Deltaparitivirus genus 

and one new host record for a divergent isolate of the betapartitivirus DiCV2. Most of the novel viruses 

were +ssRNA viruses that are aphid transmitted (Figure 1C) including members of the Closteroviridae, 

Solemoviridae and Tombusviridae families, as well as their associated subviral agents, that are known 

to be involved in complex systems of mutual complementation and assistance. Umbraviruses (family 

Tombusviridae), that lack a CP gene, do not form virus particles and therefore rely on helper viruses, 

characteristically from the family Solemoviridae (former Luteoviridae), for encapsidation and aphid 

transmission (Ryabov et al., 2012). The carrot motley dwarf disease complex is based on such an 

interaction between a polerovirus, CtRLV, and umbraviruses (CMoV or CMoMV), often in further 

association with an associated RNA (CtRLVaRNA). In this study, we identified a very diverse and rich 

spectrum of poleroviruses, umbraviruses and associated subviral agents. A total of four different 

poleroviruses was identified, two known (CtRLV, WtRLV) and two novel (CaPV1 and CaPV2), plus a 

new enamovirus (CaEV1). In addition, six different umbraviruses, three known (CMoV, CMoMV, 

WCMoV) and three new or potentially new (CaUV2 and CaUV3, CaUV1) were detected in different 

carrot populations in France, often in complex co-infections, when single plants were analyzed. The 

carrot virome was equally rich in subviral agents, with four different polerovirus-associated RNAs (also 

referred to as tombus-like-associated RNAs, tlaRNAs) identified in French and Spanish carrot 
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populations (Schönegger et al., 2022a). In addition, both linear and small circular, hammerhead-

containing satellite RNAs (Babalola et al., 2022) were detected. Synergistic interaction between 

poleroviruses and umbraviruses have been reported with destructive effects on different crops (Naidu et 

al., 1998, Mo et al., 2002) but there is little information on their precise interactions and even less so on 

the level of specificity or promiscuousness involved in these interactions. Recent studies investigating 

disease complexes under field condition parallel our findings of novel polero- and umbraviruses in 

coinfections with known viruses that are involved in helper-dependent disease complexes such as the 

CMD complex. Abraham et al. (2014) showed that a novel umbravirus and a novel satellite in mixed 

infections with the polerovirus potato leafroll virus (PLRV), were causing the Tobacco Bushy Top 

Disease (TBTD) in Ethiopia. Moveover, two novel poleroviruses, tobacco polerovirus 1 and tobacco 

polerovirus 2, have been identified in symptomatic TBTD affected plants coinfected with other viruses 

such as tobacco bushy top virus (genus Umbravirus), tobacco distorting vein virus (genus Polerovirus) 

and their associated satellites in China's Yunnan province (Tan et al., 2021). To gain deeper insights into 

virus prevalence and co-infection patterns, individual carrot plants of one cultivated and one wild 

population sampled in France in 2019 (FR19-7 and FR19-9, Supplementary Table S1) were individually 

tested by specific RT-PCR and analysed by dsRNA-based HTS (DS, TC, AM et al., in preparation). The 

results confirmed that plants were frequently coinfected by different known and novel poleroviruses, 

umbraviruses and associated subviral agents, suggesting complex and flexible interactions. Indeed, 

while arracacha latent virus E (ALVE, genus Enamovirus) was not observed in French or Spanish carrot 

viromes, arracacha latent virus E-associated RNA (ALVEaRNA) was frequently identified, often in 

coinfection with CtRLV which likely fulfils a helper virus role, thus indicating some degree of plasticity 

in associations between different helper and dependent viruses (Schönegger et al., 2022a). Co-infections 

likely explain that several tentative recombination events could be detected among members of the 

Polerovirus genus, including a statistically highly significant recombination in the CP-readthrough (CP-

RT) protein involving WCtRLV, CtRLV and the novel CaPV1. The CP-RT domain of the polerovirus 

genome has been shown to be the most variable genome part, with a high frequency of sites subject to 

positive selection, and has been suggested to be a major player in mediating adaptation to host plants 
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and vectors (Latourrette et al., 2021). Indeed, WCtRLV, together with CaPV1, was found exclusively 

in wild carrot populations, which in turn may be indicative of host adaptation. 

Two closteroviruses were previously known from carrot, CYLV and CtCV1. CYLV was first isolated 

from carrots showing leaf yellowing in Japan (Yamashita et al., 1976) and is semi-persistently 

transmitted by Cavariella spp. (Menzel et al., 2009). CYLV has 10 ORFs similar to beet yellows virus 

(BYV), but in comparison to other closteroviruses, the genome positions of the p6 and p30 ORFs are 

reversed. The second closterovirus, CtCV1 was identified in the frame of a diagnostic approach 

investigating internal root necrosis in carrot crops in the UK using HTS (Adams et al., 2014). In 

comparison to CYLV, CtCV1 lacks the p30 gene (Figure 7). We have identified two additional, closely 

related closteroviruses, CtCV2 and CtCV3 with an original genomic organization characterized by an 

HSP70h ORF located directly downstream of ORF1b (Figure 7). As pointed out by Dolja et al. (2006), 

five genes downstream the RdRp gene are highly conserved among members of the Closteroviridae 

family (p6, HSP70h, p60, CP and CPm) but their order is generally not conserved. A similar gene 

reshuffling is seen for example in the genera Ampelovirus and Crinivirus with a reversed order of the 

CPd and CP ORFs (Dolja et al., 2006). 

Another group of +ssRNA viruses identified is this study comprises the family Betaflexiviridae. The 

genus Chordovirus was recently accepted within the family Betaflexiviridae 

(https://ictv.global/taxonomy) and comprises carrot chordovirus 1 and 2 (CChV1 and CChV2), 

identified in the UK (Adams et al., 2014), lettuce chordovirus 1 identified in lettuce in France (Svanella-

Dumas et al., 2018) and hogweed virus 4, a sequence recently submitted in GenBank (OK032418) and 

obtained from a historical UK hogweed sample. We identified two novel chordoviruses, CChV3 and 

CChV4 as well as a novel vitivirus, CaVV1. Many viruses of the Betaflexiviridae family have no known 

insect or fungal vector. However, carlaviruses are generally transmitted by aphid vectors, while 

vitiviruses have been reported to be transmitted by mealybugs (Herrbach et al., 2017) and by the aphids 

Ovatus crataegarius and Cavariella spp. (Tzanetakis et al., 2007). Multiple studies have suggested that 

presence of a closterovirus or ampelovirus is required for insect-mediated transmission of vitiviruses 

(Tzanetakis et al., 2007; Bem and Murant, 1979), for a review see Maree et al., 2020. No infection by 

https://ictv.global/taxonomy
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closteroviruses was however detected in the carrot population in which CaVV1 was identified and it 

will be therefore of much interest to further investigate the transmission mode of the identified 

Betaflexiviridae family members in carrot populations and their potential dependence on other viruses 

for transmission. 

Previously unknown putative novel Riboviria have been found in different carrot populations including 

the recently described CtFLV1 (Schönegger et al., 2022b), carrot-associated RNA virus 1 and carrot 

Ker-like virus (TC, AM, DS et al., in preparation). Two ca. 1.2 kb contigs of carrot-associated RNA 

virus 1 have been identified in a 17 years old carrot sample from Australia (Fox et al., 2022) that are 

nearly identical to the near complete genomes we assembled for this virus exclusively identified in 

cultivated and off-type carrot populations from France and Spain. This suggests a very limited diversity 

of this virus in both space and time. CaRNAV1 was also identified from two public SRA datasets, 

SRR5829255 (cultivated carrot cv. Kurada sequenced in China) and SRR11243946 (cultivated carrot 

sequenced in Sweeden) (data not shown). A RT-PCR screening of seedlings germinated from carrot 

seeds from different origins has confirmed this low diversity and shown CaRNAV1 to be seed-

transmissible in carrot (DS, TC, AM et al., in preparation). 

Most of the identified novel viruses showed preferential associations with wild carrots, either occurring 

exclusively in wild populations or infecting only a small proportion of cultivated populations (Table 1). 

This suggests that wild plants may represent a reservoir of viral diversity from which novel viruses 

attacking carrot crops could potentially emerge, but also suggests that despite the close taxonomic 

relationship linking cultivated and wild carrots, host adaptation or other unforeseen barriers may limit 

flow of viruses between plants belonging to these two subspecies. Using HTS we have obtained a 

comprehensive picture of the carrot virome at the agroecological interface in two countries, France and 

Spain, which proved to be very diverse and rich, especially in viruses involved in complex interactions 

of mutual interdependencies for aphid transmission. Our results show that the carrot pathosystem 

provides a particularly interesting playground for further investigations of the poorly studied interplay 

between coinfecting helper and dependent viruses and of the evolutionary processes leading to 

synergistic or antagonistic virus-vector-host relationships under natural field conditions. 
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Table 1. Novel viruses identified in different carrot populations in France and Spain with details on the corresponding sequence library 

Virus Family Virus genus virus name virus acronym 
Genome 

type 

Accession 

number 

scaffold 

length (nt) 
mapped reads 

average 

coverage 

population 

type 
country 

Solemoviridae Polerovirus Carrot polerovirus 1 CaPV1 

ssRNA+ 

  5671  43652 (0.48%) 873x wild* France 

Solemoviridae Polerovirus Carrot polerovirus 2 CaPV2   5213  14916 (0.15%) 324x wild* France 

Solemoviridae Enamovirus Carrot enamovirus 1 CaEV1   5100  1403 (0.01%) 31x wild  France 

Tombusviridae Umbravirus Carrot umbravirus 1 CaUV1   3308  88394 (0.63%) 3033 wild  France 

Tombusviridae Umbravirus Carrot umbravirus 2 CaUV2   4255  22748 (0.24%) 605x wild  France 

Tombusviridae Umbravirus Carrot umbravirus 3 CaUV3   4059  50896 (0.36%) 1421x wild  France 

Closteroviridae Closterovirus  Carrot closterovirus 2 CtCV2   16302  3553362 (48.76%) 24536x cultivated France 

Closteroviridae Closterovirus Carrot closterovirus 3 CtCV3   16291 602434 (11.26%) 4173x cultivated France 

Betaflexiviridae Chordovirus Carrot chordovirus 3 CChV3   6881 2839 (0.05%) 39x off-type France 

Betaflexiviridae Chordovirus Carrot chordovirus 4 CChV4   7703 1672 (0.02%) 23x wild France 

Betaflexiviridae Vitivirus Carrot vitivirus 1 CaVV1   7546 14828 (0.43%) 221x wild France 

Endornaviridae Alphaendornavirus Carrot alphaendornavirus  CaAEV1   14578 80742 (1.87) 608x wild France 

linear ss satellite 

RNAs 
unclassified 

Carrot mottle virus satellite 

RNA 2 
CtMoVsatRNA2   323 1777 9 (0.01%) 620x wild France 

tombusvirus-like-

associated RNA 
unclassified 

Carrot red leaf virus-

associated RNA 2 
CtRLVaRNA2 ON603907  Schönegger et al., 2022a 

small circular ss 

satellite RNAs 
unclassified 

Carrot red leaf virus satellite 

1 
CtRLV Sat1 OM962993 Babalola et al., 2022  

small circular ss 
satellite RNAs 

unclassified 
Carrot red leaf virus satellite 
2 

CtRLV Sat2 OM962994.1 Babalola et al., 2022   

Partitiviridae Deltapartitivirus Carrot cryptic virus 2 CaCV2 

dsRNA 

  3329 932448 (24.19%) 31592x wild France 

Partitiviridae Deltapartitivirus Carot cryptic virus 3 CaCV3   3345 408353 (14.99%) 13634x wild Spain 

Amalgaviridae Amalgavirus Carrot amalgavirus 1 CaAV1   3223 26411 (0.26%) 929x wild France 

Amalgaviridae Amalgavirus Carrot amalgavirus 2 CaAV2   777 130 (0.00%) 19x wild Spain 

Reoviridae Reovirus  Carrot reovirus 1 CaRV1   26081 2792566 (32.23%) 12089x wild France 

Reoviridae Reovirus Carrot reovirus 2 CaRV2   3163 4372 (0.10%) 156x wild France 

Totiviridae Totivirus 
Carrot-associated toti-like 

virus 
CaaTLV   5128 403094 (4.98%) 8876x wild France 

putative novel 

Riboviria 

putative novel 

riboviria 
Carrot flavi-like virus 1 CaFLV1 ssRNA? OM681407.1 Schönegger et al., 2022b 

putative novel 

Riboviria 

putative novel 

riboviria 
Carrot Ker-like virus CaKLV ssRNA?   to be published elsewhere (TC, AM, DS et al., manuscript in preparation) 
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Table 2: Known viruses identified in the carrot virome 

Virus Family Virus genus Virus name Acronym 

Genome 

nucleic 

acid 

Accession number 

Solemoviridae Polerovirus Carrot red leaf virus CtRLV 

+ ssRNA 

NC_006265 

Solemoviridae Polerovirus Wild carrot red leaf virus WCtRLV LT615231 

Tombusviridae Umbravirus Carrot mottle virus  CMoV KF533714 

Tombusviridae Umbravirus Wild carrot mottle virus  WCMoV LT615232 

Tombusviridae Umbravirus Carrot mottle mimic virus  CMoMV NC_001726 

Closteroviridae Closterovirus  Carrot closterovirus 1 CtCV1 KF533697 

Betaflexiviridae Closterovirus  Carrot yellow leaf virus  CYLV KF533699 

Betaflexiviridae Chordovirus Carrot Chordovirus 1 CChoV1 NC_025469 

Betaflexiviridae Chordovirus Carrot Chordovirus 2 CChoV2 NC_025468 

Secoviridae Torradovirus Carrot Torradovirus 1 CaTV1 NC_025479 and NC_025480 

Potyviridae Potyvirus Apium virus Y AVY NC_014905 

Bromoviridae  Ilarvirus Solanum nigrum ilarvirus 1 SnIV1 MN216370 

linear ss satellite RNAs unclassified Carrot mottle virus satellite RNA  CMoVsatRNA NC_030649 

Tombusvirus like associated RNA unclassified Carrot red leaf virus associated RNA CtRLVaRNA NC_003871 

Tombusvirus like associated RNA unclassified Arracacha latent virus E associated RNA ALVEaRNA MF136436 

Tombusvirus like associated RNA unclassified Beet western yellows virus associated RNA BWYVaRNA KF533709 

Umbra-like associated RNA unclassified Parsley umbravirus 1 ParUV1 OM419177.1 

Partitiviridae Alphapartitivirus Carrot cryptic virus CaCV1 
dsRNA 

NC_038824 and NC_038823 

Partitiviridae Betapartitivirus Dill cryptic virus 2 DiCV2 NC_021147 and NC_021148 

putative novel Riboviria putative novel riboviria Carrot-associated RNA virus 1 CaRNAV1 ssRNA?  
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Figure 1. Geographical origin of the sampled carrot populations used in the present study (A-B) 

and proportion of known and novel viruses identified in their virome, together with the 

corresponding viral families (C). The maps show sampling locations in France (A) over two years 

(2019 and 2020) and in Spain (B) in 2021, with green pins corresponding to wild carrot populations 

and red and orange pins to cultivated and off-type carrot populations respectively. Maps were created 

using framacarte.org 
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Figure 2. Neighbour-joining trees reconstructed from full-length nucleotide alignments of the 

RdRp gene from identified umbraviruses and related reference sequences from GenBank (A) and 

from partial RdRp gene sequences from umbra-like-associated RNAs (B). A strict nucleotide 

identity distance was used and bootstrap values above 70% are shown (1,000 replicates). The scale bars 

represent 10% (A) and 5% (B) nucleotide divergence between isolates. Accession numbers are indicated 

for each reference sequence and novel viruses are indicated by black diamonds. The corresponding 

genus or umbra-like-associated RNA class is indicated to the right of each bracket. 
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Figure 3: Schematic representation of the genome organization of the novel viruses carrot 

enamovirus 1 (CaEV1) and carrot polerovirus 1 (CaPV1). The genomes of pea enation mosaic virus 

1 (PEMV1, Enamovirus, GenBank MN497824) and of carrot red leaf virus (CtRLV, Polerovirus, 

GenBank LC434063) are presented for comparison. Open reading frames are indicated by differently 

coloured arrows and their protein function described in the colour code. 
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Figure 4. Neighbour-joining tree reconstructed from amino acid alignment of the full length RNA-

dependent RNA polymerase from known and novel members of the Polerovirus and Enamovirus 

genera identified and of related reference sequences from GenBank. A strict amino acid identity 

distance was used and bootstrap values above 70% are shown (1,000 replicates). The scale bar represents 

10% amino acid divergence between sequences. Accession numbers are indicated for each reference 

sequence and novel viruses are indicated by black diamonds. The corresponding genus is indicated to 

the right of each bracket. 
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Figure 5. Neighbour-joining trees reconstructed from amino acid alignments of the RNA-

dependent RNA polymerase (A) and the capsid protein of novel viruses in the family 

Betaflexiviridae identified in the French carrot virome, the most related reference sequences in 

GenBank and representative members of each genus. A strict amino acid identity distance was used 

and bootstrap values above 70% (1000x replicates) are shown. The scale bars represent 10% amino acid 

divergence between sequences. Novel viruses are indicated by black diamonds and accession numbers 

are given for each reference sequence. Genera are indicated in italics at the right of the trees. 
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Figure 6. Schematic representation of the genome organization of selected chordoviruses (A) and 

vitiviruses (B). Viruses included in (A) are the novel carrot chordoviruses 3 and 4 (CChoV 3 and 4) and 

lettuce chordovirus 1 (LeCV1, GenBank NC_040627). Viruses included in (B) are the novel carrot 

vitivirus 1 (CaVV1), grapevine virus A (GVA, GenBank KC962564) and tomato vitivirus 1 (ToVV1, 

GenBank OL472239). Missing sequences in the novel genomes reported here are indicated by Ns at the 

corresponding genome location. Predicted open reading frames are indicated by arrows of different 

colours and the function of the encoded protein given in the colour code.  
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Figure 7. Schematic representation of the genomic organization of known and novel Closterovirus genus members. Viruses included are citrus tristeza 

virus (CTV), carrot closterovirus 1 (CtCV1), carrot yellow leaf virus (CYLV), and the novel carrot closteroviruses 2 and 3 (CtCV2 and CtCV3). ORFs are 

indicated as arrows in different colours and their function described in the colour code. Vertical arrows indicate putative +1 ribosomal frameshifts (+1RFS).  
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Figure 8. Neighbour-joining tree reconstructed from the amino acid alignment of the RNA-

dependent RNA polymerase of the novel carrot alphaendornavirus 1 and of reference sequences 

of members in the Alphaendornavirus and Betaendornavirus genera retrieved from GenBank. A 

strict amino acid identity distance was used and bootstrap values above 70% (1,000x replicates) are 

shown. The scale bar represents 10% amino acid divergence between sequences. Carrot 

alphaendornavirus 1 is indicated by a black diamond. Accession numbers are given for each reference 

sequence. Genera are indicated in italics on the right of lateral brackets 
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Figure 9. Neighbour-joining tree reconstructed from amino acid alignment of the RNA-dependent 

RNA polymerase of the newly identified carrot reovirus 1 and carrot reovirus 2 and of 

representative Spinareoviridae members and related unassigned viruses retrieved from GenBank. 

A strict amino acid distance was used and bootstrap values above 70% (1000 replicates) are shown. The 

scale bar represents 10% amino acid divergence between sequences. Novel viruses identified in this 

study are indicated by black diamonds and accession numbers are shown for each reference sequence. 

Genera are shown on the right of lateral brackets. 
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Figure 10. Neighbour-joining trees reconstructed from amino acid alignments of RNA-dependent RNA polymerase sequences of Partitiviridae members 

(A), Amalgaviridae members (B), and Totiviridae members (C). A strict amino acid identity distance was used and bootstrap values above 70% (1,000x 

replicates) are shown. Scale bars represent 10% amino acid divergence between sequences. Colour coding denotes the different genera within a family or, for 

totiviruses, the host (green for plant-associated viruses, brown for fungi-associated viruses). Novel viruses identified in this study are indicated by black diamonds 

and accession numbers are shown for each reference sequence. Genera are shown on the right of lateral brackets. 



Chapter II – Description of the identified carrot virome 

114 

 

Figure 11: Genomic organization of unclassified novel viruses with homology to the Benyviridae 

family, including carrot-associated RNA virus 1 (A) and neighbour-joining tree reconstructed 

from amino acid alignment of the RNA-dependent RNA polymerase of carrot-associated RNA 

virus 1 and of closely related sequences from GenBank (clade indicated in light pink), of selected 

Benyviridae members (clade indicated in red) and of selected Virgaviridae members (clade 

indicated in blue) (B). Carrot-associated RNA virus 1 is indicated by a black diamond and accession 

numbers are given for each reference sequence. A strict amino acid identity distance was used and 

bootstrap values above 70% (1,000 replicates) are shown. The scale bar represents 10% amino acid 

divergence between sequences. 
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Table S6: Betaflexiviridae RdRp pairwise amino acid identities 
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Table S9: Spinareoviridae RdRp pairwise amino acid identities 

Table S10: Partitiviriade RdRp and CP pairwise amino acid identities 

Table S11: Amalgaviridae RdRp fusion protein pairwise amino acid identities 

Table S12: Totiviridae RdRp and CP genes pairwise amino acid identities 
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Supplementary Figure S1: Recombination events identified for members of the Umbravirus 
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Virus family Virus genus number of sampled carrot populations 16 21 2 1 3 1 6

Carrot red leaf virus

Wild carrot red leaf virus

Carrot polerovirus 1

Carrot polerovirus 2

Enamovirus Carrot enamovirus 1

Carrot mottle virus

Wild carrot mottle virus

Carrot mottle mimic virus 

Carrot umbravirus 1

Carrot umbravirus 2

Carrot umbravirus 3

Umbravirus-like-associated RNA Parsley umbravirus 1

Carrot mottle virus satellite RNA

Carrot mottle virus satellite RNA  2

Carrot red leaf virus-associated RNA

Arracacha latent virus E-associated RNA

Carrot red leaf virus-associated RNA 2

Beet western yellows virus-associated RNA

Carrot red leaf virus Satellite 1

Carrot red leaf virus Satellite 2

Carrot yellow leaf virus 

Carrot closterovirus 1

Carrot closterovirus 2

Carrot closterovirus 3

Carrot chordovirus 1

Carrot chordovirus 2

Carrot chordovirus 3

Carrot chordovirus 4

Vitivirus Carrot vitivirus 1

Potyviridae Potyvirus Apium virus Y

Secoviridae Torradovirus Carrot torradovirus 1

Bromoviridae Ilarvirus Solanum nigrum ilarvirus 1

Alphapartitivirus Carrot cryptic virus 

Betapartitivirus Dill cryptiv virus 2 - carrot isolate

Carrot cryptic virus 2

Carrot cryptic virus 3

Carrot reovirus 1

Carrot reovirus 2

Endornaviridae Alphaendornavirus Carrot endornavirus 1

Carrot amalgavirus 1

Carrot amalgavirus 2

Carrot-associated toti-like virus

Carrot-associated RNA virus 1

Carrot flavi-like virus

Carrot Ker-like virus

Amalgaviridae Amalgavirus 

unclassified Riboviria unclassified 

Betaflexiviridae
Chordovirus

Partitiviridae

Deltapartitivirus

Reoviridae Reovirus

unclassified subviral 

agents

linear ss satellite RNA

Tombusvirus-like associate 

RNAs

small circular ss satellite RNAs

Closteroviridae Closterovirus 

Tombusviridae Umbravirus

France

2020

Solemoviridae
Polerovirus
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Figure S1 
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Figure S1 (continued) 
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A new flavi‑like virus identified in populations of wild carrots 
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Diversity of polerovirus-associated RNAs in the virome of wild and 

cultivated carrots 
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ABSTRACT 

A double-stranded RNA-based high-throughput sequencing (HTS) approach was used to 

analyze the virome of 31 wild, cultivated and off-type carrot populations sampled in 2019-2020 

in France. This revealed a rich virome comprising 36 viruses or virus-like agents of which 18 

are novel. Hierarchical clustering and bipartite network analyses demonstrate surprisingly 

different virome fingerprints between wild and field (cultivated and off-type) carrots. This is in 

part due to differences in persistent viruses infection patterns but differences were also observed 

for many aphid-borne viruses. About half of the viruses are shared among all three carrot 

population types, while some agents were uniquely associated to either wild or field carrots. 

RT-PCR testing of individual plants from eight populations for 16 aphid-borne viruses indicated 

widely different prevalence levels between field and wild carrots for many viruses. Despite 

their different genetic makeup, off-type carrots had a virome that was closely related to that of 

cultivated carrots growing side by side with them, suggesting a major impact of agricultural 

growth conditions in shaping virome richness, composition and individual viruses prevalence. 

While amplicons and HTS contigs sequence analysis provided evidence for the existence of 

viral fluxes between the wild and field compartments for most aphid-transmitted viruses, 

population genetics analyses indicated the existence of barriers limiting or altogether preventing 

these fluxes for several viruses or for some lineages within other species. The bases for these 

barriers, which might reflect differential susceptibility of carrot populations, vector preferences 

or yet other factors remain to be identified. 

Keywords: virome, dsRNA, high-throughput sequencing, reservoir, viral fluxes 
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INTRODUCTION 

Viruses are widespread biological entities that depend on their host to maintain their life cycle 

and are often transmitted by vectors. Their role is mainly regarded as that of disease-causing 

agents in humans, animals and plants. However, in wild plants, viruses are often asymptomatic 

or associated with mild or indistinct abnormalities (Cooper and Jones, 2006), which may be due 

to a long co-evolution between plants and viruses (Lefeuvre et al., 2019). In addition, a number 

of mechanisms are theoretically able to limit pathogens impact in wild plant communities, for 

example high plant species diversity with ensuing host dilution effects by non-host plant 

species, lower host population densities, and the presence of natural predators and parasites that 

may limit vector populations (Cooper and Jones, 2006).  

Major milestones in history, such as the domestication of wild plant species and the advent of 

agriculture around 10,000 years ago, or more recently global warming and the globalisation of 

markets, have changed the dynamics between hosts, pathogens and their environment (Cooper 

and Jones, 2006; Jones, 2014). These changes have likely led to more encounters between 

otherwise separate hosts and pathogens, facilitating virus emergence and disease epidemics 

(Elena et al., 2014). In modern agriculture, crops are usually part of a complex agro-ecosystem 

and lie adjacent to natural plant communities. This so called agro-ecological interface plays an 

important role in virus interactions between cultivated and wild environments (Haňcinský et 

al., 2020). Wild plants can serve as reservoirs for viruses that can then spread to neighbouring 

crops and, conversely, wild plant communities are increasingly exposed to plant viruses that 

can spill over from agroecosystems (Roossinck and García-Arenal, 2015; Malmstrom and 

Alexander, 2016). Therefore, the wild and cultivated compartments may interact more or less 

strongly in ways that are expected to shape virus populations. The undisturbed interactions 

between plants, vectors, and viruses in natural environments allow viruses to vary and adapt to 

different hosts and vectors, making wild plants the main source of virus diversity (Cooper and 
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Jones, 2006). In addition, host biodiversity has been predicted to alter disease risk by either 

increasing (amplification effect) or decreasing (dilution effect) pathogen diversity and 

prevalence (Pagán et al., 2012). To understand the ecology and composition of virus 

communities and their interaction and circulation between wild reservoirs and crop hosts, it is 

important to analyse virus communities across agro-ecological interfaces. Innovative genomic 

tools introduced in the 21st century such as high-throughput sequencing (HTS), allow to analyse 

in an unbiased way the structure of microbial communities in different ecosystems, including 

viral populations, allowing the detection of new viruses without any prior knowledge. During 

the last decade, a number of studies have been published looking at viral diversity in natural 

ecosystems (Muthukumar et al., 2009; Roossinck et al., 2010; Roosinck, 2011; Roossinck et 

al., 2015; Thapa et al., 2015; Fraile et al., 2017; Bernardo et al., 2018; Susi et al., 2019, 

Mahlanza et al., 2022) as well as virus movement between wild and cultivated hosts and the 

role of wild plants as virus reservoirs (Tugume et al., 2016; Ma et al., 2020, Maachi et al., 2022; 

Rivarez et al., 2022). Bernardo et al. (2018), using a landscape-scale geometagenomic 

approach, found that virus prevalence is higher in cultivated areas, with some virus families 

preferentially associated with agriculture. Similarly, Thapa et al. (2015) found a significant 

relationship between plant virus community composition and host identity. Ma et al. (2020) 

compared viromes of tomato and of populations of the wild Solanum nigrum and found that 

these related species share a relatively low proportion of Operational Taxonomic Units (OTUs, 

a proxy for viral species) and exhibit high variability in virome richness between sites. They 

also showed that there was crosstalk between the viral populations in populations of these two 

plants but that there were also some unexplained cases where crosstalk was limited. Moreover, 

Maachi et al. (2022) observed virome overlap exclusively between crops and weeds of the same 

family, but also showed differentiation of some viral populations, suggesting that at least for 

one virus, there were few exchanges between crop and weeds of the same family. It can 
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therefore be expected that intrinsic plant and virus characteristics strongly influence the 

movement of viruses at the agroecological interface. As highlighted by Moury et al. (2017), the 

taxonomic relatedness of plants is an important barrier to virus infection of new hosts and thus 

is a strong contributing factor to virus host range determination. Similarly, Sallinen et al. (2020) 

showed that the host genotype plays a key role in the composition of virus communities. The 

host genetics and biology are therefore expected to ultimately influence virus communities and 

their circulation in the environment. In addition, environmental factors such as plant growth 

conditions and soil nutrient status can impact pathogen community structure and affect disease 

dynamics (Susi and Laine, 2021). Particularly for viruses circulating through the action of 

vectors, changes in host density, especially at the agro-ecological interface, can alter feeding 

behaviour, leading to increased frequency of inoculum transmission and consequent disease 

incidence (Burdon and Chilvers, 1982).  

Metagenomic studies aiming to compare virus communities, diversity and virus transfers 

between crops and weeds have so far focused on different species belonging to the same family 

or belonging to even more distantly related taxonomic groups (Ma et al., 2020; Maachi et al., 

2022; Rivarez et al., 2022). Cultivated (Daucus carota ssp. sativus) and wild (Daucus carota 

ssp. carota) carrots belong to the same species and represent a situation with the least botanical 

and genetic distance between a crop and a frequent wild weed that could act as a reservoir. 

Thus, wild and cultivated carrots represent a particularly interesting model system for 

comparative metagenomic analysis and for the analysis of viral fluxes between the wild and 

cultivated compartments. In particular, this pathosystem is expected to limit the impact of the 

species barrier and thus to impose fewer constraints on virus flow. Carrot is the most widely 

cultivated crop in the Apiaceae family and is grown on 1.1 million hectares worldwide (FAO, 

2020). The history of carrot domestication is relatively short, and the first domestication events 

are thought to have occurred in southwestern Asia (Afghanistan) only about 1,100 years ago 
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(Rong et al., 2014). The wild carrot, a biennial, weedy precursor to cultivated carrots is widely 

distributed in temperate regions and native to Europe, southwestern Asia and North Africa 

(Praciak, 2022). In France, the region Nouvelle-Aquitaine represents the largest carrot-growing 

area and 99% of the regional production area is concentrated in the Gironde and Landes 

departments (Anon, 2018), where carrot cultivation benefit from deep sandy soils. At the same 

time, these particular local pedoclimatic conditions have the consequence that wild carrots are 

in many places the only Apiaceae species growing outside of wet areas along streams and 

ditches.  

In total, more than 30 viruses from 12 different families are known to infect carrots (Wu et al., 

2022; Mihara et al., 2016; Brunt et al., 1996). In particular, the families Tombusviridae, 

Solemoviridae, Closteroviridae, Secoviridae and Potyviridae contain well-known carrot-

infecting viruses that can cause severe damage to carrot production (Adams et al., 2014; 

Rozado-Aguirre et al., 2016, Yoshida, 2020; Latham and Jones, 2004). For instance, Carrot 

motley dwarf disease (CMD) is a well-known carrot disease described for the first time by 

Stubbs (1948). It is caused by a mixed infection of a polerovirus, carrot red leaf virus (CtRLV) 

and an umbravirus, either carrot mottle virus (CMoV) or carrot mottle mimic virus (CMoMV) 

(Yoshida, 2020). In some instances, an associated satellite can also be involved in the complex 

(Menzel et al. 2009; Yoshida, 2020). The disease is known to be transmitted by the willow 

carrot aphid (Cavariella aegopodii) in a persistent and non-propagative way (Stubbs, 1948; 

Yoshida, 2020). However, it has been recently shown that the aphid Myzus persicae is also able 

to transmit CMD-involved viruses to different species of the Apiaceae family under laboratory 

conditions (Naseem et al., 2016). Infected plants exhibit chlorotic mottling and yellowing of 

foliage and can suffer from severe stunting (Stubbs, 1948; Menzel, 2009, Yoshida, 2020).  

As part of a large-scale virome study, different cultivated and wild carrot populations sampled 

along a north-south transect of France were analysed using an HTS-based approach. This 
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sequencing effort allowed the identification of a large number of known and new viruses. 

Genomic contigs have been assembled for all these agents (Schönegger et al., in preparation) 

and have been used here to analyse the virome structure of selected wild and cultivated carrot 

populations sampled over a two years period in Nouvelle-Aquitaine, France. The genetic 

structure of the populations of selected viruses was further analysed by RT-PCR amplicon 

sequencing and HTS virome analysis of individual plants. This study enables a holistic virome 

analysis at the agro-ecological interface with an in-depth insight into virus circulation between 

wild plants and a crop using carrots as a pathosystem characterized by particularly low 

taxonomic barriers to virus flow. 

Expecting higher viral species richness and lower virus prevalence in wild compared to 

cultivated carrots, we specifically aimed to address several questions: (i) how different or 

similar are the viromes of cultivated and wild carrots? (ii) is there evidence of virus exchange 

between wild and cultivated carrot populations or, on the contrary, evidence for the existence 

of barriers to virus movement? (iii) are specific virus assemblages identified in relation to their 

life history traits in a complex viral system of multiple dependence and assistance interactions?  

MATERIALS AND METHODS 

Sample collection and processing 

In summer 2019, 16 different carrot populations, including eight wild carrot populations, four 

cultivated populations and four off-type populations growing within cultivated carrot fields and 

showing some characteristics of wild carrots (early bolting, small, often white, tap root), 

suggesting an origin from contaminations of the planted commercial seed lots (thereafter 

referred to as off-type carrots) were sampled in the Landes and Gironde departments of 

Nouvelle-Aquitaine, France. A similar sampling was carried out in the summer of 2020 in the 

department of Gironde and included seven cultivated populations (two of which were 

respectively sampled in the middle and at the edge of the same field), three off-type populations 
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and five wild carrot populations (two of which grew at the edge of two of the sampled fields). 

Thus, a total of 31 carrot populations were sampled in Nouvelle-Aquitaine (France) within a 

~50 km radius over two years. The geographic position of all sampling locations is shown in 

Figure 1 and characteristics of all sampled carrot populations are provided in Supplementary 

Table S1. Plants were sampled independently of the presence of viral symptoms but plants with 

obvious fungal infestation or necrosis were excluded. Leaf samples were stored desiccated over 

anhydrous CaCl2 (Sigma-Aldrich, Saint-Quentin-Fallavier, France) until used. For each 

population, a pool corresponding to 50 plants was assembled by pooling 0.1g of dried leaves 

per plant and grinding with mortar and pestle until a fine powder was obtained and stored for a 

short term (1-7 days) in a 10ml Falcon tube at room temperature until further use. Between each 

grinding step, bench and equipment surfaces were cleaned with 10% sodium hypochlorite 

solution followed by 70% ethanol. 

Double-stranded RNAs purification, Illumina sequencing 

Double-stranded RNAs (dsRNAs) were purified from each pool of carrot leaves by two rounds 

of CC41 cellulose chromatography and nuclease treatment as described (Marais et al., 2018). 

In parallel, a negative extraction control was similarly prepared using only buffer. Purified 

dsRNAs were converted to cDNA and randomly amplified while simultaneously adding MID 

tags by RT-PCR (François et al., 2018; Marais et al., 2018). Amplification products were 

purified using the MinElute PCR Purification Kit (Qiagen SAS France, Courtaboeuf, France) 

and their concentration determined spectrophotometrically. Equal amounts of amplification 

products from each pooled carrot population were prepared as independent sequencing libraries.  

In the case of two populations sampled in 2019 (one wild and one cultivated corresponding to 

populations 19_7 and 19_9, Supplementary Table S1), dsRNAs were also independently 

extracted from leaves of the 50 individual plants that had contributed to the pool (75 mg per 

plant). Following random amplification and MID-tagging as above, equal amounts of the 
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amplification products were used to prepare two separate multiplexed sequencing libraries, 

corresponding respectively to 50 wild and 50 cultivated carrot plants. All prepared libraries 

were sequenced in multiplexed format (2×150 bp) on an Illumina NovaSeq 6000 system at the 

GetPlaGe platform (GenoToul INRAE Toulouse, France).  

Bioinformatic analyses: demultiplexing and quality trimming, de novo assembly, contigs 

annotation and reads mapping to viral reference genomes 

Raw sequencing reads were imported into CLC Genomics Workbench (CLC-GW), version 

21.0.3, demultiplexed and trimmed on quality and length using default settings and a minimum 

read length of 60 nucleotides (nt). Contigs were subsequently assembled de novo, using a 

minimal length of 250 nt. Viral contigs were identified by a comparison against the non-

redundant sequence (nr) database in GenBank using BlastX (Altschul et al., 1990). Consensus 

virus genome sequences were reconstructed using de novo assembled contigs and, if needed, 

through extension by repeated mapping of remaining reads. Novel virus species were identified 

through calculating percent pairwise divergence with reference sequences using p-distance 

analysis as implemented in MEGA7 (Kumar et al., 2018) and following International 

Committee on Taxonomy of Viruses (ICTV) species molecular demarcation criteria for each 

virus genus or family.  

In order to compare the viromes of different carrot populations, sequencing depth for each 

library was first normalized by randomly subsampling reads to a common threshold using the 

read sampling tool in CLC-GW. Reads from normalized datasets were then mapped against a 

set of reference viral genomic sequences composed of reference sequences from GenBank (for 

known viruses) and of assembled genomic scaffolds for novel agents. Stringent mapping 

parameters were used (nt identity and length fraction both of 90%) in an effort to limit reads 

cross-mapping between closely related viruses. The mapped reads were then manually checked 

to ensure the identity of the detected virus. In order to address the well-known HTS inter-sample 



Chapter III – Analysis of carrot virome fingerprints and virus fluxes 

141 

 

crosstalk issue, two approaches were used to estimate it. The first one considered the viral reads 

identified in the blank control for each run. The second one used data from individually 

analyzed plants for which both RT-PCR and HTS data were available, so that plants that tested 

negative in RT-PCR but showed a few reads for a virus in the corresponding dataset could be 

used to calculate an average number of background reads per million sequencing reads. With 

this strategy, a separate detection threshold could be calculated for those viruses that were 

screened by RT-PCR. For viruses not tested by RT-PCR, we used as a threshold the average of 

the threshold values determined for the RT-PCR-tested viruses. Finally, the thresholds obtained 

for each virus using either the blank controls or the RT-PCR testing were compared and the 

highest value retained to establish the final HTS positive detection threshold for each virus 

which was used to clean the reads mapping table for each sample/virus combination. 

Analysis of genomic sequences, sequence comparison and phylogenetic analyses  

Multiple alignments of reconstructed genomes for known and new viruses identified in the 

carrot virome as well as of RT-PCR viral amplicon sequences from individual plants and of 

reference sequences retrieved from GenBank were prepared using ClustalW as implemented in 

MEGA 7 (Kumar et al., 2018). Neighbour-joining trees were inferred from alignments of whole 

genomes or of partial nt genomic sequences using strict nt or amino acid (aa) identities 

calculated using MEGA 7. The significance of branches was estimated with 1,000 bootstrap 

replicates. Genetic differentiation between populations of viral isolates from different carrot 

populations was evaluated using the Fixation index (Fst) as implemented in the DnaSP6 

software (Rozas et al. 2017). The Fst value calculates the genetic differences in terms of 

variances in the frequencies of the polymorphic sites between the tested viral populations. Fst 

values can range from 0 to 1, where values <0.18 indicate undifferentiated populations, values 

between 0.18 to 0.30 moderately differentiated and > 0.3 differentiated populations. 
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Total RNA extraction, RT-PCR detection and characterization of selected viruses 

Total RNAs were individually extracted from individual plants from eight carrot populations 

(two cultivated, one off-type and five wild populations) using the Nucleospin 96 RNA 

extraction kit (Macherey-Nagel, Hœrdt, France) following the manufacturer’s instructions with 

some modifications. Briefly 10 mg of dried plant material were transferred to a 2ml tube and 

one metal bead added. Samples were frozen at -80°C for at least 1h before proceeding. Frozen 

samples were ground using a horizontal shaker (Retsch MM301, Haan, Germany) for 1-2 min 

at a frequency of 30 Hz, until a fine powder was obtained. Cell lysis was performed by adding 

500 µl of RAP lysis buffer with 1% ß-mercaptoethanol and 1% polyvinylpyrrolidone 40 (Sigma 

Aldrich). Samples were gently mixed on a vertical shaker (Heidolph Unimax 2010, Germany) 

at 160 rpm for 5-10 mn and subsequently centrifuged for 10 mn at 10,000 g. To reduce viscosity, 

400 µl of the supernatant was transferred onto a NucleoSpin® Filter plate placed on a MN 

Square-well Block and centrifuged for 3 mn at 4,000 g. Binding conditions were adjusted by 

the addition of an equal volume of 70% ethanol to each sample. Upon completion of the RNA-

binding step, membranes were desalted by adding 500 µl Membrane Desalting Buffer. 

Subsequent to the DNase digestion step, total RNA was purified by a wash with 500 µl RA-2 

buffer and two further washes with 500 µl RA-3 buffer. RNAs were finally eluted in 96 well 

PCR plates by adding 50 µl RNase-free water to each sample, incubating for 2 mn and 

centrifuging at 4,000 g for 3-5 mn. 

Specific two-step RT-PCR assays (Marais et al. 2011) were developed for selected viruses of 

the family Solemoviridae, Tombusviridae and for satellite RNAs. Primers were designed using 

multiple alignments generated from contigs of the corresponding viruses obtained from virome 

data and of related viral references from GenBank. Primers were designed manually, targeting 

conserved sequences for the virus of interest that would allow its discrimination from related 

viruses, thus ensuring both inclusiveness (ability to detect all isolates of a virus) and specificity 
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(ability to only amplify isolates of the target virus). Details on these primers and on the 

developed RT-PCR assays are shown in Supplementary Table S2. PCR cycling condition were 

as follows: 40 cycles of each at 95°C for 30s, virus-specific annealing temperature (see 

Supplementary Table S2) for 30s and 72°C for 30s. 

Total RNAs from individual plants were analysed by RT-PCR in 96 well PCR plates and 

amplicons visualized following 1.2 % non-denaturing agarose gel electrophoresis. To confirm 

the specificity of the PCR assays and for subsequent sequence analysis of viral diversity, up to 

39 positive amplicons per virus and population were directly Sanger sequenced (Eurofins 

Genomics, Germany). 

Statistical analyses of virome fingerprints and virus associations: hierarchical clustering, 

bipartite network analysis and search for non-random virus co-occurrence 

Statistical analyses were performed using R software 4.2.1. Virome structure was analysed in 

terms of virome richness as the number of species detected in different carrot populations. After 

verification of the distribution normality and variance homogeneity, a two-sided t-test was used 

(confidence level 95%). To analyse differences in the nt diversity between virus populations of 

different aphid transmitted viruses identified in wild and cultivated carrots a distribution-free 

two sided Mann–Whitney–Wilcoxon test was performed. 

To further analyse virome fingerprints of different carrot populations, a hierarchical clustering 

was performed using the R package ‘stats’. Briefly, after z-score based scaling of mapped read 

numbers, non-parametric spearman rank correlation was used to generate a dissimilarity matrix. 

Complete linkage was used as agglomerative method. The clustering was visualized with the 

heatmap.2 function implemented in the “ggplot” package. To confirm the hierarchical 

clustering and to gain a deeper insight into the virus community structure, bipartite networks 

were created using the “bipartite” package in R. The network was designed with one set of 

nodes representing different virus taxa and the second set of nodes representing the host carrot 
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populations. An incidence matrix was derived from the table of mapped reads (used for the 

hierarchical clustering) and converted into a binary matrix indicating the presence (1, samples 

with ≥1 read above the positivity threshold determined as explained above) or absence (0) of 

the virus in each carrot population. Non-random virus-virus co-occurrences were calculated 

using presence/absence data from the RT-PCR-screening of aphid transmitted viruses in 

individual plants from five wild carrot populations. A probabilistic and distribution free model 

based on combinatorics implemented in the R package ‘cooccur’ (Griffith et al., 2016) was 

used to calculate non-random virus associations. The algorithm compares the probabilities of 

observed frequencies of co-occurrence being significantly higher, lower or equal to the 

expected frequencies by random and then, in each case, deduces positive, negative or random 

associations between pairs of viruses (Veech, 2013).  

RESULTS 

Overview of viruses detected in cultivated and wild carrots  

A total of 31 carrot populations including 11 cultivated, seven off-type and 13 wild populations 

sampled over two years in the Gironde and Landes departements (France) were analysed using 

a dsRNA-based metagenomic approach. This was part of a larger carrot virome study in France 

and Spain and the known and novel viruses thus identified will be described in detail elsewhere 

(Schönegger et al., manuscript in preparation). Sequencing libraries contained on average 41% 

of viral reads (range 1% to 80%). The analysis of the Gironde and Landes carrots revealed a 

very rich virome of 36 viruses including unclassified satellite RNAs. Half of the identified 

viruses (18) are already known agents assigned to seven different genera in seven different 

families (Solemoviridae, Tombusviridae, Betaflexiviridae, Secoviridae, Closteroviridae, 

Bromoviridae, and Partitiviridae) or represent unclassified Riboviridae or subviral agents 

(Table 1). For these analyses, CMoVsatRNA and CMoMVsatRNA were considered as 

representing a single species due to their high percentage of nucleotide identity (93%) and to 
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the ensuing difficulty to avoid reads cross-mapping between them. The remaining half (18 

viruses) are new viruses of the family Solemoviridae, Tombusviridae, Closteroviridae, 

Betaflexiviridae, Partitiviridae, Totiviridae and Amalgaviridae as well as two putative novel 

Riboviria and four subviral agents, two of which are circular hammerhead satellites recently 

described by Babalola et al. (2022) and one a tombusvirus-like associated RNA (tlaRNA) 

recently described by and Schönegger et al. (2022) (Table 1). A detailed description of these 

new agents will be presented elsewhere, together with other new carrot viruses identified in the 

virome of carrots sampled in Spain or in other regions of France (Schönegger et al., manuscript 

in preparation; Candresse et al., manuscript in preparation). A high temporal stability of the 

virome between sampling years was observed with 81% of viruses detected in both sampling 

years. The seven viruses responsible for the between years differences are rare viruses that were 

only detected in a single carrot population in one of the two years.  

Differentiation of the virome between wild and cultivated carrot populations 

The virome richness, defined as the number of virus species detected in each carrot population 

type over two years showed a significant difference between cultivated and wild carrots (p-

value = 0.004) with a higher virome richness in wild carrot populations (15.5±2.4 viruses 

compared to 12.2±2.6). Off-type carrot populations had an intermediate richness (14±1.8 

viruses), so that the differences with cultivated or wild populations were not statistically 

supported. A hierarchical clustering (HC) was performed using a weighted and scaled matrix 

based on the number of mapped reads against reference viral sequences. The analysis shows a 

strong separation in the clustering between wild and field carrot populations (Figure 2). Off-

type populations cluster together with cultivated populations (red cluster in Figure 2). The off-

type populations are morphologically and phenologically distinct from cultivated carrots and 

show some wild carrot traits suggesting they are either wild carrots or hybrids between wild 

and cultivated carrots that contaminated the commercial carrot seed lots. Nevertheless, they are 
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grouped together with the cultivated carrots, reflecting similarities in their virome structure. No 

clustering according to time or location was observed.  

More than half of the 36 identified viruses were detected in wild carrots (24 viruses, 66%), and 

four (16.7%) out of these were exclusively found in wild populations (Figure 3). These viruses 

comprise a known polerovirus, wild carrot red leaf virus (WCtRLV), a novel polerovirus, carrot 

polerovirus 1 (CaPV1, Schönegger et al., manuscript in preparation), a new tlaRNA, carrot red 

leaf virus-associated RNA 2 (CtRLVaRNA2, Schönegger et al., 2022) and an Ilarvirus reported 

here for the first time in carrots, solanum nigrum ilarvirus 1 (SnIV1, Ma et al., 2020). A similar 

pattern is seen in carrot populations sampled in cultivated fields with 75% (27) and 72.2% (26) 

viruses identified in cultivated and off-type populations, respectively. Remarkably, cultivated 

and off-type carrots have four viruses (11.1%) in common that are not found in wild carrots, 

when the corresponding value for shared viruses between cultivated and wild carrots or 

cultivated and off-type carrots is only two in each case (Figure 3). The viruses shared by 

cultivated and off-type carrots belong to the genera Closterovirus and Chordovirus and include 

also a tlaRNA, beet western yellows-associated RNA (BWYVaRNA) and a new unclassified 

virus showing distant homologies to members of the Benyviridae family, carrot-associated 

RNA virus 1 (CaRNAV1, Fox et al., 2022). No member of the Closterovirus and Chordovirus 

genera was found in wild carrots. About half of the viruses (47.24%, 17 viruses) are shared 

among all three population types (Figure 3). These viruses include mostly aphid-transmitted 

viruses such as members of the families Solemoviridae and Tombusviridae and satellite RNAs 

that are associated with them, but also one member of the Secoviridae family, carrot 

torradovirus 1 (CaTV1). Interestingly, all three population types also share seed-borne viruses 

of the family Partitiviridae, including a divergent isolate of dill cryptic virus 2 (DCV2) with 

respectively 83% and 82% nt identity over genomic RNAs 1 and 2 with the DCV2 reference 

isolate (NC_021147 and NC_021148). Another shared persistent virus is carrot cryptic virus 
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(CaCV), which however was detected in 82% and 86% of the cultivated and off-type 

populations, respectively, but was found in only one out of the 13 wild carrot populations (8%). 

A detailed listing of the viruses in different parts of the Venn diagram presented in Figure 3, 

with the corresponding number of infected populations in both years is given in Supplementary 

Table S3.  

Bipartite network analysis confirms contrasted viromes between wild and field carrot 

populations 

As a complementary virome fingerprint analysis, we used a bipartite network analysis based on 

an unweighted binary incidence matrix derived from the mapped reads matrix. In the network, 

one type of nodes corresponds to viruses and the other type of nodes to carrot populations 

(Figure 4). The network shows a division in the graph: in the right part, a concentration of nodes 

corresponding to field carrot populations (cultivated in red and off-type in orange) and in the 

left part, nodes corresponding to wild populations (in green). This pattern confirms the 

separation seen in the hierarchical clustering, even though it is less pronounced, which can be 

seen in the overlap of a cultivated population (20_2, Supplementary Table S1) with the cluster 

of wild populations in the network (Figure 4), indicating greater similarity of its virome with 

those of wild populations. Interestingly, population 20_2 was sampled on the outer border of a 

cultivated carrot field and directly adjacent to wild population 20_6 that bordered this field 

(Supplementary Table S1). Taking a closer look at both populations, 20_2 was the only 

cultivated population in 2020 in which the novel viruses CaEV1 and CtFLV1 were identified. 

Both of them were also identified in the adjacent wild 20_6 population. To determine whether 

the similarity in their virome was due to increased viral exchange, facilitated by the proximity 

of the cultivated population to the neighboring wild population, HTS contigs assembled for 

viruses shared between the two populations (two new and one known umbraviruses, CaUV2, 

CaUV3, and CMoV respectively) were extracted and compared in multiple alignments. CaUV2 
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and CMoV contigs showed 100% nt identity in overlap regions of respectively 1,063 and 300 

nt, while CaUV3 contigs showed a single nucleotide polymorphism over a 1,252 nt shared 

region. The same viruses show a lower sequence identity when compared to isolates from 

populations more distant in the network. For example, the isolates of CaUV2, CaUV3 and 

CMoV from the population most distant to 20_2 in the network, 19_3, showed respectively 29, 

67 and 7 mutations in a contigs overlap region of 1,170 nt. This observation of identical or 

nearly identical isolates shared by neighboring wild and cultivated populations is suggestive of 

the existence of viral exchanges between them. 

The network groups viruses that are highly connected (identified in all or most populations) in 

the center of the graph as larger overlapping nodes. Among those are CtRLV, WCMoV, CMoV, 

CMoMV and CMoVsatRNA and CtRLVaRNA, all of which are key-members of the CMD 

disease complex. Other viruses which cluster also in the center of the network are preferentially 

linked either to wild populations (e.g. CaUV2 and CaUV3, Supplementary Table S3) or to 

cultivated/off type populations (e.g. CaTV1, CaUV1 or ALVEaRNA, Supplementary Table 

S3). Viruses that are less connected (rare viruses) and/or those being specifically identified in 

one of the population types are positioned at the periphery of the network with CaPV1 or 

WCtRLV on the periphery of the wild nodes cluster and members of the genera Closterovirus 

and Chordovirus on the periphery of the cultivated cluster. The network effectively allows to 

visualize the different viruses present and shared (Figure 3, Supplementary Table S3) and 

confirms the different virome fingerprints between wild and field carrots seen in the hierarchical 

clustering (Figure 2). The network analysis also provides information at a qualitative level 

(presence/absence) that complements the quantitative level (number of reads) of the 

hierarchical clustering. The network analysis shows no grouping in terms of year of sampling 

or location, except for the case of the cultivated 20_2 population discussed above. 
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Population genetics of aphid-transmitted viruses 

To gain insights into the prevalence and diversity of aphid-transmitted viruses, individual plants 

from eight populations including two cultivated, one off-type and five wild populations (19_1, 

19_2, 19_7, 19_6, 19_9, 19_12, 19_13, 19_14, Supplementary Table S1) were screened by RT-

PCR for the presence of 16 viruses including CtRLV, CaPV1, CaPV2, CMoV, CMoMV, 

WCMoV, CaUV1, CaUV2, CaUV3, CtRLVaRNA, CtRLVaRNA2, ALVEaRNA, 

BWYVaRNA, CMoVsatRNA and CtMoVsatRNA2. The analysis revealed a significant 

difference in the prevalence of known and novel viruses between the cultivated and wild carrot 

populations (Table 2).  

With the exception of BWYVaRNA, which was only detected in a single plant of a single 

population, all other tested known viruses show a similar pattern with generally higher infection 

rates in field populations than in wild ones. The polerovirus CtRLV was thus detected in 100% 

of cultivated or off-type plants tested, as compared to a 14-42% prevalence in wild populations. 

Corresponding values for the CtMoV, CtMoMV, and WCMoV umbraviruses are respectively 

80-100%, 10-70% and 20-88% for field populations, to be compared with 16-64%, 9-30% and 

14-36% for wild populations, respectively (Table 2). The same pattern is again seen for 

associated RNAs and satellites (CtRLVaRNA, ALVEaRNA and CMoVsatRNA) with 

respectively 86-100%, 29-98% and 33-96% prevalence in field populations to be compared 

with respectively 9-54%, 0-10% and 16-40% prevalence in wild populations (Table 2).  

An opposite pattern is observed for most novel viruses, which generally show a higher 

prevalence in wild populations than in field ones from which the novel viruses are usually 

absent or show only sporadic infection of one to two plants per population (Table 2). One 

notable exception to this trend is CaUV1 which showed a 10-12% prevalence in cultivated 

carrots, 3% in the tested off-type population but was not detected in wild carrots (Table 2).  
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RT-PCR results from individually analyzed plants comprising five wild populations (19_7, 

19_6, 19_9, 19_12, 19_13, 19_14, Supplementary Table S1) were used to construct a binary 

matrix (1=present, 0=absent) of the 16 aphid-transmitted viruses tested that comprise the 

following three groups: 1) helper viruses of the family Solemoviridae, 2) dependent viruses of 

the family Tombusviridae and 3) dependent subviral agents (satellites and tlaRNAs). A co-

occurence analysis revealed 25 positive associations between pairs of agents (Figure 5). 

Interestingly, most positive associations were observed between dependent agents with the 

highest number between members of the Umbravirus genus (50%, 12/25) and between 

associated subviral agents and various umbraviruses (20%, 5/25) (Figure 5). Only 16% (6/25) 

of positive associations were found between Solemoviridae helper viruses and dependent 

Tombusviridae members (Figure 5). Two positive associations (8%) were found between helper 

viruses and associated satellites which in both cases are novel: CaPV1 and CaEV1 (helper 

viruses) were positively associated with CtRLVaRNA2 and CMoVsatRNA2 (dependent 

agents), respectively. A single positive association between two helper viruses, CaPV1 and 

CaEV1 was also observed. In general, the observed positive associations suggest a low level of 

specificity; for example, CtRLVaRNA was positively associated with three umbraviruses, 

CMoV, CMoMV and WCMoV. No statistically supported negative association was identified 

(Figure 5).  

RT-PCR amplicons and HTS contigs obtained for aphid-transmitted agents from individually 

analysed plants were used to generate multiple alignments for each virus consisting of up to 66 

sequences and additional closely related sequences from GenBank.  

These alignments were used to reconstruct neighbour joining phylogenetic trees and to calculate 

the degree of genetic differentiation between viral populations from different types of carrots 

by computing Fst values. 
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Populations of novel aphid-transmitted viruses (including CaUV1, CaUV2, CaUV3, CaPV1, 

CaPV2, CaEV1, CtRLVaRNA2 and CMoVsat2) being mainly present in wild carrots with an 

overall low prevalence (Table 2), did not show genetic differentiation according to Fst 

calculations or phylogenetic analyses (Supplementary Figure S2)  

The same is true for already known aphid-transmitted viruses, with the exception of WCMoV 

and CtRLV which showed evidence of genetic differentiation between carrot population types 

with Fst values of 0.23 and 0.36, respectively. In parallel, besides a main cluster grouping 

isolates from different carrot populations, the phylogenetic analysis of WCMoV and CtRLV 

isolates indeed reveals for both viruses the existence of a separate cluster of isolates specific of 

field (WCMoV) or wild (CtRLV) carrots, respectively (Figures 6A and 6B). 

Nucleotide diversity could be compared between wild and field populations using the multiple 

sequence alignments used for the phylogenetic analyses. For three of them, CtRLV, CMoV and 

CtMoMV, intraspecific diversity was significantly higher in wild carrots than in cultivated ones 

(Table 3). Conversely, WCMoV showed a higher diversity in cultivated carrots than in wild 

ones but the difference was not statistically significant (Table 3). As previously, viral 

populations from off-type carrots tended to show an intermediate behaviour. Only in the case 

of CtRLV the differences with both cultivated and wild carrot isolates was statistically 

significant (Table 3). Differences with wild carrot isolates were also significant for CMoV and 

WCMoV while that with cultivated carrot isolates was significant for CMoMV (Table 3). Since 

the diversity patterns observed for CtRLV and WCMoV might be a consequence of the 

existence of host-specific clusters of isolates (Figures 6A-B), the diversity was calculated again, 

after excluding the isolates from host-specific clusters. In the case of CtRLV, diversity of wild 

carrots isolates was still significantly higher (3.53%± 0.60%, p-value < 0.000) than that of 

cultivated carrots isolates (Table 3). In the case of WCMoV, removal of isolates from the field 

carrot-specific cluster resulted in a lower diversity of 2.11%± 0.24%, which is even lower than 
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the values observed for off-type or wild carrots (Table 3) and is statistically different from both 

with a p-value of 0.007 and 0.000, respectively. 

 

DISCUSSION 

In the present study, we compared the virome of cultivated (Daucus carota ssp. sativus) and 

wild (D. carota ssp. carota) carrot populations using a dsRNA-based virome characterization 

approach. Most metagenomic studies to date have compared plant viromes between wild and 

cultivated plants belonging to different species, genera or even families (Bernardo et al., 2018, 

Ma et al. 2020, Ma et al. 2021, Maachi et al. 2022). Here, carrots were used as a pathosystem 

in which the genetic barriers to virus movement are expected to be the lowest given that the 

hosts analysed belong to the same botanical species and that carrot domestication is relatively 

recent. Virome data at host population level were integrated with data at the level of individual 

plants by combining HTS-based virome characterization with RT-PCR amplicon sequencing. 

The analysis at these two different levels of resolution, from populations to individual plants, 

allowed to contrast specific virome fingerprints or prevalence rates of individual viruses and, 

for selected viruses, to analyse viral population genetics and viral movement at the 

agroecological interface.  

The dsRNA-based metagenomic approach used is able to capture all viruses with RNA 

genomes and to provide a powerful and inclusive representation of complex plant-associated 

viromes (Marais et al. 2018; Ma et al., 2019, 2020 2021). From 31 carrot populations, we 

identified a rich virome of 36 viruses, of which 18 are novel (Table 1). This virome is dominated 

by (+) ssRNA viruses, most of them being aphid transmitted, followed by dsRNA viruses. It 

also includes a substantial part of subviral agents including tlaRNAs and single-stranded, linear 

or circular satellite RNAs that are associated with aphid-transmitted viruses. This virome 
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appears to be relatively stable over time, since 81 % of the viruses were identified in both 

sampling years.  

In order to capture a large fraction of the virome, including viruses present at a low prevalence 

in the sampled carrot populations, we selected to analyse pools of 50 plants, similar to the 

strategy successfully used by Ma et al. (2020). HTS-sequencing of individual plants of a wild 

population (19_9) and a cultivated population (19_7, Supplementary Table S1) showed that 

94% of the viruses identified by single-plant analyses were identified by the analysis of the pool 

containing these plants, giving confidence in the representativeness and completeness of the 

virome descriptions achieved. A frequent problem in viral metagenomic studies is reads cross-

talk or "bleeding" between samples, which can result from experimental contaminations but 

also from low level index hoping during Illumina sequencing (Illumina, 2017; van der Valk, 

2019). In order to limit this problem, a double strategy was used here to develop a reliable 

positivity threshold for mapped reads of each virus, conservatively taking into account both 

read numbers in negative, buffer only controls, and comparison of HTS read numbers with RT-

PCR results from the testing of individual plants. This ensures a very low probability of false-

positive detections that could otherwise lead to the incorrect reporting of the presence of a virus 

in an analysed population. 

Using different strategies to analyse virome structure, including clustering and bipartite network 

approaches, we observed that field (i.e. cultivated plus off-type) and wild carrot populations 

show contrasted virome fingerprints (Figures 2 and 4). This is despite the fact that the two 

approaches rely on different types of data since hierarchical clustering takes into account the 

matrix of mapped reads against reference sequences (and therefore mapped reads numbers), 

while the network analysis only uses presence/absence data. This convergence of the two types 

of analyses gives strong credibility to the obtained results. Off-type carrot populations clustered 

together with cultivated carrot populations in both analyses (Figures 2 and 4). Off-type 



Chapter III – Analysis of carrot virome fingerprints and virus fluxes 

154 

 

populations were sampled in cultivated carrot fields but are morphologically and phenologically 

very different from cultivated carrots, showing early bolting and thin taproots typical of wild 

carrots. These tap roots were frequently white but in some instances were orangy, prompting 

the hypothesis that off-type plants might result from hybridization between wild and cultivated 

carrots in seed production fields. When analysed collectively, cultivated and off-type carrot 

populations share a slightly larger number of viruses (21) as compared to wild carrots with 

either cultivated or off-type populations (19) (Figure 3). The viruses they uniquely share are a 

novel, unclassified virus, CaRNAV1 (Fox et al., 2022), showing distant homologies to 

Benyviridae family members and viruses from the genus Closterovirus and Chordovirus 

(Figure 3, Supplementary Table S3). These families seem to be associated with the cultivated 

compartment as their members were uniquely detected in field carrot populations. This 

observation is in line with the findings of Bernardo et al. (2018) suggesting that some viral 

families can be preferentially associated with cultivated plants. However, members of the 

Closteroviridae family were not identified among those associated with agriculture in that 

study. It must also be noted that viruses found exclusively in field populations in this study are 

in most cases rare viruses that were detected in only 2-4 of the 18 populations analysed 

(Supplementary Table S3), so that their specificity could reflect a limitation in the number of 

wild populations sampled. A notable exception is CaRNAV1, which was detected in all 18 field 

populations but was absent from all 13 wild populations (Supplementary Table S3), even when 

sampled at the border of a field. Given its very recent discovery (Fox et al., 2022), there is very 

little information available on CaRNAV1 and it is today unclear whether it infects carrots or 

might infect another organism associated with carrots, such as a fungus.  

Most agents found specific for wild populations were detected in most or all tested populations 

(Supplementary Table S3), with the exception of the ilarvirus SnIV1 which was only detected 

in 3/13 populations. Remarkably, the other three agents specifically associated with wild carrot 
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populations, two poleroviruses (WCtRLV and CaPV1) and a tlaRNA (CtRLVaRNA-2) are 

expected to be transmitted by aphids. 

The differences in virome structure were paralleled by a statistically significant difference in 

virome richness at the viral species level between cultivated and wild populations, with higher 

virome richness in wild populations (15.5±2.4) compared to cultivated populations (12.2 ±2.6). 

This finding is in line with previous studies showing that wild plants are frequently infected 

with viruses and commonly harbour new viruses (Melcher et al. 2008, Muthukumar et al. 2009, 

Roossinck et al., 2010, Thapa et al., 2015, Bernardo et al., 2018, Ma et al. 2020, Rivarez et al., 

2022). However, it contrasts with the studies of Bernardo et al. (2018) and Ma et al. (2020) 

which revealed a higher virus richness in cultivated than in wild plants. However, it is difficult 

to compare these studies with the present results since the wild and cultivated species used were 

not as botanically close as here and since these studies either analyzed virome richness at family 

level (Bernardo et al.; 2018) or used OTUs as a proxy to species (Ma et al.; 2020).  

Besides differences in virome composition, strong differences in the prevalence of aphid-

transmitted viruses between field and wild populations were observed. The prevalence of 

known aphid-transmitted viruses was much higher in field carrots than in wild carrots for 

CtRLV, umbraviruses and associated subviral agents (Table 2). These results are in line with 

other studies at landscape level showing higher virus prevalence in managed or cultivated areas 

compared to less managed or wild areas (Pagán et al. 2012; Bernardo et al. 2018). The degree 

of human management has also been shown to impact aphids abundance and diversity (Al 

Hassan et al., 2013). Claflin et al. (2016) observed that crop dominated landscapes show a 

higher prevalence of the vector-transmitted potato virus Y and that aphids abundance is 

positively correlated with virus prevalence. The high density of host plants in cropping systems 

likely leads to an increased frequency of transmission and therefore to an increase in viral 

prevalence for epidemic viruses. 
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These viruses are transmitted by the willow carrot aphid, Cavariella aegopodii, an heteroecious 

species that alternates between primary, overwintering hosts (Salix spp.) and secondary hosts 

in the Apiaceae family (Dunn, 1965, Williams and Dixon, 2007). On the secondary hosts, 

several wingless generations are produced parthenogenetically and damaging dense aphid 

populations can develop. Migration of aphids from willows to carrots peaks in June and declines 

in late summer when winged, sexual forms are produced that migrate back to their primary 

hosts in autumn to mate and lay their eggs (Dunn, 1965; Williams and Dixon, 2007). The carrots 

populations analyzed individually in this study were sampled at the end of July, providing time 

for the spring flights to introduce virus inoculum in carrot fields and for further local spread by 

wingless forms in the dense field carrot populations, thus likely explaining the high prevalence 

levels observed.  

As shown in previous studies, wild plants are an important source of unknown viral diversity 

(Cooper and Jones, 2006, Roossinck, 2011; Roossinck, 2012) and a high proportion of novel 

viruses or variants were frequently found in unmanaged systems (Bernardo et al. 2018; Ma et 

al., 2020; Maachi et al. 2022, Rivarez et al. 2022). The finding of numerous new viruses in 

wild carrots is therefore not surprising. However, with the exception of CaUV1, the prevalence 

pattern of novel viruses belonging to aphid-transmitted genera was opposite to that of known 

viruses of the same genera, generally showing a higher prevalence in wild populations (4-20%) 

compared to field populations in which they were generally absent or infected only sporadically 

one or two plants per sampled population (Table 2). This raises the question of the origin of this 

difference in behavior. Based on single plant screening of five wild populations (the field 

populations data were not informative given the very high or very low prevalence rates), we 

analysed virus co-occurrence between known and novel members of the Solemoviridae and 

Tombusviridae families and associated subviral agents (Figure 5), as they are known to be 

potentially involved in assistance and complementation interactions. Indeed, the genome of 
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umbraviruses encodes an RdRp as well as two other proteins involved in cell-to-cell and long 

distance movement but lack a capsid protein necessary for the formation of transmissible virus 

particles (Syller, 2003). Consequently, umbraviruses depend on encapsidation by the capsid 

protein of poleroviruses or enamoviruses for their aphid transmission, while the movement of 

helper virus(es) may be facilitated by the movement proteins of the umbravirus (Syller, 2003 

and Yoshida, 2020). The analysis revealed 25 positive associations, with more than two thirds 

of them between dependent agents (umbraviruses and associated subviral agents). Surprisingly, 

only about 25% of positive association were between helper viruses and dependent agents 

(Figure 5). This was an unexpected result considering the strict dependence of umbraviruses 

and associated subviral agents on polerovirus/enamovirus assistance for encapsidation and 

aphid transmission. Two reasons could explain this low level of detection of the most expected 

interactions. The first is that promiscuity of dependent agents, with an ability to be assisted by 

different helper viruses would greatly affect the ability to detect statistically significant co-

occurences. The second would imply that although assisted, a dependent agent would not 

necessarily be simultaneously transmitted with its helper virus. Indeed, we observed that out of 

the 80 individually tested plants that showed mixed infections of umbraviruses with subviral 

agents, 33 (41%) did not show evidence for a concomitant infection by a polerovirus or 

enamovirus helper virus. This surprising finding parallels previous results on tlaRNAs showing 

coinfection of umbraviruses and tlaRNAs in the absence of helper viruses as demonstrated by 

HTS analysis of individual carrot plants (Schoenegger et al. 2022). However, a positive 

association could be observed between the key players of the CMD complex, the polerovirus 

CtRLV and the umbravirus CMoV. Yoshida et al. (2020) observed that a coinfection with 

CMoV and CtRLV can increase disease severity and RNA accumulation of CtRLV, while the 

RNA accumulation of CtRLV was abolished in the presence of CtRLVaRNA. The authors also 

found that CtRLVaRNA only occurred in coinfections with CMoV but never with CtRLV 
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alone. It can therefore be hypothesized that dependent viruses (umbraviruses or associated 

subviral agents) can be transmitted by vectors without concomitant transmission of the helper 

virus, in particular if the coinfecting agents have a negative impact on the helper virus 

accumulation (Yoshida, 2020). Umbraviruses could further assist subviral agents for movement 

within the plant but such a scenario would represent a dead-end infection without the 

encapsidation by the concomitant helper virus. Overall, the co-occurrence analysis suggests that 

there is little specificity in the associations between carrot dependent and helper viruses (Figure 

5A), indicating a significant level of promiscuity in this system of assistance and 

complementation. In particular, when considering the novel agents preferentially associated 

with wild carrots (CaPV1, CaPV2, CaEV1, CaUV2, CaUV3, CtRLVaRNA-2, CMoVsatRNA-

2), positive associations were detected both within this group of agents but also with known 

agents showing preferentially higher prevalence levels in cultivated carrots (Figure 5), 

weakening the hypothesis that a different aphid specificity might be responsible for the 

preferential association with wild carrots. 

To gain deeper insight into the movement of aphid-transmitted viruses between wild and 

cultivated carrots, we compared virus populations infecting the three different carrot population 

types through RT-PCR amplicon sequencing and HTS analysis of single plants. In the case of 

known aphid-transmitted viruses, a sufficient number of isolates were analyzed to compare 

nucleotide diversity between viral populations from wild, off-type and cultivated carrots. Three 

of these viruses, CtRLV, CtMoV and CMoMV show a higher intraspecific diversity in wild 

carrots compared to cultivated carrots (p-values <0.00). In the case of CtRLV, this was 

paralleled by the identification of a phylogenetic cluster of isolates specifically associated with 

wild carrots (Figure 6B). For WCMoV, a reverse trend was observed but was not statistically 

significant (Table 3), and a cluster of isolates specifically associated with field carrots was 

identified (Figure 6A). Taken together, these results suggest the existence of barriers to the 
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spread of some isolates of CtRLV and WCMoV between the wild and cultivated compartment. 

On the other hand, other isolates of these two viruses seem to be able to freely circulate between 

wild and field carrots, as evidenced by the lack of host population-based separation of isolates 

in the main phylogenetic clusters (Figure 6A-B). It is however not possible to decide on the 

directionality of the viral fluxes, from field to wild (spill-over), or from wild to field (spill-back 

from a wild reservoir). These results parallel those of Maachi et al. (2022), who identified a 

specific lineage of curcubit aphid borne yellows virus (CABYV) in the wild plant Ecballium 

elaterium that was genetically distinct from CABYV isolates in melon crops and those of Ma 

et al. (2020) for potato virus Y in the tomato/nightshade pathosystem. 

Taken together, the results reported here demonstrate surprisingly different virome fingerprints 

between wild and field carrots. This is in part due to differences in persistent viruses but 

differences were also observed for acute viruses, most of which are expected to be aphid-borne. 

Despite their different genetic makeup, off-type carrots had a virome that was closely related 

to that of cultivated carrots growing side by side with them, suggesting a major impact of local 

conditions, including those created by agriculture with dense populations of actively growing 

plants, in shaping virome richness, composition and individual virus prevalence. There is 

evidence that the host genotype and the environment are important drivers in shaping virus 

communities (Sallinen et al. 2021) and that changes in the nutrient supply (e.g. phosphorus or 

nitrogen) can alter prevalence and interactions among coinfecting viruses (Lacroix et al. 2014). 

While evidence was obtained for the existence of viral fluxes between the wild and cultivated 

compartments for most aphid-transmitted viruses, population genetics analyses indicated the 

existence of barriers limiting or altogether preventing these fluxes for some viruses or for some 

phylogenetic groups within other species. The bases for these barriers, which might reflect 

differential susceptibility of carrot populations, vector preferences or yet other sources remain 

to be identified. 
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Table 1. Known and novel viruses and virus-like agents identified in carrot populations sampled in 2019-2020 in Nouvelle-Aquitaine (France). 

 

Virus family Virus genus Virus name 
Virus 

acronym 

Known or 

novel 

viruses 

Category Accession no.  

Solemoviridae Polerovirus  carrot red leaf virus CtRLV 

Known 

(+)ssRNA 

NC_006265 

Solemoviridae Polerovirus  wild carrot red leaf virus WCtRLV LT615231 

Tombusviridae Umbravirus  carrot mottle virus  CMoV KF533714 

Tombusviridae Umbravirus  wild carrot mottle virus  WCMoV LT615232 

Tombusviridae Umbravirus  carrot mottle mimic viurs CMoMV NC_001726 

Closteroviridae Closterovirus carrot yellow leaf virus CYLV KF533699 

Betaflexiviridae Chordovirus carrot Ch virus 1 CChoV1 NC_025469 

Betaflexiviridae Chordovirus carrot Ch virus 2 CChoV2 NC_025468 

Secoviridae Torradovirus carrot torradovirus 1 CaTV1 NC_025479 and NC_025480 

Bromoviridae  Ilarvirus solanum nigrum ilarvirus 1 SnIV1 MN216370 

Partitiviridae Alphapartitivirus carrot cryptic virus  CaCV 
dsRNA 

NC_038824 and NC_038823 

Partitiviridae  Betapartitivirus  dill cryptic virus 2 DiCV2 NC_021147 and NC_021148 

unclassified unclassified carrot mottle virus satellite RNA 
CMoV-

satRNA 

linear ss 

satellite RNA 
NC_030649 

unclassified unclassified carrot red leaf virus associated RNA CtRLVaRNA 
Tombus-like 

associated 

RNA 

NC_003871 

unclassified unclassified arracacha latent virus E associated RNA ALEVaRNA MF136436 

unclassified unclassified beet western yellows virus associated RNA BWYVaRNA KF533709 

unclassified unclassified carrot umbra-like virus 1 CaULV1  OP889249 

Benyviridae  unclassified carrot associated RNA virus 1 CaRNAV1 unknown OP889248 
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Solemoviridae Polerovirus  carrot polerovirus 1 CaPV1 

Novel 

(+)ssRNA 

OP886450 

Solemoviridae Polerovirus  carrot polerovirus 2 CaPV2 OP886451 

Solemoviridae Enamovirus carrot enamovirus 1  CaEV1 OP886449 

Tombusviridae Umbravirus  carrot umbravirus 1 CaUV1 OP886454 

Tombusviridae Umbravirus  carrot umbravirus 2 CaUV2 OP886452 

Tombusviridae Umbravirus  carrot umbravirus 3 CaUV3 OP886453 

Closteroviridae Closterovirus carrot closterovirus 2 CtCV2 OP886455 

Closteroviridae Closterovirus carrot closterovirus 3 CtCV3 OP886456 

Betaflexiviridae Chordovirus carrot chordovirus 3 CChV3 OP886457 

Partitiviridae Deltapartitivirus  carrot cryptic virus 2 CaCV2 

dsRNA 

OP886461 and OP886462 

Totiviridae Totivirus carrot associated toti-like virus  CaaTLV OP886480 

Amalgaviridae unclassified carrot amalgavirus 1 CaAV1 OP886466 

unclassified unclassified carrot red leaf virus associated RNA 2  CtRLVaRNA2 
Tombus-like 

associated RNA 
OP889248 

unclassified unclassified carrot mottle virus satellite RNA 2 CMoVsatRNA2 
linear ss satellite 

RNA 
OP886481 

unclassified unclassified carrot red leaf virus satellite 1 CtRLV Sat1 
small circular ss 

satellite RNAs 
OM962993  

unclassified unclassified carrot red leaf virus satellite 2 CtRLV Sat2 
small circular ss 

satellite RNAs 
OM962994 

unclassified unclassified carrot flavi-like virus 1 CtFLV1 

unknown 

OM681407.1 

unclassified unclassified carrot Ker-like virus  CaKLV 

to be published elsewhere (TC, 

AM, DS et al., manuscript in 

preparation) 

. 
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Table 2.: Prevalence of known and novel aphid-borne viruses and virus-like agents in different carrot populations. The number of plants 

individually tested by RT-PCR for each population is indicated, together with the populations code (See Supplementary Table 1). Viral acronyms 

are according to Table 1. Cells are color coded with the intensity of the red shading corellated with viral prevalence. 

 

Population type and code number 

Cultivated Off-type Wild 

19_1 19_2 19_7 19_6 19_9 19_12 19_13 19_14 

(49 plants) (50 plants) (39 plants) (50 plants) (44 plants) (50 plants) (50 plants) (44 plants) 

Known viruses 

and satellites 

CtRLV 100% 100% 100% 24% 25% 20% 42% 14% 

CMoV 80% 100% 100% 16% 20% 18% 64% 20% 

CMoMV 10% 70% 56% 10% 9% 16% 30% 23% 

WCMoV 20% 88% 77% 14% 36% 20% 34% 23% 

CtRLVaRNA 86% 98% 100% 16% 9% 22% 54% 27% 

ALVEaRNA 29% 98% 95% 2% 0% 0% 10% 0% 

BWYVaRNA 0% 0% 3% 0% 0% 0% 0% 0% 

CMoV-satRNA 33% 96% 95% 18% 23% 40% 32% 16% 

Novel viruses and 

satellites 

CaUV1 12% 12% 3% 0% 0% 0% 0% 0% 

CaUV2 2% 2% 0% 4% 7% 14% 18% 14% 

CaUV3 0% 0% 0% 2% 5% 8% 0% 0% 

CtRLVaRNA2 0% 0% 3% 2% 11% 0% 2% 14% 

CMoV satRNA-

2 
0% 2% 0% 2% 5% 10% 20% 5% 

CaPV1 0% 0% 0% 6% 20% 6% 0% 16% 

CaPV2 2% 0% 0% 0% 0% 0% 0% 0% 

CaEV1 4% 0% 0% 6% 9% 4% 14% 14% 
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Table 3: Genetic diversity of different aphid-transmitted viruses and virus-like agents in different types of carrot populations. The values shown, 

together with their standard deviation, were calculated from multiple alignments of RT-PCR amplicons and HTS contigs sequences from 

individually analysed plants. P-values were calculated using a Mann-Whitney-Wilcoxon non parametric test. 

 

 

 

 

 

* p-value calculated to evaluate significance of a difference in diversity between isolates from cultivated and from wild carrots. 

 Carrot population type p-value* 

Cultivated Off-type Wild Cultivated/wild Cultivated/off-type Off-type/wild 

CtRLV 1.00% ± 0.31% 1.73% ± 0.46% 5.71% ± 0.87% 0.000 0.001 0.000 

CMoV 1.43% ± 0.52% 1.40% ± 0.52% 1.80% ± 0.58% 0.000 0.951 0.014 

CMoMV 3.73% ± 0.46% 6.73% ± 0.82% 8.19% ± 0.89% 0.000 0.002 0.131 

WCMoV 6.88% ± 0.79% 4.08% ± 0.22% 3.15% ± 0.46% 0.648 0.986 0.002 

CMoVsatRNA 2.33% ± 0.63% 2.42% ± 0.67% 2.29% ± 0.67% 0.209 0.951 0.575 

CtRLVaRNA 7.17% ± 0.87% 6.66% ± 0.93% 8.09% ± 0.91% 0.52 0.054 0.504 
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Figure 1. Map showing the carrot sampling sites in the two departments of Gironde and Landes 

of the Nouvelle-Aquitaine region of France. In the close up at the left, red balloons correspond 

to sampling site of cultivated and/or off-type carrots while green balloons correspond to 

sampling sites of wild populations  
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Figure 2: Heatmap showing a hierarchical clustering based on the number of mapped reads 

against viral references for carrot populations sampled in 2019 and 2020. Viral reference 

sequences are listed as acronyms (according to Table 1) in the rows on the right of the heatmap. 

The different carrot populations are represented in the columns and their coding at the bottom 

is according to Table S1 with suffixes indicating the type of population: c = cultivated field;   

cb = border of a field cc: center of a field; off = off-type carrots within cultivated carrot fields; 

w = wild population. The field compartment (cultivated + off-type) is represented by the red 

branches while the wild compartment is indicated by green branches. The color of the matrix 

cells reflects the number of reads, following the Z-score scale at the upper left. 
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Figure 3: Venn diagram showing the number and corresponding percentages of viruses 

identified in the carrot virome that are exclusively found in either cultivated, off-type or wild 

populations and the number of viruses shared amongst the different population types 
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Figure 4: Bipartite network based on a binary incidence matrix derived from the reads mapping 

matrix. The network consists of two types of nodes: circles representing viruses and squares 

representing the carrot populations colored according to their type: green, wild; orange, off-

type; and red, cultivated populations. The coding of the host populations is based on Table S1, 

the coding of viral nodes is given on the right of the network graph with viral acronyms 

according to Table 1. The size of the viral nodes corresponds to their degree (number of host 

populations in which viruses were detected). 
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Figure 5: Heatmap showing co-occurrence associations between pairs of viruses or viral 

agents. Associations are colour coded according as follow: Positive, light blue; random, grey; 

negative, yellow. Helper viruses of the Solemoviridae family are indicated in pink, dependent 

umbraviruses in blue, and dependent subviral agents in green. P-values indicating statistical 

significant non-random associations are given in the cells of the heatmap. B) Pie-chart showing 

the percentage of identified types of positive associations broken down by virus types: D-D: 

associations between dependent umbraviruses; D-d, associations between umbraviruses and 

subviral agents, H-D, associations between a Solemoviridae helper virus and a dependent 

umbravirus; H-d association between a Solemoviridae helper virus and a subviral agents, H-H 

associations between different Solemoviridae helper viruses. 
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Figure 6: Neighbour joining phylogenetic trees reconstructed using multiple nucleotide 

sequence alignments of RT-PCR amplicons and HTS contigs from individually analysed plant 

of (A) WCMoV and (B) CtRLV. Colors indicate the type of carrot population: red, cultivated; 

orange, off-type; and green, wild. Only bootstrap values higher than 70% are indicated. 

Different sampling sites are indicated by different shapes. Reference sequences are indicated 

by black diamonds. Specific subclusters from cultivated or wild populations are indicated by 

red and green shaded boxes, respectively.  
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Supplementary Materials [Supplementary Table S4 that does not fit easily 

into an A4 format is available at https://doi.org/10.57745/NAV8II] 

Supplementary Table S1 : information on sampled carrot populations in Nouvelle-Aquitaine 

(France) over 2019-2020 

Supplementary Table S2 : RT-PCR primer pairs targenting aphid-transmitted viruses of the 

families Tombusviridae and Solemoviridae and associated subviral agents 

Supplementary Table S3 : Number of infected carrot populations per population type 

(cultivated, off-type, wild) for all viruses identified in the Nouvelle Aquitaine carrot virome. 

Viruses are grouped according to their identification in different carrot population types. 

Supplementary Table S4 : Results for the co-occurrence analysis presented in Figure 5 of 

the main text. Positive associations between virus pairs are highlighted in red 

 

Supplementary FigureS1: Neighbour joining phylogenetic trees reconstructed using multiple 

nucleotide sequence alignments of RT PCR amplicons and HTS contigs of (A) CtRLVaRNA 

and (B) CMoV. Colours indicate the type of carrot population from which the sequence was 

obtained: red: cultivated; orange: off-type and green: wild. Different sampling sites are 

indicated by different shapes. Reference sequences are indicated by black diamonds 

Supplementary Figure S2: Neighbour joining trees reconstructed from RT-PCR amplicon 

sequences of CtRLVaRNA (A), CMoVsatRNA2 (B), CaEV1 (C), CaPV1 (D), CaUV1 (E), 

CaUV2 (F), CaUV3 (G). Isolates of wild carrots, off-type and cultivated carrots are indicated 

in green, orange and red, respectively. Different shapes are used to indicate different 

populations/sampling sites. Reference sequences are indicated with black diamonds.  
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Supplementary Table S1 
  
Population-ID Population type Region/province GPS point Date of sampling 

19_1 cultivated carrot Nouvelle-Aquitaine/Landes 44°16'10.0"N 0°39'44.6"W 30/07/2019 

19_2 wild off-type carrot Nouvelle-Aquitaine/Landes 44°16'10.0"N 0°39'44.6"W 30/07/2019 

19_3 wild carrot Nouvelle-Aquitaine/Landes 44°14'25.696"N 0°39'14.5"W 30/07/2019 

19_4 cultivated carrot Nouvelle-Aquitaine/Gironde 44°44'07.7"N 0°56'41.2"W 30/07/2019 

19_5 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°44'07.7"N 0°56'41.2"W 30/07/2019 

19_6 wild carrot Nouvelle-Aquitaine/Gironde 44°44'43.539"N 0°54'53.284"W 30/07/2019 

19_7 cultivated carrot Nouvelle-Aquitaine/Gironde 44°41'51.1"N 0°45'29.5"W 30/07/2019 

19_8 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°41'51.1"N 0°45'29.5"W 30/07/2019 

19_9 wild carrot Nouvelle-Aquitaine/Gironde 44°43'55.07"N 0°42'51.001"W 30/07/2019 

19_10 cultivated carrot Nouvelle-Aquitaine/Gironde 44°38'10.6"N 0°38'36.4"W 30/07/2019 

19_11 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°38'10.6"N 0°38'36.4"W 30/07/2019 

19_12 wild carrot Nouvelle-Aquitaine/Gironde 44°39'27.658"N 0°42'40.752"W 30/07/2019 

19_13 wild carrot Nouvelle-Aquitaine/Gironde 44°44'49.484"N 0°37'2.188"W 22/08/2019 

19_14 wild carrot Nouvelle-Aquitaine/Gironde 44°43'49.625"N 0°35'31.52"W 22/08/2019 

19_15 wild carrot Nouvelle-Aquitaine/Gironde 44°46'4.296"N 0°36'26.916"W 22/08/2019 

19_16 wild carrot Nouvelle-Aquitaine/Gironde 44°47'20.76"N 0°34'32.753"W 22/08/2019 

20_1 cultivated carrot Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_2 cultivated carrot-field edge Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_3 cultivated carrot-field centre Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_4 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_5 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_6 wild carrot-bordering carrot field Nouvelle-Aquitaine/Gironde 44°46'51.4"N 0°51'02.9"W 01/07/2020 

20_7 cultivated carrot Nouvelle-Aquitaine/Gironde 44°44'20.8"N 0°55'59.3"W 08/07/2020 

20_8 wild off-type carrot Nouvelle-Aquitaine/Gironde 44°44'20.8"N 0°55'59.3"W 08/07/2020 

20_9 cultivated carrot Nouvelle-Aquitaine/Gironde 44°44'20.8"N 0°55'59.3"W 08/07/2020 

20_10 wild carrot Nouvelle-Aquitaine/Gironde 44°44'43.5"N 0°54'55.0"W  08/07/2020 

20_11 cultivated carrot Nouvelle-Aquitaine/Gironde 44°39'10.5"N 0°42'22.1"W 08/07/2020 

20_12 cultivated carrot Nouvelle-Aquitaine/Gironde 44°39'10.5"N 0°42'22.1"W 08/07/2020 

20_13 wild carrot- bordering carrot field  Nouvelle-Aquitaine/Gironde 44°39'10.5"N 0°42'22.1"W 08/07/2020 

20_14 wild carrot Nouvelle-Aquitaine/Gironde 44°46'46.4"N 0°35'15.0"W 08/07/2020 

20_15 wild carrot Nouvelle-Aquitaine/Gironde 44°47'16.3"N 0°34'34.9"W 08/07/2020 

20_16 wild carrot Nouvelle-Aquitaine/Gironde 48°36'47.2"N 1°54'18.3"E 13/07/2020 
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Supplementary Table S2  

Family Genus virus name Acronym Primer name  5' - 3' sequence 
Amplicon 

length 

Annealing 

temperature in °C 
amplified gene 

T
o
m

b
u
sv

ir
id

a
e 

 

Umbravirus 
carrot mottle mimic 

virus 
CMoMV  CtMoMiV-F1 CTCCTTGGTGAATCTCGTGAG 438 bp 58 RdRP 

CtMoMiV-R1 GGCATTAAATCCCTTGGCGAC 

Umbravirus carrot mottle virus CMoV  CtMoV-F1 GAATTGAGCAAGACAGCATCT 289 bp 55 
ORF3 (MP-

protein) CtMoV-R1 AYCACTGCYTGTCCCGGCGA 

Umbravirus wild carrot mottle virus  WCMoV  
WCtMoV-F1 GAGCTAGGCCTCGGARTYATGAC 

499 bp 60 

cell to cell 

movement 
protein WCtMoV-R1 TCCTCCGGTAGTGTYGGCYTG 

Umbravirus carrot umbravirus  1 CaUV1 Umbra_1-F1 GATGACCAGAGCACTATGCCTTGA 576 bp 65 RdRP 
Umbra_1-R1 GGATCCCAGGTGGTCGTATGCGTT 

Umbravirus carrot umbravirus  2 CaUV2 Umbra_2-F1 GTGTTGTATTTATGGAACGCC 407 bp 55 RdRP 
Umbra_2-R1 GATCTTCAATGTGCATTCCCTT 

Umbravirus carrot umbravirus  3 CaUV-3 
Umbra_3-F1 TGTCAACAGTGATAAGAAAAGCTC 

569 bp 62 

cell to cell 

movement 

protein Umbra_3-R1 CCTCTGTAGGTAGTTGTGGCTCA 

S
o
le

m
o
vi

ri
d
a
e 

Polerovirus carrot red leaf virus CtRLV  CtRLV-F2 GGGCTTTTAACAGCTTAYCAC 263 bp 55 P1-Protein 
CtRLV-R2 TCTAACACGGACAAGGGRGAT 

Polerovirus carrot polerovirus 1 CaPV1 CaPol1-F1 GCGTGTGAGGGATTTGTAACCT 885 bp 58 P1-Protein 
CaPol1-R1 CCTCTAGGATTTTGCCCATCAT 

Polerovirus carrot polerovirus 2 CaPV2 CaPol2-F1 CCTGTGAAGGTTTTATCACATA 267 bp 58 P1-Protein 
CaPol2-R1 GGTCCCATATAAAGGACCAGGTC 

Enamovirus carrot enamovirus 1 CaEV1 CaEna1-F1 TTGTGACTGTTGAGGCACTAATG 402 bp 60 P1-Protein 
CaEna1-R1 CACATCCTTTGCTCATTGGCAAA 

S
a
te

ll
it

e
s 

unclassified 
carrot mottle virus 

satellite RNA 
CtMoV-satRNA  CtMoV-sat-F1 TAGACGACATGTCTGCTGTCCC 324 bp 60   

CtMoV-sat-R1 CATCCGTAGTCAAATCCTGCT 

unclassified 
carrot red leaf virus 

associated RNA 
CtRLVaRNA CtRLVaRNA-F1 GAATGGACCAAGAGCTTCTCG 425 bp 62 RdRp 

CtRLVaRNA-R1 ATTGGCTACTTCAATGTGTATG 

unclassified 
carrot mottle virus 

satellite RNA 2 
CtMoVsatRNA2 div-sat-F1 CGTGGGAAAAGATGCTCTGGTT 236 bp 60   

div-sat-R1 ATATTGGTCTCGCTGCCTTAG 

unclassified 
arracacha latent virus E 

associated RNA 
ALVEaRNA  

ALVEaRNA-F1  CTTTCTTTAGGAGTAGTGAGACC 
606 bp 60 RdRp 

ALVEaRNA-R1 GAACTGTAGGGCATCACAACCT 

unclassified 
carrot red leaf virus 

associated RNA 2 
Divergent aRNA  div-aRNA-F1 CGCTTGGGATAGTTTGAGAGAC 547 bp 60 RdRp 

div-aRNA-R1 GATCGTAGCCATGAAACGCTTG 

unclassified 
beet western yellows 

virus associated RNA 
BWYVaRNA  

BWYVaRNA-F1 ATGCACTCCAGCATACCCACTT 
444 bp 58 RdRp 

BWYVaRNA-R1 CATCGTGCATACATCAGGAGTGA 
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Supplementary Table 3:  

        

  Number of infected populations per population type 

  2019 2020 

differential or shared presence virus  cultivated off-type wild cultivated off-type wild 

exclusively present in cultivated 

populations 

CtRLV Sat1 0/4 0/4 0/8 1/7 0/3 0/5 

CYLV 1/4 0/4 0/8 0/7 0/3 0/5 

CtCV3 0/4 0/4 0/8 1/7 0/3 0/5 

CChV2 2/4 0/4 0/8 0/7 0/3 0/5 

exclusively present in off type 

populations 

CtRLV Sat2 0/4 1/4 0/8 0/7 0/3 0/5 

CtChV3 0/4 0/4 0/8 0/7 1/3 0/5 

CaaTLV 0/4 0/4 0/8 0/7 1/3 0/5 

exclusively present in wild 

populations 

WCtRLV 0/4 0/4 6/8 0/7 0/3 5/5 

CaPol-1 0/5 0/4 7/8 0/7 0/3 4/5 

CtRLVaRNA2 0/4 0/4 6/8 0/7 0/3 2/5 

SnIV1 0/4 0/4 1/8 0/7 0/3 2/5 

viruses common in cultivated 

and off-type 

BWYVaRNA 0/4 2/4 0/8 1/7 0/3 0/5 

CtCV2 1/4 1/4 0/8 2/7 0/3 0/5 

CChV1 1/4 0/4 0/8 0/7 1/3 0/5 

CaRNAV1 4/4 4/4 0/8 7/7 3/3 0/5 

viruses common in wild and off-

type 

CaAV1 0/4 1/4 2/8 0/7 1/3 2/5 

CaKLV 0/4 0/4 3/8 0/7 1/3 1/5 

viruses common in cultivated 

and wild 

CaCV3 0/4 0/4 2/8 2/7 0/3 2/5 

CtFLV1 0/4 0/4 6/8 1/7 0/3 4/5 

viruses shared among all 

populaiton types 

CtRLV 4/4 4/4 8/8 7/7 3/3 4/5 

CaPV2 1/4 1/4 4/8 0/7 1/3 2/5 

CaEV1 1/4 1/4 6/8 1/7 0/3 5/5 

CMoV 4/4 4/4 8/8 7/7 3/3 5/5 

WCMoV 4/4 4/4 8/8 7/7 3/3 5/5 

CMoMV 4/4 4/4 8/8 6/7 3/3 5/5 

CaUV1 3/4 3/4 3/8 4/7 1/3 1/5 

CaUV2 2/4 1/3 7/8 2/7 2/3 5/5 

CaUV3 0/4 0/4 7/8 2/7 3/3 5/5 

CaULV1 0/4 1/3 1/8 1/7 1/3 2/5 

CMoVsatRNA 4/4 4/4 8/8 6/7 3/3 5/5 

CMoVsatRNA2 1/4 0/4 6/8 2/7 3/3 4/5 

CtRLVaRNA 4/4 4/4 8/8 7/7 3/3 5/5 

ALEVaRNA 4/4 4/4 3/8 6/7 3/3 1/5 

CaTV1 3/4 4/4 4/4 3/7 2/3 1/5 

CaCV2 1/4 1/3 2/8 1/7 0/3 2/5 

CaCV 4/4 4/4 0/8 5/7 0/3 1/5 
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In the present work, two aspects of virome description were investigated, one methodological 

the other virological and ecological in nature. With respect to the methodological approach, we 

showed that the use of a large-scale synthetic phytovirus community is a powerful tool for 

benchmarking HTS strategies. Synthetic communities are indeed already being used in clinical 

or ecological settings, but such comparative studies are largely lacking in plant virology. We 

used synthetic phytoviral communities of varying complexities, including a complex, 60+ 

members community to analyze to what extent more or less complex viromes are correctly 

captured by the HTS approaches used. Thus, the performance of two different virus enrichment 

strategies, dsRNA and VANA could be compared at different community complexity levels. 

Three key results have been obtained: (i) community complexity correlates negatively with 

virome description performance, (ii) dsRNA approach provided in all comparisons a more 

complete description of the RNA virome but, as expected, performed poorly with DNA viruses 

and (iii) a very robust positive correlation between the sequencing depth and the completeness 

of virome description was identified. 

The second virological/ecological task aimed to contrast the virome of cultivated and wild 

carrot populations and analyze viral fluxes between them. The following questions have been 

addressed: (i) how far can we extend the carrot virome beyond what is already known, (ii) how 

different or similar are the viromes of cultivated and wild carrots, (iii) how stable is the carrot 

virome over space and time? (iv) is there evidence for virus movement or for barriers to 

movement between wild and cultivated carrots? The carrot pathosystem was selected to address 

these questions because wild and cultivated carrots belong to the same species and thus present 

a system with very low botanical and genetic barriers to virus flow across the agroecological 

interface between a crop and its weedy relative. Based on the virome fingerprints identified in 

wild and field carrots, the results obtained raise two types of questions and perspectives.  

 Ecological and epidemiological questions and perspectives  

We screened a total of 45 different wild and cultivated carrot populations from five different 

regions of France over a North-South transect and seven additional carrot populations from 

central Spain. A very rich and diverse virome was identified, with a total of 45 viral agents, 

more than half of them (25) being novel. We have thus largely expanded the existing global 

carrot virome, which previously comprised about 30 viruses according to public databases 

(Brunt et al., 1996; Brister et al., 2015; Mihara et al., 2016; Wu et al., 2022). Due to the 

difference in sampling effort, no absolute conclusions can be drawn regarding the differences 
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in viral richness between France and Spain. However, nearly all novel viruses (92%, 23/25) 

have been discovered in French carrot populations with only four novel viruses shared between 

both countries and another two novel viruses exclusively identified in Spanish carrots. Whether 

the particularly rich carrot virome identified in France is a unique feature, especially with regard 

to the Nouvelle-Aquitaine region (main French carrot production area from where most of our 

populations have been sampled) or whether a comparable or even a higher virus richness can 

be seen in other European and non-European countries remains an open question. A parallel 

question is that of the overall, global richness of the carrot virome: has a significant fraction 

of it already been identified or have we only touched the "tip of the iceberg" as the classical 

metagenomics metaphor would have it? In this regard, comparisons with the work carried out 

in the UK by InextVir partners and a collaboration with Prof. Emmanuel Geoffriau, coordinator 

of the French network of genetic resources “Carrot and other Daucus” (Briard et al., 2006) 

which allowed us to gain access to carrot populations from several additional European 

countries should allow us in the near future to further expand these carrot virome description 

efforts in Europe. 

The virome of cultivated carrots was clearly distinct from that of wild carrots. This was seen 

both on a quantitative level using a clustering approach based on the number of mapped reads 

against reference sequences and on a qualitative level using bipartite networks based on binary, 

presence absence data. Both analyses confirmed a very contrasted virome between field and 

wild carrot populations. Two kinds of differences were identified: first, some viruses showed 

differential presence as they were either exclusively or predominantly present in wild or in the 

cultivated compartments and second, remarkable differences in prevalence level could be 

identified for some viruses between wild and cultivated carrots, as determined by HTS and RT-

PCR analysis of individual plants. Concerning the first point, differentially present viruses were 

mostly (but not exclusively) persistent viruses such as carrot cryptic virus, which was identified 

in most field carrot populations but in only one wild population, or novel deltapartitiviruses and 

amalgaviruses found predominantly in wild carrots. These persistent viruses do not have any 

known vectors and are believed to be transmitted through seeds or pollen (Roossinck, 2012a), 

so that their differential presence can be understood as highlighting the limited genetic fluxes 

between cultivated and wild carrot populations. Concerning differences in prevalence of 

individual viruses, known aphid-transmitted viruses showed very high prevalence in field 

carrots while novel viruses, also expected to be aphid-transmitted showed a symmetrical 
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pattern, with intermediate levels in wild carrots but only very sporadic detection in cultivated 

carrots.  

Through the analysis of the sequences obtained from individual plants (either through HTS or 

RT-PCR screening) virus populations could be further analysed, revealing for some of them 

additional intraspecific differentiation pattern suggestive of the absence or of incomplete virus 

flow between the wild and the cultivated compartements. This was seen for isolates of an 

umbravirus, wild carrot mottle virus (WCMoV), with a subpopulation of isolates specific of 

cultivated carrots and for isolates of a polerovirus, carrot red leaf virus (CtRLV), with a 

subpopulation of isolates specific of wild carrots. Such a host-specific differentiation is very 

surprising given that the remaining isolates of these two virus did not show the same pattern, 

suggesting that they are able to freely exchange between compartements. This raises the 

question of the mechanism(s) limiting the movement of some isolates of aphid-transmitted 

viruses while other isolates or viruses seem to be able to move freely between 

compartments. The underlying process(es) might be determined either by environmental 

dynamics such as the ecology and biology of aphids or by the genetic makeup of plant 

populations or by a combination of both. A potential approach to address this type of question 

would be to grow different genotypes of carrots (e.g. modern cultivated, ancestral cultivated 

and wild carrot genotypes) side by side, submitting them to the same environmental inoculation 

pressure before virome analysis to determine whether different host genotypes acquire similar 

or differentiated viral communities. This type of experiment is also termed “common garden” 

and can refer to different experimental designs in which plants with different known properties 

are grown under the same condition. In this way the genetic factors can be disentangled from 

environmental forces to analyse and quantify their contribution to the composition and structure 

of the virus communities that become associated with these plants in different settings. Such 

approaches have been extensively used in plant ecology (Thompson et al., 1991; Moloney et 

al., 2009; Berend et al., 2019; Malyshev et al. 2014), and can be used for a wide rangeof 

organisms, including animals (Rhymer, 1992), parasites and pathogens (Koskela, 2002; Laine, 

2007; Sasu et al., 2009). An interesting example concerns the work and Sasu et al. (2009), who 

crossed a wild plant, Cucurbita pepo ssp. texana, with a related crop, Cucurbita pepo ssp. 

ovifera carrying a virus resistance transgene (VRT). The generated transgenic and non-

transgenic populations were grown in the same fields and viral and bacterial diseases allowed 

to naturally develop. The authors tested the impact of the VRT on the fitness of wild plants, 

herbivory by cucumber beetles and incidence of viral and bacterial diseases and found that the 
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VRT provided a higher fitness to wild plants in terms of reproductive success but that this was 

at the cost of increased herbivory by the cucumber beetle who preferred healthy (mostly VRT) 

plants (Sasu et al., 2009). These results highlight the complex interplay between host genetics 

and environmental dynamics and their reciprocal effects on host fitness. In another work, clonal 

replicates of different Plantago lanceolata genotypes were placed in settings during seasonal 

virus epidemics (Sallinen et al., 2021). In this way, the role of host genotypes could be teased 

apart from environmental drivers (e.g. abiotic conditions, host population structure and history, 

vector communities etc.). Using joint species distribution modelling (JSDM) the authors 

identified that the host genotype was the most important determinant in virus community 

assembly in their system, explaining most of the variance in the data, followed by 

environmental factors in the local population context (Sallinen et al., 2021).  

As part of the carrot pathosystem studied here, off-type carrots can be considered as a small-

scale common garden experiment, since they were growing side by side with cultivated carrots 

but have a different genetic makeup. Our virome fingerprint analyses revealed that off-type 

carrots have a virome that shows many similarities with that of cultivated carrots in terms of 

virome composition but also in terms of prevalence of individual viruses. This suggests a major 

impact of the environment and local growth conditions on virus community assembly. 

However, interpreting off-type carrots as hybrids between cultivated and wild carrots means 

that they are genetically intermediate between wild and cultivated carrots. It is thus possible 

that some of the off-type carrots virome properties might result from their original, hybrid 

genetic makeup. This in turn limits our ability to draw a conclusion about which of the two 

factors, genetic or environmental, contributes the most in shaping the observed virus 

communities. Only carefully planned common garden experiments could allow us to cleanly 

unravel the individual contributions of these two important parameters. 

 Etiological and agro-economic questions and perspectives 

An interesting aspect of the carrot virome highlighted in the present work is the large number 

of viruses and viral agents involved in complex interdependencies, some of which cause an 

important carrot disease with a complex etiology, carrot motley dwarf (CMD). Stubbs (1948) 

was the first to describe CMD in carrots in Australia and it became soon evident that the disease 

is caused by a mixed infection of two viruses, carrot red leaf virus (CtRLV, genus Polerovirus) 

and carrot mottle virus (CMoV, genus Umbravirus) (Watson et al., 1964). Infected crops exhibit 

foliage symptoms such as irregular chlorotic mottle and marginal reddening of lower leaves as 
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well as stunted growth and reduced seed production (Stubbs, 1948). This and subsequent studies 

showed that aphids transmit CtRLV from singly infected plants but that aphid transmission of 

CMoV requires coinfection with CtRLV and that the underlying process involves 

transcapsidation of CtMoV RNA by the CtRLV capsid protein (Elnagar and Mutant, 1978). 

Currently, carrot mottle virus (CMoV) is one of the 11 ICTV approved species within the 

Umbravirus genus. Umbraviruses represent an original genus of plant viruses that lack a capsid 

protein and therefore are unable to form transmissible virus particles (Syller, 2003). For this, 

they rely on coinfection with helper viruses from the Solemoviridae (formerly 0Luteoviridae) 

family which assist them for efficient aphid transmission through transcapsidation (Syller 

2003). Many umbraviruses are involved in disease complexes with assistor viruses of the 

Polero- or Enamovirus genera, causing damage to important crops in different parts of the world 

(reviewed by Syller et al. 2003). An important example is groundnut rosette disease, causing 

considerable losses in peanut production in Africa (Naidu et al.1998). The disease is caused by 

groundnut rosette virus (GRV, genus Umbravirus), its assistor virus groundnut rosette assistor 

virus (GRAV, genus Polerovirus) and GRV satellite RNA (Hull and Adams, 1968; Naidu et 

al., 1998). The latter two are packaged into GRAV particles in order to be transmitted, mainly 

by the aphid Aphis craccivora. The satellite RNA plays an important role in the disease because 

it is responsible for symptom expression and required by GRV for aphid transmission (Naidu 

et al., 1998). Another important disease caused by a complex interplay of helper and dependent 

viruses is tobacco bushy top disease (TBTD) which causes significant damage to tobacco plants 

in different African and Asian countries (Chen et al., 2022). The disease complex consists of 

tobacco vein distorting virus (TVDV, genus Polerovirus), tobacco bushy top virus (TBTV, 

genus Umbravirus), tobacco bushy top virus satellite RNA (TBTVsatRNA) and TVDV-

associated RNA (TVDVaRNA) (Mo et al., 2011; Chen et al., 2022). 

Many biological, epidemiological and ecological studies on the CMD complex were performed 

in the second half of the 20th century (Stubbs, 1948, Watson and Serjeant, 1964; Murant, 1975, 

Waterhouse and Murant, 1983, Watson and Falk, 1994). More recently, two additional subviral 

agents have been described, carrot red leaf virus-associated RNA (CtRLVaRNA, Watson et al., 

1998) and carrot mottle virus satellite RNA (CMoVsatRNA, Menzel et al., 2009), both 

associated with CMD. However, their etiological role in the disease remains unclear. A very 

recent study on the biology of CtRLV and CtRLVaRNA has started to shed light on the complex 

role the dependent CMoV and CtRLVaRNA and on their relationship with the helper virus 

CtRLV (Yoshida, 2021). The author found three important key results. Firstly, CMoV 
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moderately enhanced CtRLV accumulation and symptom intensity. Umbraviruses are indeed 

known to enhance and facilitate accumulation and systemic movement of coinfecting viruses 

(Ryabov et al. 1999 and 2001, Zhou et al., 2017). Secondly, CtRLVaRNA abolished the 

enhancement of CtRLV accumulation induced by CMoV and even decreased its accumulation 

to undetectable levels in some of the tested Apiaceae species. Thirdly, CtRLVaRNA (+CMoV) 

enhanced disease severity in carrots while it reduced it in other Apiaceae species. CtRLVaRNA 

therefore seems to play an important role in the determination of the degree of synergism or 

antagonism between the different members of the CMD complex and this interaction may also 

depend on the hosts species or possibly even on the host genotype (Yoshida et al. 2021). These 

findings parallel our results on co-occurrence of aphid-transmitted viruses (Chapter 3) with 

most of the positive associations detected between the dependent umbraviruses and associated 

subviral agents compared to fewer positive associations between the assistor poleroviruses or 

enamoviruses and the dependent agents. These results are also in keeping with those showing 

that the TVDVaRNA increases the accumulation of the umbravirus TBTV while the latter 

facilitated systemic movement of the associated RNA and the satellite RNA indicating a strong 

synergistic interaction between dependent viruses (Chen et al., 2022). 

Even though satellites associated with helper-dependent diseases are known to play an 

important role in symptom expression such as in case of GRV (Naidu et al., 1998) or TBTD 

(Chen et al., 2022), the role of CMoVsatRNA is still not understood (Menzel et al., 2009). The 

situation is further complicated by the fact that umbraviruses and associated satellites can be 

promiscuous in their association with helper viruses, a finding that was shown first by 

experimental work (Barker, 1989; Mayo et al., 2000) and later through HTS sequencing, 

showing new combinations of novel and known poleroviruses and umbraviruses that are 

involved in helper dependent disease complexes such as TBTV (Abraham et al., 2019; Tan et 

al., 2021)  

Within the present work key players of the CMD complex CtRLV, CMoV (and CMoMiV), and 

their associated subviral agents, CtRLVaRNA and CMoVsatRNA reached up to 100 % 

infection rates in plants sampled from cultivated fields. However, Nouvelle Aquitaine carrot 

growers do not seem concerned by viral diseases in general and by the high level of infection 

by viruses of the CMD complex, which is surprising given that CMD is reported as one of the 

most important carrot diseases (Stubbs, 1948; Watson and Serjeant, 1964; Krass and Schlegel, 

1974; Adams et al., 2014; Yoshida, 2020). This raises the question of the reason(s) why this 

extremely high prevalence of agents of a severe disease not perceived as a problem by 
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growers? Are the obvious foliar yellowing symptoms misinterpreted as having other causes of 

no import? is there for some reason no CMD impact on production and yield? Several 

interesting hypotheses can be proposed and would be worth investigating. One is that the 

varieties used growers could somehow be tolerant to CMD and show limited impact on 

harvested roots. There is indeed evidence that varieties vary greatly with regard to their 

susceptibility to CMD (Stubbs 1948, Watson and Falk 1994) and that the outcome of the 

interaction of helper and dependent viruses might depend on the host genotype (Yoshida, 2020, 

Chen et al., 2022). Another hypothesis could be that additional unknown interaction between 

coinfecting agents might counterbalance the CMD negative impact. In this respect, it may be 

noteworthy that two recently described and poorly known agents, the wild carrot mottle 

umbravirus and the arracacha latent virus E-associated RNA were identified with a high 

prevalence in field carrots, raising the question of their potential impact on the subtle interplay 

between the various partners involved in the CMD complex. More detailed analyses contrasting 

symptoms on multiply infected plants with their virome and the titer reached by each agent or 

experimental inoculations with single or multiple agents could help to investigate these 

hypotheses. Understanding the reason(s) for the perceived or real limited impact of CMD in 

Nouvelle Aquitaine carrots could potentially bring novel ideas of sustainable solutions for the 

control of the many yellowing diseases caused by polero-, enamo- and luteoviruses currently 

re-emerging as a consequence of the ban of neonicotinoid insecticides formerly used to control 

these diseases and their vectors. 

The results of HTS-based carrot virome analyses I performed during this thesis have provided 

deep insight into the complex and contrasted fingerprints of viral communities associated with 

field and wild carrot populations. The carrot pathosystem has proven particularly rich and 

original and the results obtained represent a baseline for further investigations on a range of 

fascinating questions including (i) the forces driving the assembly of these complex 

communities, (ii) the circulation of viruses at the agroecological interface and the unforeseen 

barriers that may limit this circulation and (iii) the complex interplay of interdependent viruses 

and virus-like agents functioning on a continuum between synergism and antagonism with 

important implications for their epidemiology and for the development of sustainable solutions 

in agriculture. 
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Abstract
Carrot virome analysis using high-throughput sequencing revealed the presence of two RNA molecules with properties of 
satellite RNAs that are homologous to the satellite RNA of cereal yellow dwarf virus-RPV (CYDV-RPV). Satellite 1 is 298 nt 
long, while satellite 2 is 368 nt long. Their positive and negative genome strands contain hammerhead ribozymes similar 
to those found in other self-cleaving satellite RNAs. While both satellites were detected in Spanish carrot populations, only 
satellite 2 was found in French carrot populations. The most likely helper virus for these two satellites is carrot red leaf virus 
(CtRLV), which, like CYDV-RPV, is a polerovirus.

Satellite RNAs (satRNAs) are subviral agents that are 
dependent on a helper virus (HV) for critical functions such 
as replication, encapsidation, or transmission [1–3]. Unlike 
defective RNAs, satRNAs have no sequence similarity to 
their HV. Some of them are capable of modifying, positively 
or negatively, the disease symptoms induced in host plants 
by the HV, while others do not seem to substantially affect 
their HV or the symptoms it causes [1–3]. For example, the 
satRNA of tobacco ringspot virus (TRSV satRNA) reduces 
the symptoms of TRSV, while that of arabis mosaic virus 
(ArMV satRNA) intensifies ArMV symptoms [1].

Several groups of satRNAs have been distinguished 
based on genome size and properties [1, 2]. While some 
satRNAs have large genomes (in the range 1 kb and above) 
that contain open reading frames (ORFs), smaller non-
coding linear satellite RNAs (sl-SatRNA) with genomes 
less than 700 nt in size have been reported with HVs of 
the families Tombusviridae and Bromoviridae. Another 
class is represented by small circular non-coding satellite 

RNAs (sc-SatRNA) with genomes of about 300-350 nt, 
which are mostly associated with helper viruses of the 
families Secoviridae (e.g., arabis mosaic virus small sat-
ellite RNA, ArMV satRNA) and Solemoviridae, such 
as the satellites associated with several members of the 
genus Sobemovirus (e.g., rice yellow mottle virus satel-
lite, RYMV-SatRNA) [4]. The sc-SatRNAs are known to 
replicate by a rolling-circle mechanism and to generate 
unit-length genomes through self-cleavage [5, 6]. They 
show a high degree of secondary structure [1] and have in 
their positive genome strand conserved sequences that cor-
respond to self-cleaving “hammerhead” ribozymes [6, 7]. 
Depending on the satellite, their negative genome strand 
either does not encode a ribozyme or encodes a hairpin 
or a hammerhead ribozyme [8]. So far, the only small 
satellite with hammerhead ribozymes on both genome 
strands and with a HV belonging to the genus Polerovirus 
is cereal yellow dwarf virus-RPV satellite RNA (CYDV-
RPV satRNA) [8, 9]. While initially described as a sat-
ellite of the luteovirus barley yellow dwarf virus-RPV 
(BYDV-RPV), a later reclassification and splitting of the 
genus Luteovirus has led to a renaming of the HV as cereal 
yellow dwarf virus-RPV (CYDV-RPV) and assignment of 
this virus to the genus Polerovirus [10]. The replication 
of CYDV-RPV satRNA and the processing of the mul-
timeric forms to monomeric copies by the hammerhead 
ribozymes encoded on its plus and minus genome strands 
have been studied extensively [9, 11–14]. These studies 
have, in particular, demonstrated that the replication of the 
satellite is dependent on the HV [11] and identified key 
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residues in the plus- and minus-strand ribozymes [13] as 
well as tentative replicase recognition sites on both satel-
lite strands and a putative encapsidation signal [14]. Thus, 
a replication model has been proposed in which alternative 
conformations of the molecule either favor ribozyme activ-
ity or, on the contrary, favor efficient CYDV-RPV satRNA 
RNA replication through inhibition of ribozyme activity 
[12–14]. CYDV-RPV satRNA has also been shown to 
reduce accumulation of its HV and attenuate its symptoms 
[15] and to be able to be assisted by beet western yellows 
virus (another polerovirus) in tobacco protoplasts as well 
as in Capsella bursa-pastoris plants [16].

The present work is focused on the characterization of 
two new putative hammerhead-containing sc-SatRNAs 
(Hhsats) discovered in the virome of carrot red leaf virus-
infected carrots (Daucus carota L.) in Spain and France.

In June 2021, five cultivated carrot (Daucus carota 
subsp. sativa) fields and one wild carrot (Daucus carota 
subsp. carota) population were sampled near Segovia 
(central Spain). From each population, fifty plants were 
sampled (irrespective of whether they showed symp-
toms of viral infection such as leaf reddening or yel-
lowing) and combined in a pool. Double-stranded RNA 
was extracted from each pool [17], converted to comple-
mentary DNA, and sequenced (2 × 125-nt paired reads, 
Illumina Hiseq2500). After cleanup of the reads, contigs 
were assembled de novo using CLC Genomics Workbench 
v22.0 and annotated by BLASTn and BLASTx analysis 
against the virus section of the GenBank RefSeq database. 
Two groups of contigs of 293 to 368 nt with a low level 
of sequence similarity to CYDV-RPV satRNA (M63666) 
were identified in the virome of several pools. Extension 
of these contigs by rounds of mapping of residual reads 
allowed us to assemble sequences of partial multimers of 
two different putative small satellite RNA molecules from 
which unit-length monomeric sequences were derived. 
To confirm the presence of the two satellites in sampled 
carrots, a two-step RT-PCR assay was performed using 
specific detection primers designed using the genome 
sequence of each of the satellites: Sat1_F (5’-ACA​GAA​
AAC​CAC​CCG​AGT​AA-3’) and Sat1_R (5’-TAA​CCA​CAT​
GGG​AGT​CAT​CCT-3’), and Sat2_F (5’-CCA​CCA​CAC​
TCG​TTT​TGT​G-3’ and Sat2_R (5’-TCC​ACT​TCT​TCC​
TCG​ATT​GAG-3’). Both primer pairs generate a 258-nt 
amplicon. Sat1 was present in all six sampled carrot popu-
lations, whereas Sat2 was found in only four cultivated 
carrot populations. Sanger sequencing of the amplicons 
for the two satellites showed them to be identical to the 
respective sequences obtained by assembly of Illumina 
reads. In addition, the presence of circular forms of these 
two molecules was verified by RT-PCR using pairs of spe-
cific divergent primers: Sat1-R1 (5′-GTC​TCC​TCA​CTT​
CAA​AGA​GTG-3′) and Sat1-F1 (5′-GCT​TTA​CGT​GTC​

TGT​CAT​CAA-3′), and Sat2-R1 (5′-TAC​CTC​GAC​TGA​
TGA​GTT​CAA-3′) and Sat2-F1 (5′-GCA​CCT​CGA​GAC​
ACC​TTT​CCT-3′).

The smaller of the two molecules, which is referred to as 
Sat1, is 298 nt long, while the longer one, referred to as Sat2, 
is 368 nt long. These sequences have been deposited in the 
GenBank database under the accession numbers OM962993 
and OM962994, respectively. The two molecules are 70.7% 
identical and share 84.6% (Sat1) and 69.4% (Sat2) identity 
with CYDV-RPV satRNA. In particular, they share two 
regions of high sequence similarity corresponding to the 
conserved hammerhead ribozymes on the plus and minus 
strands of their genome (corresponding to positions 1-77 
and 206-260 of the Sat2 molecule). In these regions, Sat1 
and Sat2 are 96% and 92.3% identical and share 93.3-96% 
and 87.3-90.9% identity, respectively, with the correspond-
ing regions of CYDV-RPV satRNA (Fig. 1A and B). Given 
the high level of sequence similarity, the predicted folding 
for the plus- and minus-strand ribozymes is similar to that 
determined by Miller et al. [9, 12]. In both hammerheads, 
nucleotide differences in hairpin regions with respect to 
the hammerhead ribozymes of CYDV-RPV satRNA are 
systematically accompanied by compensatory changes on 
the other hairpin strand – bases 196 and 203, 194 and 229, 
and 195 and 228 for the minus-strand ribozyme (Fig. 1A) 
and bases 1 and 16, 2 and 15, and 78 and 296 for the plus 
strand ribozyme (Fig. 1B) – providing strong evolutionary 
support for the secondary structure proposed for CYDV-
RPV satRNA. All other nucleotide changes as compared to 
CYDV-RPV satRNA hammerheads occur in loop regions 
(position 222 for the minus-strand ribozyme, position 21 
for the plus-strand ribozyme), with the exception of several 
mutations (positions 287-289 and 291-290 plus 84-85) that 
shorten lateral stem 3 (naming according to reference [12]). 
In the same fashion, the double hammerhead structure that 
has been proposed [13] to be the active form for the process-
ing of the plus-strand multimers shows compensatory muta-
tions so that the potential to form stem 1 is fully conserved 
(not shown).

Remarkably, the region of CYDV-RPV satRNA that is 
essential for replication and has been proposed to be a repli-
case binding site or an origin of replication (positions 245-
310, [14], Fig. 2A) is the most divergent region among the 
different satellites, showing both large length variation (66, 
50, and 107 nt for CYDV-RPV satRNA, Sat1, and Sat2, 
respectively) and low sequence similarity (only 34% iden-
tity between Sat1 and Sat2 and 68.1% and 43.9% identity 
between CYDV-RPV satRNA and Sat1 and Sat2, respec-
tively) (Fig. 2). Similarly, the CYDV-RPV satRNA 152-194 
region, which has been suggested to be involved in encapsi-
dation [14] (Fig. 2A) is poorly conserved in the two carrot 
satellites, again showing both length variation (43, 35, and 
31 nt for CYDV-RPV satRNA, Sat1, and Sat2, respectively) 
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and sequence divergence (only 54.8% identity between 
Sat1 and Sat2 and 68.6% and 58.1% between CYDV-RPV 
satRNA and Sat1 and Sat2, respectively) (Fig. 2). Taken 
together, the secondary structure analysis of CtRLV Sat1 
and Sat2 revealed three kinds of functional elements present 
in CYDV-RPV satRNA: (i) self-functioning ribozymes, (ii) 
elements that control conformational change (RNA switches, 
e.g., L1 and L2a, which facilitate replication), and (iii) cis-
acting elements that interact with helper virus and/or host 
components, e.g., origins of replication and assembly [14].

As judged by the number of HTS reads corresponding 
to each molecule, the smaller Sat1 consistently showed 
much higher accumulation levels than the larger Sat2. For 
example, in the third cultivated carrot population, Sat1 rep-
resented 170,232 reads (70,155x coverage, 0.8% of total 
reads for the sample), while Sat2 represented only 2,218 
reads (739x coverage, 0.01% of total reads), which corre-
sponds to a 95-fold higher representation for Sat1. Given 
that the HTS data were generated from pools of plants, it is 
not known whether the two Hhsats were present together in 

the same plants and therefore whether this observed varia-
tion in representation reflects a true difference in accumula-
tion in infected plants, a difference in prevalence of the two 
molecules in the sampled carrot populations, or a combina-
tion of both factors.

Full genome sequences could be assembled from HTS 
sequencing reads for five carrot populations for Sat1 but 
only for two populations for Sat2 due to its lower repre-
sentation. The Sat1 genome sequences obtained for the 
five Spanish populations were completely identical. For 
Sat2, a single indel polymorphism was observed between 
the two populations, 123UUUU​126 > UUU. Analysis of 
HTS datasets for carrot populations collected in France 
in 2020 and processed in a similar fashion as the Span-
ish samples indicated the presence of Sat2, but not Sat1, 
in two populations collected in Aquitaine about 20 km 
apart. One of these French populations was from cultivated 
carrots, while the second was from wild carrots. Given 
the 81x-193x average coverage of Sat2 in the HTS reads 
for these two populations, full-length genomic sequences 

Fig. 1   Proposed secondary structures for the minus- and plus-strand 
hammerhead ribozymes of carrot red leaf virus satellite 1 (CtRLV 
Sat1) based on the structure proposed for the ribozymes of CYDV-
RPV satellite RNA. Nucleotide numbering is based on the full-length 
Sat1 RNA (298 nt). Boxed bases are conserved among satRNA ham-
merhead ribozymes. Large bold arrows indicate the cleavage sites. 
Nucleotides in bold are conserved when compared to CYDV-RPV 

satRNA, while small arrows and circled letters indicate mutations 
as compared to CYDV-RPV satRNA. (A) Minus-strand ribozyme. 
Bases are numbered according to the complementary plus strand. (B) 
Plus-strand ribozyme. Square brackets joined by a long double arrow 
indicate a pseudoknot structure that is also found in CYDV-RPV 
satRNA
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could be reconstructed (GenBank OM962996). The two 
sequences are identical and show a single polymorphism 
when compared to the Spanish sequences, which affects 

the region that is also polymorphic between the two Span-
ish isolates (123UAUU126). The variability between the 
carrot satellites found in France and Spain is therefore 

Fig. 2   Known and putative functional domains in the most stable 
secondary structure of the plus strand of CYDV-RPV satRNA (A), 
adapted from Song and Miller, 2004, CtRLV Sat1 (B) and CtRLV 
Sat2 (C). Structural domains are color coded for each known or pro-

posed function as indicated, with the L1-L2a bases shown in black. 
Arrows indicate nucleotide differences in Sat1 and Sat2 with respect 
to CYDV-RPV satRNA
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low, while there is no evidence so far for the presence of 
Sat1 in France, despite the fact that 45 carrot populations 
representing a total of 2250 plants have been sampled to 
date. Given the differential representation of Sat1 in Span-
ish samples, it seems unlikely that, if present in French 
samples, it could have been missed during these virome 
studies.

HhSats have been found associated with nepoviruses in 
the family Secoviridae and sobemoviruses and polerovi-
ruses in the family Solemoviridae. Although HhSats have 
no sequence similarity to their helpers, BLASTn analysis of 
Sat1 and Sat2 showed significant similarity to CYDV-RPV 
satRNA, which has a polerovirus HV and can be assisted by 
at least another polerovirus [16], but detected no similar-
ity to other HhSats. A detailed analysis of the virome of 
the carrot samples in which Sat1 and Sat2 were identified 
shows that the most likely HV candidate is carrot red leaf 
virus (CtRLV), which, like CYDV-RPV, is a polerovirus. In 
fact, CtRLV was the only member of the family Solemoviri-
dae identified in these plant pools. The other viruses iden-
tified in the virome belong to genera whose members are 
not known to be associated with HhSats, and a potential 
role of carrot torradovirus 1 (CaTV1), a torradovirus of the 
family Secoviridae can be excluded, as it was not identi-
fied in the virome of the French carrot samples in which 
Sat2 was identified. Consequently, CtRLV appears to be 
the most likely HV for these two novel putative satellites, 
and the names CtRLV satellite 1 and CtRLV satellite 2 are 
therefore proposed for the two molecules identified here. To 
our knowledge, these results represent the first identification 
of satellite RNAs associated with a polerovirus under field 
conditions, since CYDV-RPV satRNA was first described in 
a laboratory sample of its HV and does not appear to have 
been observed again under field conditions. Since there were 
no specific efforts to select for symptomatic or asymptomatic 
plants to prepare the pools, it is not possible to know whether 
Sat1 or Sat2 could affect the accumulation of CtRLV or its 
symptomatology, in particular when considering that it was 
systematically found associated with several umbraviruses 
that are known to be synergistic with CtRLV and with other 
satellites or associated RNAs.
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