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Abstract

The obligatory biotrophic oomycetes Plasmopara viticola is the causal agent of downy mildew, a destructive disease of grape-
vine worldwide. So far, chemical fungicides are widely employed to limit this pathogen, but their adverse effects are stimu-
lating the quest for environmentally friendly alternative approaches. Here, we report on the search for mycoviruses that
might be later developed as biocontrol agents for this pathogen. Symptomatic leaves were collected from various regions in
Spain and Italy and mycelia associated to leaf lesions was harvested. Total RNA extractions were depleted of rRNA and
metatranscriptomes were generated using a high-throughput sequencing approach. The virome associated to leaf lesions
was then characterized through a bioinformatic pipeline relying on blast searches against current viral databases. Here, we
present an inventory of 283 new RNA viruses: 222 positive strand RNA viruses, 29 negative strand RNA viruses, 27 double-
stranded RNA viruses and 5 ORFan virus RdRP segments, which could not be reliably assigned to any existing group in the
Riboviria. In addition to ORFan viruses, we found other surprising new evolutionary trajectories in this wide inventory of
viruses. The most represented viruses in our collection are those in phylum Lenarviricota, and, among them, a group of
mycovirus segments distantly related to narnaviruses, but characterized by a polymerase palm domain lacking subdomain
C, with the putative GDD catalytic triad. We also provided evidence of a strict association between two RNA segments that
form a new mycovirus clade of positive strand RNA in the phylum Kitrinoviricota, order Martellivirales. In the phylum
Negarnaviricota, we report for the first time in the order Mononegavirales a clade of viruses that is ambisense, a feature that so
far was present only in the order Bunyavirales. Furthermore, in the same phylum we detected the widespread occurrence
and abundant accumulation in our libraries of a distinct mycovirus clade distantly related to the Muvirales and Goujanvirales
orders, which so far include only viruses infecting invertebrates. Possible new oomycetes-specific virus clades are also de-
scribed in the phylum Duplornaviricota. These data greatly expand the evolutionary history of mycoviruses adding new
layers of diversity to the realm Riboviria.
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1. Introduction

The recent coronavirus outbreak has once again reminded of
the powerful pathogenetic potential of viruses and their ability
to cause deadly epidemics on a world-wide scale (Wu et al.
2020). Nevertheless, it is important not to forget that viruses are
fundamental motors of evolution (Ryan 2009) and play funda-
mental ecological roles, for example, regulating the biological
pump in the ocean, a process of great impact on carbon cycles
(Suttle 2007) and possibly on climate change (Danovaro et al.
2011). Furthermore, many viruses have a long story of co-
evolution with their host, resulting often in a neutral or even
positive symbiotic relationship (Roossinck 2011). Viruses are
also used as biotechnological tools, and nanotechnological plat-
forms (Wen and Steinmetz 2016). From an anthropocentric
point of view, viruses can be exploited as biocontrol agents
(BCAs) of plant diseases and plant pests, although their patho-
genic potential is currently not fully explored. Their use as BCA
is limited to a few applications: phage therapy against bacterial
diseases (Balogh et al. 2010; Vandersteegen et al. 2013; Wang
et al. 2019), the treatment of the chestnut blight pathogen,
Cryphonectria parasitica, by infection with the naturally occurring
Cryphonectria hypovirus 1 (Turina and Rostagno 2007), and the
use of baculovirus for the containment of some lepidopteran
pests (Popham, Nusawardani, and Bonning 2016). In the frame-
work of the European Union funded H2020 project VIROPLANT,
we aim at finding new viruses to be used as BCA for plant pests
and diseases by a non-selective whole RNA sequencing
(RNAseq) approach. Among several case studies present in the
project, in this article, we focus on downy mildew of grapevine
(DMG), a pathogen affecting a valuable crop on a world-wide
scale. In particular, the disease results in damaged leaves, fruits,
and shoots, especially young tissues. In warm and humid cli-
mates, it can be particularly destructive (Gessler, Pertot, and
Perazzolli 2011). At present, its containment relies on a number
of chemical fungicide applications, which raise environmental
and health concern in highly populated areas (Nicolopoulou-
Stamati et al. 2016; Pertot et al. 2017; Brauer et al. 2019). In or-
ganic farming, alternative treatments are based on copper,
which is also in the process of more stringent regulation in
Europe (Dagostin et al. 2011; Lamichhane et al. 2018). DMG is
caused by the oomycete Plasmopara viticola, which is an obliga-
tory biotroph and therefore cannot be cultivated in axenic con-
ditions in vitro. Its recently described genome (Dussert 2016; Yin
et al. 2017) together with the fully annotated grapevine one,
(Jaillon et al. 2007; Velasco et al. 2007) is a crucial step for study-
ing this very interesting and challenging host-pathogen system
through all the different -omics tools (Brilli et al. 2018).

Here, we report the characterization of the virome associ-
ated to the complex of microbes present on P. viticola lesions.
Previously the same dataset was used to describe putative plant
viruses present in the metatranscriptomic sample (Chiapello
et al. 2020). Here, we describe a catalogue of new putative myco-
viruses expanding our knowledge of virus evolution with more
than 280 new species, some of which constitute completely new
lineages of positive and negative sense RNA genomes.

2. Methods

2.1 Sample collection

Samples were collected during the summer of 2018 in Italy and
Spain on several varieties of grapevine infected by P. viticola, a
heterothallic oomycete causal agent of DMG. After collection,

depending on the infection stage of the lesion, infected leaves
where immediately processed, or stored at room temperature in
a moist bag, to allow the fungus to grow and to develop fruiting
bodies (sporangia). Mycelia were then harvested, and RNA
extracted.

Italian samples were collected mainly in the north of Italy,
spanning different longitudes, from Piedmont to Veneto
regions. This also reflected a wide range of grapevine varieties:
Marzemino, Rebo, Groppello, Barbera, Merlot, Cabernet,
Chardonnay, Pinot nero, Nebbiolo, Dolcetto, Erbaluce, Platano,
Croatina, Malvasia, Trebbiano, Moscato, and Riesling. A smaller
proportion of the samples were also collected from central and
southern Italy, to cover as much as possible the country lati-
tudes. A total of 158 DMG samples were collected in five differ-
ent regions of the country (Supplementary Fig. S1A).

In Spain, a total of 139 samples were collected (DMS;
Supplementary Fig. S1B) in four different regions: La Rioja,
Penedés, Jerez, and Ribera de Duero. The regions of sampling
covered the country from north to south and from east to west,
and included different grapevine cultivars as Palomino, Pedro
Ximénez, and Tempranillo. Samples collection followed the
same protocol described for the Italian ones.

A table listing the sample names, the RNAseq pool they
belong to (see below), the country and region of sampling is pro-
vided as Table S1.

2.2 RNA extraction from DMG

Grapevine leaves with P. viticola lesions were cut in small frag-
ments (only the lesioned area with fresh mycelia and sporan-
giophores), submerged in sterile water (20ml) and the lower
surfaces were gently brushed to remove the emerging fungal
mycelia and spores. The water suspension containing the fun-
gal matrix was centrifuged at 5,800 g for 10 min. The resulting
pellet was washed with sterile water (1 ml) and centrifuged at
14,000 g for 1min. The pellet was finally resuspended in lysis
buffer (Spectrum Plant Total RNA kit from Sigma-Aldrich) and
0.5ml of glass beads (0.1 mm) were added in the same tube
(video protocol: youtube.com/watch? v=9ZMrUGRzMvw&t=).
Two cycles of beadbeater (FastPrep-24 MP Biomedicals) at maxi-
mum speed for 30s alternated with 2min pauses were used to
disrupt the fungal tissues. After RNA extraction following the
RNA kit instructions (Spectrum Plant Total RNA kit from Sigma-
Aldrich), sample concentrations were measured using a spec-
trophotometer (Nanodrop 2000, Thermo Scientific). An arbitrary
quantity threshold was set of 50 ng/ul and only 141 RNAs passed
the check (74 from Italy and 67 from Spain). Selected samples
were then pooled to have the same final concentration (7 ng/ul;
Supplementary Table S1), resulting in seven pools from Italy
and nine pools from Spain.

2.3 RNAseq and bioinformatics pipeline

RNA sample pools were sent to Macrogen Inc. (Seoul, Republic
of Korea) for library preparation (Illumina TrueSeq Stranded)
and sequencing. For each library more than 100 million of 150-
bp paired-end reads were retrieved. All the raw reads have been
deposited in the Sequence Read Archive (SRA): Bioproject
PRJNA613358, Biosamples from SAMN14402112 to
SAMN14402127, SRA runs from 13869930 to 13869945. This data-
set of sequencing reads was previously used to infer putative-
associated plant viruses (Chiapello et al. 2020). The bioinfor-
matic pipeline to assemble and identify in silico the viruses was
divided in four steps: 1, cleaning; 2, de novo assembly; 3, viral
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sequence identification; and 4, mapping. Read cleaning was
performed using BBTools (Bushnell, Rood, and Singer 2017), by
removing adapters, artifacts, short reads, and residual ribo-
somal sequences. The output of the cleaning step was used as
input for the de novo assembly. For this step Trinity software
(version 2.3.2; Grabherr et al. 2011) was used. The third step
used Blast to identify viral sequences. First, a custom viral data-
base was queried with the assembled contigs via NCBI blast
toolkit (version 2.8). The results were manually inspected and
reliable viral sequences, based on identity percentage, align-
ment length and query length, were selected for the following
analysis steps. The candidate contigs were blasted against the
NCBI nr database (release October 2018) using DIAMOND soft-
ware (Buchfink, Xie, and Huson 2015). These second blast
results were used to discriminate between real virus sequences
and host sequences present in viral genomes (e.g. heath shock
related proteins present in the family Closteroviridae) or already
discovered viruses. Cleaned reads were mapped on selected vi-
rus sequences using bowtie2 (Langmead and Salzberg 2012) and
visualized with Tablet software (Milne et al. 2013). The detailed
script with the parameters is available as Supplementary File
S1. For open reading frames (ORFs) prediction, ORFfinder
(https://www.ncbi.nlm.nih.gov/orffinder/) was used with de-
fault parameters (Rombel et al. 2002). Domain search on each
ORF encoded by each virus was performed with ‘motif search’
available at genome.jp/tools/motif with default parameters.
Only ORFs with a predicted molecular mass of 5kDa were
graphically reported in genome organizations. Although virus
identification was performed separately for each library, to re-
duce redundancy of viruses present in different libraries, we
compared the results of each library with the others to obtain a
list of unique viruses (uni-virus). Each viral contig was blasted
against the whole list of viral contigs and those with nucleotide
identity over 90 per cent and length over 1,000 nucleotides (nt)
were grouped and considered a single virus contig in our final
list. In this way, we simplified the information about sequence
variants present in our samples, which is beyond the purpose of
our inquiry. We selected as leading (representative) virus contig
the longest of the group, which is also the contig deposited in
GenBank. We developed custom R scripts for this ‘uni-contig’
selection (Supplementary Files S2-54).

2.4 Taxonomy analysis

In order to evaluate the taxonomic complexity of the meta-
samples present in our libraries we used Kraken2 (Wood, Lu,
and Langmead 2019) in combination with Pavian (Breitwieser
and Salzberg 2019) and a custom R script to create the visualiza-
tion (Supplementary File S5).

2.5 Validation of selected viruses

For a selection of the most interesting contigs, their presence in
the samples was validated through gRT-PCR. For this purpose,
each of the 141 RNA samples was retro-transcribed into cDNA
using the high-capacity RNA-to-cDNA™ Kit (Applied
Biosystems). Quantitative reverse transcriptase PCR (QRT-PCR)
was used not only to assess the real presence of the in silico
identified viruses into the samples, but also to associate specific
viruses to specific samples. In fact, the computational identifi-
cation was made on pool of samples, while the gRT-PCRs were
conducted on individual samples of each pool. The list of pri-
mers used is displayed in Supplementary Table S2.
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2.6 Phylogenetic analysis

RNA-dependent RNA polymerase proteins (RdRps) from all
identified viruses and closest homologues from NCBI were
aligned using the online version of Clustal Omega software with
default parameters (Sievers et al. 2011) at the EBI Web Services
(Madeira et al. 2019). Retrieved alignments were then submitted
to IQ-TREE software (Trifinopoulos et al. 2016) to produce accu-
rate phylogenetic trees under maximum likelihood model (de-
fault parameters). Alternatively, the maximum likelihood
methodology was run with RaXL at CIPRES (Miller, Pfeiffer, and
Schwartz 2010) for a subset of trees. The accession numbers of
the proteins and the corresponding virus names and acronyms
are displayed on the trees.

2.7 ORFan contig detection

Assembled contigs from each library were submitted to a
DIAMOND search of the NCBI non-redundant whole database
(version: October 2019). All contigs with a homologue were dis-
carded, whereas the remaining contigs that were over 1 kb in
length and encoded a protein of at least 150 amino acids
(~15kDa) were kept, defining a preliminary set of contigs coding
for ‘ORFan’ proteins. Reads were mapped to those contigs con-
sidering their orientation that is, whether they mapped in sense
or antisense orientation. All the contigs that showed only posi-
tive or only negative reads were discarded, since a typical
feature of replicating viruses is the presence of a minus and
plus sense genomic template for replication. Remaining contigs
were further analyzed for protein homology among themselves
with Clustal Omega.

2.8 Reads correlation between true fungi/oomycetes and
viruses

Correlation between reads from two taxonomical classes:
Dothideomycetes (belonging to true fungi) and Oomycetes and
number of reads of a specific virus has been computed. Only vi-
ruses identified in more than nine pools have been used to com-
pute the correlation. Positive correlation means that the
presence of the virus is positively correlated with the presence
of a Class of organisms; therefore, the virus is likely to be hosted
by an organism belonging to either Dothideomycetes or
Oomycetes.

2.9 Virus names

Viruses identified in this article have been named using the fol-
lowing criteria: I) the first part of the name is the source of the
virus; II) the second part of the name identifies the virus taxo-
nomical group; and III) the last part of the name is a progressive
number. The contig DMG-C_TRINITY_DN27100_c0_g3_i1 has as
first match Rhizoctonia solani negative-stranded virus 4 and we
named it: (P. viticola lesion associated)[I part] (mycobunyavir-
ales-like virus)[II] (1)[III part].

3. Results
3.1 The virome associated to DMG

Across the sixteen studied pools, ~623 M reads in total and ~38
M reads, on average, per library were identified, with 68 per cent
of reads classified. Supplementary Fig. S2A and Table
S3provided a bird’s-eye view on the relative abundance of sev-
eral taxonomical ‘Class’ (reads above 100 K) in each sample,
showing a representation of the complexity of organisms
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present in the samples considering fungal, arthropods, plant
and bacterial components. In most Italian samples, the highest
ranking (abundance) taxa (order level) was, as expected,
Oomycetes, followed by true fungi (with Dothideomycetes and
Sordariomycetes as the most represented orders). Samples from
Spain showed a different scenario, and Oomycetes and true
fungi were predominant ranking taxa in only a few samples.

An initial quality control of our pipeline was performed
assigning the reads of each library to Vitis vinifera, Alternaria sp.,
and P. viticola. Alternaria spp. (Alternaria alternata and Alternaria
arborescens) is a complex of endophytic fungi of V. vinifera and
the most abundant true fungus identified in our analysis. For
each pool, cleaned reads have been blasted against the NCBI nt
database using Kraken2? software (Wood, Lu, and Langmead
2019). Supplementary Fig. S2B shows the results of the analysis,
highlighting that in eleven out of sixteen pools the number of P.
viticola reads were more or equally abundant than V. vinifera
reads, and, among them, in some cases the ratio between
oomycete- and plant-mapping reads was above fifty times.

Initially, each pool was analyzed as a separated unit and vi-
ruses were identified independently from the other pools,
resulting in sixteen distinct lists of viral contigs. The unicontig
selection reduced the number of identified viral contigs from
1,280 to 423. Manual inspection and BLAST analysis of such con-
tigs allowed us to classify them in different groups (taxonomi-
cally based, when feasible) or as putative different segments of
multi-segmented viral genomes. The initial list of unicontigs
contains some previously characterized viruses and putative
plant viruses. Such list of viruses (already detected in grapevine,
or new for grapevine) has been recently published and dis-
cussed thoroughly (Chiapello et al. 2020). In this work, we con-
centrated only on sequences that showed as first hits, after
BlastX searches against nr protein database, viruses with
known fungal/oomycetes hosts or other unspecified hosts, but
not plant hosts. The total number of contigs reported in this
study is 315, corresponding to 283 distinct virus RdRps. The vi-
ruses which show novelties or define new genera or families, or
new phylogenetic trajectories are reported and discussed in the
main text, whereas the remaining ones are described in
Supplementary Text S1.

3.2 Positive strand viruses

A total of 227 positive strand RNA viral unicontigs were identi-
fied. They correspond to 222 viruses, based on the identified
RdRps. The extra segments belong to a Jingmen-like virus with
homology to NS3 and NS5 (being NS5 the RdRp) of flavivirus and
four segments belonging to putative new bipartite viruses. The
viruses we identified belong to twelve groups: sobemo-like vi-
ruses (one), picorna-ifla-dicistro-like viruses (six), tombus-like
viruses (two), tobamo-virga-alpha-like viruses (eight), fusari/
hypo-like viruses (three), poty-like viruses (four), ambiguivi-
ruses (two), Jingmen-like viruses (one), yadokariviruses (one),
amalgaviruses (one), flavi-like viruses (one), mitoviruses (fifty-
five), narnaviruses (forty-three), leviviruses (one), botourmiavi-
ruses (ninety-one), and orfanplasmovirus (five). The most repre-
sented taxonomic groups are those in the Lenarviricota
(levivirus, narnavirus, mitovirus, and botourmiavirus).
Supplementary Table S4 reports all the identified single-
stranded RNA (ssRNA) (+) viruses and some of their features, in-
cluding the GenBank accession number.

3.2.1 Narna-like viruses

Recently, an effort to put all the RdRp-encoding viruses in a sin-
gle phylogenetic tree resulted in the recognition that bacterial
leviviruses, narnaviruses, mitoviruses, and botourmiaviruses
are in a single branch at the root of the tree (Wolf et al. 2018
2019). Such effort has been criticized by some researchers due
to the low overall conservation of the alignment (Holmes and
Duchene 2019). Nevertheless, in this work, we will follow this
attempt at unifying RNA virus phylogeny, since it provides a
taxonomic framework (Koonin et al. 2020) that can be continu-
ously updated whenever more comprehensive alignments are
available, increasing the likelihood of getting a more reliable
phylogenetic tree. All the viruses comprised in the basal branch
of the five-branch tree of this new megataxonomic framework
are now in the phylum Lenarviricota, which now includes
the families Mitoviridae, Narnaviridae, Leviviridae, and
Botourmiaviridae (Koonin et al. 2020). Apart from characterized
leviviruses, which can have multiple ORFs encoded by a single
RNA, all the other viruses belonging to Lenarviricota are also
monosegmented but have a single ORF, with the exception of
plant ourmiaviruses and, possibly, some narnaviruses infecting
trypanosomatid hosts (Rastgou et al. 2009; Charon et al. 2019).

In our study, we identified fifty-five mito-like viruses
(Supplementary Table S4 and Fig. S3), forty-three narna-like vi-
ruses (Supplementary Table S4 and Fig. S4), and ninety-one new
members of botourmia-like viruses across Italy and Spain
(Supplementary Table S4 and Fig. S5). The only levivirus identi-
fied (PValevil) is present exclusively in one library in Italy
(DMG-D). Leviviruses have a monopartite, linear ssRNA genome
of about 3.5 kb (Supplementary Table S4 and Fig. S4), so far sta-
bly associated only to bacteria.

Although the majority of mitoviruses was concentrated in
Italian regions, with few viruses present in Spain and only one
exclusively in the Iberic peninsula (PVaMito52), narna-like vi-
ruses are present both in Italy and Spain. Among them, P. viti-
cola lesion-associated narnavirus8 (PVaNarna8) was extremely
abundant in all the libraries, reaching over 1 million reads in li-
brary DMG-G. Two other narnaviruses (PVaNarna7 and
PVaNarnal0) were also widespread in most libraries and are
fairly abundant.

Among the identified narnaviruses, nine encode for two
ORFs: one is the putative RdRp in the positive sense orientation,
whereas a second ORF is present in the negative sense orienta-
tion (rORF; Fig. 1B). We did not find any degree of conservation
aligning the rORF of the nine narnaviruses (PVaNarnal5, 22, 23,
24, 25, 26, 41, 42, and 43) as already shown for other ambisense
narnaviruses (Dinan et al. 2020). We deposited the additional
ORFs in NCBI as ‘putative proteins’.

All the fifty-five contigs that were assigned to mitoviruses
are recognized as RdRps through a motif search software.

Some botourmia-like viruses are ubiquitously spread across
the different sampling sites in Italy and Spain (among the most
abundant PVaOurmia7, 29, 39, 40, and 70) and only a few are li-
brary specific (i.e. PVaOurmia3, 12, 46, and 47; Supplementary
Fig. S5). All the ninety-one sequences of the RdRps have a num-
ber of conserved amino acids in the alignment, in specific
around the GDD motif (data not shown). Nevertheless, motif-
searches did not recognize a typical RARp motif in nine of these
sequences (PVaOurmia3, 49, 50, 58,59, 60, 61, 80, and 81).

All the identified viruses in the Lenarviricota phylum have
been used to derive a phylogenetic tree together with represen-
tatives of sequences already present in public databases (273
RdRp sequences) to confirm the correct virus association and
the presence of possible out-group viruses. The tree is displayed
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tion of nine ambinarnaviruses with a second ORF in reverse genomic orientation. Top ruler indicates the length in kb. (C) Alignment of narna-like viruses without the
GDD domain and some of the closest homologues with the GDD domain. In the consensus row an exclamation mark ‘!’ stands for a conserved amino acid, while an as-
terisk *’ stands for positions in which there is a majority of sequences agreeing. Positions in which the sequences disagree are left blank in the consensus sequence.
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in three different figures to maximize the resolution
(Supplementary Figs S6 and S7 and Fig. 1A). Botourmia-like vi-
ruses form a single clade in the phylogenetic tree, with all the
RdRps included, confirming that all the ninety-one identified vi-
ruses have a strong support from the phylogenetic analysis to
belong to the family Botourmiaviridae (Supplementary Fig. S6).
Inside the recognized Botourmiaviridae, the three established
genera Botoulivirus, Scleroulivirus, and Magoulivirus (Ayllén et al.
2020) can be extended to include some, but not all, the new
botourmiaviruses characterized in this work. For this reason,
new genera should be established, one of which could include
so far sequences only from this study.

The mitovirus tree (Supplementary Fig. S7) shows that also
this group of viruses includes a remarkably diverse array of vi-
ruses with a number of sub-clades. As shown before, plant
mitoviruses all derived from a specific branch (Bruenn, Warner,
and Yerramsetty 2015; Nibert et al. 2018; Nerva et al. 2019c).

The levivirus present in our virome study is clustering with
other leviviruses and its association is strong (Fig. 1A); given the
presence of some bacterial reads in library DMG-D, we suggest
that this is probably a true bacteriophage (Supplementary Fig.
S2).

More complex is the narna-like phylogenetic tree (Fig. 1A).
The narnaviruses are indeed classified in a single well sup-
ported clade, but several subgroups could be established, either
genera or families given the phylogenetic distances and deep
branches that support some of the clades. In specific, there is a
new group of narnaviruses that lacks both a typical palm do-
main and the GDD triplet in their RdRps: PVaNarnal, 2, 3, 5, 6, 7
(very abundant in most libraries), 19, and 20. In particular,
PVaNarna20 stems from a very deep branch at the root of this
group and shows very limited amino-acid conservation in the
alignment (Fig. 1C). This group of viruses should probably repre-
sent a new taxon (possibly a new family or higher-ranking taxa)
for which we propose the name GDDminusnarnaviridae.
Another new group of narnavirus maintains the GDD triplet but
has also a conserved M-G-D-[MLP| motif in common with the
above mentioned group (PVaNarnall-12-13-14-29-30-32-33-34-
35-36-37; Fig. 1C). Other authors have recently shown that
existing narnavirus should at least comprise two genera,
(Alphanarnavirus and Betanarnavirus; Dinan et al. 2020), but
the clades described above are distinct from those already ob-
served, so we think higher new ranking taxa should be
assigned. The new narnaviruses with ambisense genomes that
we present in this study can be grouped in one phylogenetic ho-
mogenous clade and we propose for this clade the name
mycoambinarnaviruses.

3.2.2 Tobamo/virga-like viruses

One alphavirus-like virus has been identified in our study
(PvLaAlpha-LV1) in Italy with very low estimated accumulation
(Supplementary Fig. S8). Its genome organization shows two
ORFs: ORF1 (2007 amino acids) contains an RNA helicase and an
RdRp motif, while the ORF2 (184 amino acids) has no conserved
domains and matches with a hypothetical protein
(QGW08826.1) of Fusarium graminearum alphavirus-like virus 1
(Fig. 2A).

A single tobamo-like virus has been identified (PvLaT-LV2) in
three samples from Italy (Supplementary Fig. S8). Its genome or-
ganization comprises three ORFs, one encoding a putative pro-
tein carrying the methyltransferase, helicase, and RdRp
domains, whereas the second ORF carries a DEAD motif, but is
not conserved with any ORFs in public databases. Finally, the
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third ORF-encoded protein has no conserved motif, and does
not have any homologue in public databases (Fig. 2A).

Nine virga-like virus fragments have been identified. PvLaV-
LV1 has a coding region of over 8 kb and encodes a single ORF
with methyltransferase, helicase and RdRp domains. The
remaining eight segments have a length between 2 and 3.5 kb:
four of them carry the RdRp domain and the other four carry
the helicase domain, whereas the methyltransferase domains
are present or absent depending on the specific viral segment
(Fig 2A). These two groups of four sequences have as first blast
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hit two putative viral segments: one carrying the RdRp motif
(Luckshill virus fragments) and one carrying the helicase motif
(Cyrill virus fragments; Medd et al. 2018). Strict association of
read abundance and presence in the same libraries of corre-
sponding Luckshill- and Cyrill-like fragments allow us to hy-
pothesize that each of the segment is part of a bipartite virus,
which we name Plasmopara viticola lesion-associated vivivirus
1-4, since four of these strict associations are present in our li-
braries (Supplementary Fig. S8). Another element that support
the strict association of these two segments in a single virus ge-
nome is the conservation of the 5’ and 3’ terminal nt sequences,
which are specifically recognized by the RdRp during replica-
tion: in facts, PvLaVivivirus1 RNA1 and RNA2 share high conser-
vation over the first 60 nt both at the 5 and 3’ ends, while
PvLaVivivirus4 RNA1 and RNA2 share conservation only at the
5" end (Fig. 2C).

Sequence alignment, and phylogenetic analysis (Fig. 2B)
shows that the four RdRp-encoding virga-like fragments are in a
clade together with Lukeshill virus characterized in the
Drosophila suzukii virome (Medd et al. 2018). The alpha-like virus
(PvLaAlpha-LV1) belongs to a clade that groups a viral fragment
from an environmental sample and three other mycoviruses.
The tobamo-like virus (PvLaT-LV2) also belongs to a statistically
well-supported clade of mycoviruses, which should probably
constitute a new viral family.

3.3 Negative strand RNA virus

Twenty-nine negative-stranded RNA viruses have been identi-
fied (Supplementary Table S5). Those twenty-nine viruses have
been assigned to four major taxonomical groups of negative
strand viruses: eleven viruses to the order Bunyavirales, twelve
to the order Mononegavirales, three to the Serpentovirales, and
three to yue-like virus family/order.

3.3.1 Bunyavirales

The Bunyavirales order includes several families of viruses
infecting vertebrates, invertebrates, plants; only recently spe-
cific clades infecting fungi were also characterized (Lin et al.
2019; Nerva et al. 2019b; Velasco et al. 2019). The members of
this order are linear negative-sense, single-stranded seg-
mented viruses. Their genome size and organization are fam-
ily specific, but at least bi-segmented. Other RdRp-encoding
mycobunya-like sequences have also been previously charac-
terized (Donaire, Pagan, and Ayllén 2016; Marzano and Domier
2016) but associated segments encoding for at least the nucle-
ocapsid (Nc) protein are missing. The bunya-like viruses iden-
tified in this work are distributed across Italy and Spain. The
mapped reads showed a general low accumulation of the iden-
tified viruses, apart from a new arena-like virus which is abun-
dant in most Italian libraries (Supplementary Fig. S9) and we
provisionally named it Plasmopara viticola lesion-associated
bunyaarena-like virus 1 (Fig. 3A). The ten new tentative mem-
bers of the Bunyavirales have been deposited in NCBI and
named PVaBunyavirales1 to PVaBunyavirales10
(Supplementary Fig. S9).

Phylogenetic analysis (Fig. 3B) shows that all the identified
viruses are indeed in the order Bunyavirales. At least three dis-
tinct clades are obvious, and most members of these clades are
infecting fungi. The clade that includes PVaBunyavirales4, 5, 6,
8, 9, and 10 include also Penicillium discovirus, Penicillium-
roseopurpureum-negative-ssRNA-virus-1, and Coniothyrium
diplodiella negative-stranded RNA virus 1. These three viruses
are confirmed mycoviruses and have three identified genomic
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segments, coding for an RdRp, a Nc, and a non-structural pro-
tein (NSs) (Nerva et al. 2019b,c). Their Nc and NSs proteins were
used to search our downy mildew libraries to look for homolo-
gous proteins. Indeed, many Nc and NSs were retrieved and
assigned to specific RdRp encoding segments on the base of
phylogenetic and read/abundance correlations. We could
therefore  derive some likely full-length  genomes
(PVaBunyavirales 4, 8, and 9), although final confirmation
should come from characterization of RNA associated to puri-
fied Nc or purified particles. The in silico association was
checked and confirmed by qRT-PCR on the original sample
RNA extracts. In fact, some specific samples inside the pools
were positive for all three segments associated to the putative
PVaBunyavirales4, 8, and 9 (Table 1).

PVaBunyavirales2 and 7 belong to a clade that includes a
confirmed mycovirus, Rhizoctonia solani bunya phlebo-like vi-
rus 1 (Picarelli et al. 2019), which so far has no specific Nc or NSs
associated.
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Table 1. Presence and titer of viral contigs belonging to tripartite
Bunyavirales determined by qRT-PCR using as template RNA
extracted from specific downy mildew lesion samples

Sample Primer Ct (Min) Virus Domain
DMG37 T31-107 32.95 Bunyavirale9 NSs
DMG37 T31-108 31.44 Bunyavirale9 NC
DMG37 T31-27 30.21 Bunyavirale9 RdRp
DMG71 T31-111 30.2 Bunyavirale8 NSs
DMG71 T31-112 27.51 Bunyavirale8 NC
DMG71 T31-26 30.43 Bunyavirale8 RdRp
PB-DM14 T31-113 26.2 Bunyavirale4 NC
PB-DM14 T31-114 25.64 Bunyavirale4 NSs
PB-DM14 T31-24 28.04 Bunyavirale4 RdRp
PB-DM15 T31-113 26.48 Bunyavirale4 NC
PB-DM15 T31-114 26.14 Bunyavirale4 NSs
PB-DM15 T31-24 27.4 Bunyavirale4 RdRp

Also PVaBunyavirales1 and 3 belong to a clade that includes
confirmed mycoviruses that is, R. solani negative-stranded virus
4 (Marzano et al. 2016) and Cladosporium cladosporioides
negative-stranded RNA virus 2 (Nerva et al. 2019¢; Fig. 3B). Also
for this group of viruses only the RdRp is known. This clade also
includes our Pvabunyaarenalikel, a very distant arena-like vi-
rus, which has instead as first hit a putative plant virus of the
cogu-like clade (Citrus concave gum-associated virus).

3.3.2 Mononegavirales

The order Mononegavirales includes negative-stranded RNA vi-
ruses mostly monopartite, with multiple ORFs, generally all in
the same orientation. In our libraries, we found a number of
viruses putatively belonging to this order showing different
genomic organization (Fig. 4A). Specifically, viruses
PvLamononegaambiV1, 2, 3, 4, 5, 6, 7, and 8 had as first hit in
Blast searches Kiln Barn virus (Medd et al. 2018), and the re-
cently reported Penicillium glabrum negative-stranded RNA vi-
rus 1 and Penicillium adametzioides negative-stranded RNA
virus 1 (Nerva et al. 2019c¢). Kiln Barn virus does not seem to be
complete, based on the alignment with other virus sequences
with homologous RdRps, which are longer than 6.5kb and have
the potential to encode a small ORFs also in the sense orienta-
tion (compared with the antisense genomic orientation of the
RdRp). Such small ORF (around 200 amino acids long), found at
the 5' of PvLamononegaambiV2, 4, and 6 genomes (Fig. 4A), is
partly conserved, both in position and in some specific amino
acid motifs highlighted in the alignment (Fig. 4C); The ambi-
sense nature of these contigs was confirmed through RT-PCR
across the junction (not shown). Since the ORF is absent in our
shorter virus contigs (PvLamononegaambiVl, 3, 5, 7, and 8) and
because of the low coverage of the genome (Supplementary Fig.
$10), we can hypothesize that they are not complete. On the ba-
sis of these direct and indirect pieces of evidence, we suggest
that this second ORF in sense orientation is indeed a feature of
a new viral taxon inside the mononegavirales, for which we
propose the name mononegaambivirus.

Plasmopara viticola lesion-associated mononega virus 1
(PvLamononegaV1) is abundant only in one library (DMG-B) and
encodes two ORFs (Supplementary Fig. S10 and Fig. 4A). It has
low homology with an invertebrate rhabdo-like virus,
Hubei rhabdo-like virus 2 (Shi et al. 2016), which codes for four
ORFs. Plasmopara viticola lesion-associated mymonavirus 1
(PvLamymonaV1) and Plasmopara viticola lesion-associated
mymonavirus 2 (PvLamymonaV2) have respectively three and

four ORFs and are typical mymonaviruses (Jiang et al. 2019;
Fig. 4A).

Mononegavirales are more present in Italy than in Spain, both
in terms of identified viruses and in term of inferred virus load.
Seven out of twelve were exclusively identified in Italy and
none of the five identified in Spain was uniquely present in that
country (Supplementary Fig. S10).

Phylogenetic analysis (Fig. 4B) shows that PvLamymonaV1l
and 2 are closely related to the recently characterized
Sclerotimonavirus genus (Jiang et al. 2019). The new proposed
group of monoambinegavirus also belongs to a well-defined
and distinct clade of mostly fungal viruses, even though Kiln
Barn Virus comes from a Drosophila suzukii metagenome study
(Medd et al. 2018). PvLamononegaV1 belongs to a clade grouping
already well characterized rhabdoviruses, even though its
branch length indicates a very basal relationship. The closest
sequences to PvLamononegaV1 are associated to invertebrates.

3.3.3  Yue-like mycoviruses

Our bionformatic pipeline retrieved three distinct segments
encoding three putative RdRps having as first BLASTx hits
members of the Yuevirus and Qinvirus groups (Shi et al. 2016).
These segments are 3.6-4kb in length and encoded a single
ORF, coding for the putative RdRp. Yueviruses and Qinviruses
belong to Goujianvirales and Muvirales orders respectively in the
current ICTV taxonomy (Koonin et al. 2020). The three viral con-
tigs, PVaYuevirusl, 2, and 3, are highly represented in all the li-
braries in both countries, in some cases with over one million
mapping reads (Supplementary Fig. S11). This could suggest a
virus integration in some host genomes common to all the
metagenomic samples. Consequently, we checked for their
presence in either vitis or plasmopara genomes, but we did not
retrieve any positive hit. We also checked evidence of DNA cor-
responding to the three segments through qPCR and demon-
strated that the viruses are not integrated (data not shown).
Therefore, they can be considered bona fide replicating RNA
segments.

Phylogenetic analysis (Fig. 5A) shows that these viruses con-
stitute a well-defined sister clade of the two Yuevirus so far
characterized. The conserved putative catalytic domain of this
new fungal yue-like viruses are IDD, similarly to the one of gin-
like viruses so far characterized, but differently from the one of
Yueviruses which is SDD (Fig. 5B). Both the Yueviruses and
Qinviruses characterized from invertebrates have a second ge-
nomic segment coding for a protein of unknown function, con-
served among each of the two groups of viruses (Shi et al. 2016);
our attempts to find associated segments with different
approaches were so far unsuccessful.

3.3.4 Serpentovirales-like viruses

Typically, ophioviruses are plant viruses belonging to the order
Serpentovirales, family Aspiviridae, and are segmented negative-
stranded RNA linear genomes, which can contain up to four
segments. We identified three ophio-like viral RdRps, encoded
by RNA segments ranging from 7.7 to 8.4 kb. Two of these seg-
ments (PVaophio4 and 5) carry also a small ORF at the 3’ termi-
nus in the antisense orientation. PVaophio5 is almost identical
(82% at nt level) to Fusarium poae negative-stranded virus 1
(Osaki et al. 2016), the first mycoophiovirus identified. Such seg-
ments are mostly restricted to Italian libraries, and PVaophiol
is particularly abundant with more than 200,000 reads mapping
on the segment, whereas PVaophio4 and 5 are present with a
very limited number of reads (Supplementary Fig. S12).
Phylogenetic analysis (Supplementary Fig. S13) reveals that
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Figure 4. (A): Mononegavirales genome organizations. Top ruler indicates the length in kb. (B) Mononegavirales phylogenetic tree computed by IQ-TREE stochastic algo-
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they indeed belong to a well-defined clade that includes a num-
ber of mycoviruses recently characterized, for which we pro-
pose a family taxon named mycoaspiviridae. The likely
presence of extra genomic segments associated to them was
not yet revealed for any of these phylogenetically distant
viruses.

3.4 Double-stranded RNA virus

The double-stranded RNA (dsRNA) viruses have been classified
in seven sub-groups: bipartite (a proposed new family not yet
accepted by ICTV described in Nerva et al. 2016), botybirna, par-
titi, partiti-like, polymycovirus, totivirus, and toti-like virus.
The identified viruses have been mapped against all the Italian
and Spanish libraries in order to display the coverage and high-
light the presence of the viruses in the different pools
(Supplementary Table S6 and Fig. S14).

For the multi-partite viruses, when possible, the read
count/library has also been used as a guide to identify segments
belonging to the same virus; when this approach resulted in
ambiguous associations, the qRT-PCR approach to find strict
associations in specific samples in the pools has been used
(data not shown).

In the recent effort to include all RNA viruses in a single phy-
logenetic tree, dsRNA viruses have been shown to have origi-
nated at least twice independently (Wolf et al. 2018). They are
present as a distinct lineage in Branch 2 of the picornavirus su-
pergroup, which now corresponds to the Phylum Pisuviricota,
Class Duplopiviricetes (polymyco-, ‘bipartite’, partiti, and partiti-
like viruses; Koonin et al. 2020), while toti, toti-like, and boty-
birna viruses belong to the second lineage that includes the
whole Branch 4 (Wolf et al. 2018), which now corresponds to the
phylum Duplornaviricota (Koonin et al. 2020). We will follow this
subdivision in describing the dsRNA viruses found in our
library.

3.4.1 Groupl

Group 1 contains polymyco, ‘bipartite’, partiti and partiti-like vi-
ruses. Polymycoviruses have four to eight dsRNA genomic seg-
ments, four of which show some degree of conservation among
species. The overall size of the genome ranges from 7.5 to 12.5
kb. We identified five polymycoviruses (PvaPolymycol-5) in
both Italian and Spanish sites (Supplementary Fig. S14): for all
of them we found the RdRp, and for three of them we were able
to identify also additional segments. Polymycoviruses (also pre-
viously known as tetramycoviruses) have been recently
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Figure 5. A: Yue-like virus phylogenetic tree computed by IQ-TREE stochastic algorithm to infer phylogenetic trees by maximum likelihood. Model of substitution:
LG+F +1+G4. Consensus tree is constructed from 1,000 bootstrap trees. Log-likelihood of consensus tree: —72054.223. At nodes the percentage bootstrap values. Red
labels indicate viruses identified in this study. (B) Alignment of discovered yue-like viruses (PVaYuevirusi, 2, and 3) with some of the closest homologues. The RdRp do-
main is highlighted in red; 50 amino acids across the GDD/SDD/IDD domains are shown.



classified by the ICTV under the Polymycoviridae family, a float-
ing family inside the Realm Riboviria (Koonin et al. 2020).

A ‘bipartite’-like virus, with both its segments, was detected
in all the Italian libraries at very low accumulation, whereas in
Spain it is present in four pools with the highest concentration
in DMS6 (Supplementary Fig. S14). PVaBipar1 clusters with other
unclassified  dsRNA  viruses with small genomes
(Supplementary Fig. S15), which include the mutualistic
Curvularia thermal tolerance virus (Marquez et al. 2007).

Partitiviruses are the most represented taxon in our dataset
(ten distinct species), and two of them are ubiquitously distrib-
uted in Italian and Spanish libraries (PVaPartit6 and PVaPartit7)
accumulating abundantly in each library, based on read counts.
Conversely, PVaPartit5 is present only in one sample (DMG-G).
Some of the partitiviruses seem to be country specific, namely
PVaPartit9, PVaPartit4, PVaPartit5, PVaPartit2 for Italy and
PVaPartit8 for Spain. The Partitiviridae is a family of bisegmented
(occasionally tri-segmented) dsRNA viruses with genomes of
3-4.8 kb. The two genome segments are individually encapsi-
dated. The family includes five genera with characteristic hosts
for members of each genus.

PVaPartLikel has been detected at high level in all samples
and PVaPartLike2 is present only in one Italian sample and two
Spanish samples.

Phylogenetic analysis (Supplementary Fig. S15) confirms
that all the polymycoviruses we identified belong to a statisti-
cally well supported clade with bootstrap values of 100 per cent.
Partitiviruses are spread across three sub-groups. PVaBiparl is
indeed in a clade well sustained by a high bootstrap value with
other ‘bipartite’-like viruses. The two partiti-like viruses belong
to a well-supported clade that should be recognized as a new vi-
rus genus inside the family Partitiviridae, but PVaPartLikel stems
from a separated deep branch compared with the other partiti-
like viruses.

3.4.2 Group2

Group 2 contains toti, toti-like, botybirna viruses, and an unclas-
sified dsRNA virus (Supplementary Fig. S14). Four bona fide toti-
viruses have been identified: three exclusively present in Spain
and one exclusively present in northern Italy. There is a specific
site in Spain (DMS6—Penedés) where three of these viruses are
present at a high accumulation. Totiviruses consist in a single
molecule of linear dsRNA, 4.6-7.0 kb in size. The genome usually
contains two overlapping ORFs, coding for CP and RdRp.
Phylogenetic tree shows totiviruses clustering in a single clade
(Fig. 6B), even though one of them (PVaToti3) stems from a
branch separated from the other totiviruses characterized in
this study.

The identified toti-like viruses are ubiquitous in all regions
of both countries, with a very high number of reads, with the ex-
ception of PVaTotilike2, which was not detected in four libraries
from Spain. The five toti-like virus segments showed different
genome organizations (Fig. 6A). PVaTotilikel and 2 codes for
two ORFs: one is the RdRp and the other has no conserved
domains; therefore, these can be considered two distinct self-
sufficient viruses. The other three segments encode a single
ORF: PVaTotilike5 codes for a putative RdRp while in the other
two virus contigs (PVaTotilike3 and 4) no conserved domain
was found. The phylogenetic analysis shows that toti-like vi-
ruses are divided into two groups and the identified viruses are
spread across them (Fig. 6B): PVaTotilikel and 2 are in a clade
with other mycoviruses infecting oomycetes, whereas
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Figure 6. (A) genome organization of representative viruses from dsRNA group2.
Top rule indicates the length in kb. (B) dsRNA group2 phylogenetic tree com-
puted by IQ-TREE stochastic algorithm to infer phylogenetic trees by maximum
likelihood. Model of substitution: VT+F +1+G4. Consensus tree is constructed
from 1,000 bootstrap trees. Log-likelihood of consensus tree: —132016.713. At
nodes the percentage bootstrap values. Different colors indicate different
subgroups.
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PVaTotilike3, 4, and 5 are in a clade with viruses from
invertebrates.

One new dsRNA virus is present in all the libraries of
both countries (Supplementary Fig. S14). Its genome (~8.6 kb)
contains two ORFs carrying an RdRp and a second ORF with no
conserved domains (Fig. 6A) and a distant homology with
another dsRNA discovered in another member of
Peronosporaceae, Bremia lactucae (GenBank accession:
QIP68007.1, unpublished). Interestingly the virus does not clus-
ter with any other virus in the tree (Fig. 6B), even if it seems to
be distantly related to botybirnaviruses.

Botybirnaviruses have a bipartite genome, with two types of
structural proteins (p85/80, p70) and an RdRp. They are cur-
rently classified in a floating Genus—Botybirnavirus—in the
Orthornavirae Kingdom (Koonin et al. 2020). Two botybirnavi-
ruses were identified in this study: one is present in all Italian
samples and three Spanish samples, whereas the other one is
only present in Spain (Supplementary Fig. S12). Both
Plasmopara viticola lesion-associated botybirnaviruses cluster
with known botybirnaviruses in the phylogenetic tree (Fig. 6B).

3.5 Orfans of likely viral origin

Our pipeline designed to identify new viruses in our dataset is
based on homology to virus proteins already present in NCBI
databases. This approach has the inherent limitation of missing
new virus clades or virus segments that encode proteins that
are not sufficiently conserved to be retrieved through Blast
searches. We applied a different pipeline to identify ‘ORFan’
protein-encoding contigs (putative viral) and the initial search
with DIAMOND identified 333 unicontigs. When manually
inspecting the number of positive-and negative-stranded reads
mapping to each of them, we found hundreds of relatively
abundant new putative virus segments (based on the abun-
dance of both plus and minus strand mapping reads in the li-
brary). A further analysis aiming at revealing clusters of
homologous proteins within them (and therefore new clusters
of conserved proteins) highlighted a number of putative groups.
For one of these clusters of sequences we were able to detect
some distant relationship to existing virus RdRps (not detected
by our Blast search), which revealed a new lineage of RNA vi-
ruses. In particular, we discovered five sequences, named
PvLaORFPIV1-5, that form a new clade inside (or closely related
to) the Lernaviricota phylum that comprises abundant virus seg-
ments widespread in many libraries both from Italy and Spain
(Supplementary Fig. S8). Phylogenetic analysis clusters these
sequences as a sister clade of characterized leviviruses (Fig. 7A);
an alignment with members of the Lenarviricota shows conser-
vation of the A, B, and C palm subdomains (te Velthuis 2014;
Fig. 7B).

4. Discussion

4.1 The metagenomic nature of our samples and
uncertainties in virus-host assignment

The purpose of this study was to find new virus-based BCAs to
use against DMG. A first step in this quest would be an inven-
tory of viruses infecting P. viticola, irrespective of their patho-
genic potential. Currently, to the best of our knowledge, there
are no specific mycovirus associated to P. viticola, but a number
of viruses have been associated to other Peronosporales (Yokoi
et al. 1999; Yokoi, Yamashita, and Hibi 2003; Heller-Dohmen
et al. 2011; Grasse et al. 2013; Grasse and Spring 2015). Many

well-studied virus-host interactions are reported for viruses of
Phytophtora spp. (Cai and Hillman 2013; Cai et al. 2013 2019a,b),
and the study of the Globisporangium genus (Pythiaceae family)
provided the characterization of some mycoviruses (Gillings,
Tesoriero, and Gunn 1993; Sasai et al. 2018; Shiba et al. 2018,
2019). A summary of the viruses so far studied in oomycetes
was recently reviewed (Sutela, Poimala, and Vainio 2019). Some
of the viruses found were specific to this taxonomic group of
protists. In our study we found viruses, such as PVaNarna 8 and
10, closely related to Phytophthora infestans virus 4 (Cai et al.
2012), and PVaTotilikel and 2, related to those recently charac-
terized in Pythium spp. (Shiba et al. 2019) and in Phytophthora cac-
torum (Poimala and Vainio 2020); both are therefore good
candidates to have P. viticola as host.

Given the complexity of the metatranscriptomics samples,
assigning all the viruses we found to the target host is a difficult
task and other approaches, besides the in silico analyses, need to
be planned. Reproducing infection in vivo, using a set of inocula
from the field, and gRT-PCR on single sporangia for specific vi-
ruses might be interesting complementary approaches to define
a stricter association between at least some of the viruses we
found and their putative host.

In an attempt to associate the viruses we found with a possi-
ble host, the complex nature of our samples was analyzed.
Some samples have a lower overall quality of reads and some
bacterial contaminations, but in most libraries plant, bacterial
and animal components are limited. Nevertheless, we were ini-
tially surprised to find a strong fungal component in most sam-
ples, quantitatively comparable to that of the oomycete P.
viticola. A closer inspection of the fungal component showed
that it was fairly constant among the different libraries, and the
most represented fungi were those of the Alternaria spp. com-
plex (A. alternata and A. arborescens). Occurrence of such fungi as
endophytes (and here probably also as microorganisms of the
phyllosphere) in grapevine is common and was previously stud-
ied (Polizzotto et al. 2012; Tao et al. 2014; Elena et al. 2019). More
interestingly Alternaria species from grapevine were also iso-
lated from P. viticola-infected leaves for their potential as BCAs
(Musetti et al. 2006) possibly through the secretion of a specific
fungal toxin (Musetti et al. 2007). Regulation of fungal toxin pro-
duction by mycoviruses was recently shown (Nerva et al
2019a), and this work could indeed suggest a further level of
complexity in the production of such toxin, if also in Alternaria
spp. the mycovirus presence alters its expression.

Also, to be as accurate as possible in assigning a putative
host in silico, we took advantage of a correlation analysis be-
tween reads abundance for a specific virus and that of the non-
virus components of the metagenomic sample. In fact, given
that the various libraries we analysed have a different percent-
age of reads mapping to fungi at large (true fungi and oomy-
cetes), it is possible to correlate abundance of a specific virus in
each sample to the relative abundance of their class of hosts.
Applying this principle, it is easy to infer that most of the vi-
ruses we described here are indeed mycoviruses (having true
fungi or oomycetes as hosts). As an example, the new clade of
yue-like viral RdRps that we identified correlates well with the
presence of fungal reads, being higher in some of the libraries
with the highest oomycetous-fungal content, and much lower
in libraries with a high contamination of plant or bacterial reads
(Supplementary Fig. S16).

Authors have argued in favor or against the inclusion of vi-
ruses from metagenomic sample in taxonomy without a certain
host assignment (Simmonds et al. 2017; Kaefer et al. 2019).
Taking indeed for granted the added value of establishing with
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Figure 7. (A) Lenarviricota phylogenetic tree computed by IQ-TREE stochastic algorithm to infer phylogenetic trees by maximum likelihood. Model of substitution:
VT+F +1+G4. Consensus tree is constructed from 1,000 bootstrap trees. Log-likelihood of consensus tree: —385880.540585. At nodes the percentage bootstrap values.
The tree focus is on a new clade of putative mycoviruses closely related to leviviruses and named orfaplasmovirus. Colored squares correspond to the proposed new
family of viruses. (B) Alignments of the new clade of viruses with some levivirus and two new narnaviruses: only residues without gaps were maintained. The A, B, C,
and D subdomains are highlighted with boxes.
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certainty the host for a number of our most representative vi-
ruses, the effort to annotate 283 new viruses from a fairly de-
fined metagenomic sample sheds new lights on virus
biodiversity with the discovery of new virus lineages that are
worth further investigations. In the next paragraphs we will
point out only the most relevant that expand our knowledge of
RNA virus biodiversity in general.

4.2 New narnavirus-like evolutionary trajectories

Narnaviruses were first discovered in Baker’s yeast, and thor-
oughly studied in this model system and for a long time they
were thought to infect only fungi and oomycetes (Kadowaki and
Halvorson 1971; Wesolowski and Wickner 1984; Hillman and
Cai 2013). Their role remains mostly cryptic, but an interesting
recent paper shows they can affect the biology of their fungal
host in a four-way symbiosis that involves also an endobacte-
rium (Espino-Vézquez et al. 2020). The vast majority of the
members of the phylum Lenarviricota (Koonin et al. 2020; com-
prising levivirus, mitovirus, botourmiavirus, and narnavirus
clades) encodes only the RdRp, but recent convincing indirect
evidence suggests that some narnaviruses might also carry a
functional ORF in their negative strand (rORF; DeRisi et al. 2019;
Dinan et al. 2020). Narnavirus (intended here as the members
of the newly established Class Amabiliviricetes, Order
Wolframvirales) natural hosts are fungi (including oomycetes;
Cai et al. 2012; Hillman and Cai 2013), and protists (Akopyants
et al. 2016; Charon et al. 2019), but recently evidence that a nar-
navirus is infecting Caenorhabditis elegans was provided (Richaud
et al. 2019). In addition, narnaviruses seem to infect also insects,
particularly mosquitos (Chandler, Liu, and Bennett 2015; Goertz
et al. 2019), opening to the possibility that also some viruses
characterized in a previous invertebrate meta-transcriptomic
virome characterization study, can indeed be viruses of arthro-
pods or of other invertebrate groups (Shi et al. 2016). Our study
adds further layers of biodiversity to this group of viruses; in
specific we characterized the genomes of new viruses forming
at least three new clades in the Lernaviricota that potentially
open new perspectives in the evolutionary history of this
branch of viruses. The first clade (likely a new genus in the fam-
ily Narnaviridae) is the mycoambinarnaviruses. In our study, we
describe a rather uniform clade that includes putative complete
or incomplete genomic fragments of narnaviruses that encode a
putative protein in the negative strand orientation. Such geno-
mic organization has been described at length in a recent work
where the authors also searched transcriptomes available in re-
positories for transcripts of viral origin having this ambisense
genomic organization (Dinan et al. 2020). The viruses with the
same genome organization identified in our work constitute a
well-defined clade separated from those already described be-
fore, with the exclusion of PVaNarna41, which belongs to the
insect-infecting clade cited before. A second clade (likely a new
family or a new order, given its diversity in the new to be estab-
lished order Wolframvirales) is the one we provisionally named
GDDminusviruses (or Gammanarnaviridae, following previ-
ously proposed nomenclature; Dinan et al. 2020). We here pro-
vide a number of new sequences forming a statistically well
supported clade of viruses together with some virus sequences
that had already been characterized as bona fide fungal viruses
in axenic fungal cultures: Fusarium poae narnavirus2 (Osaki
et al. 2016), two narnavirus from Aspergillus fumigatus
(Aspergillus fumigatus narnavirusl and 2; Zoll , Verweij, and
Melchers 2018) and three more from a study of grapevine endo-
phytes that is, Neufusicoccum parvum narnavirus2,

Cladosporium tenuissimum narnavirus 1 (CtNV1), and
Alternaria tenuissima narnavirus 1 (AtNV1; Nerva et al. 2019c).
In all previous studies, the authors classified such viruses as
narnavirus segments encoding RdRps, but did not notice that
the sequence alignment shows that the central domain carrying
the GDD signature triplet present in the palm domain is miss-
ing, raising the questions if these are indeed functional RdRp
encoding segments. On the contrary, such lack of GDD motif
was recently noticed in a Magnaporte oryzae narna-like sequence
(Lin et al. 2020). In the case of AtNV1 and CtNV1, the isolates
that harbor them do not have any other RdRp coinfecting them
(Nerva et al. 2019c), which therefore seems to exclude the occur-
rence of a typical RdRp (with a conserved palm domain) that
replicates them in trans. Given that all these isolates cluster
phylogenetically, and some of them are fairly abundant in their
libraries, we would exclude the possibility that they all are as-
sembled contigs truncated at the 3’ end. Interestingly, some of
these newly characterized viruses accumulate a much higher
amount of minus strand RNA than plus strand (Supplementary
Fig. S17). A further possibility is that this incomplete RdRp-
encoded protein is functionally complemented by another viral-
encoded protein not conserved enough to be detected by our
pipeline.

Finally, the third clade of narnavirus-like sequences that we
newly characterized derives from our initial inspection of
ORFan-encoding sequences of likely viral origin; therefore, we
name this new group of viruses orfanplasmovirus. We identi-
fied this GDD carrying clade through the analysis of ORFans pro-
teins encoded by contigs that had abundant reads mapping
both in plus sense and minus sense RNA. Surprisingly, phyloge-
netic analysis assigns this clade of new viral segments to a basal
deep branch that stems at the origin of leviviruses. This group
of virus segments is widespread and abundant in our collection,
with a correlation to the oomycetes-fungal prevalence. In this
case, our alignment with distantly related levi-like and some
distantly related narna-like viruses shows some confident
alignments of the A, B, and C palm subdomains, with the D, G
and GDD conserved residues in each of the three subdomain, re-
spectively (te Velthuis 2014).

Regarding the closely related Botourmiaviridae, our addition
of more than ninety putative new species suggests some new
genera outside the three genera currently recognized (Ayllén
et al. 2020). Furthermore, our tree suggests that plant ourmiavi-
ruses are derived from invertebrate ourmia-like viruses, and not
from fungal ourmiaviruses as previously hypothesized (Rastgou
et al. 2009).

4.3 New plus-stranded genomic associations

Other plus-stranded RNA viruses identified in our collection
constitute interesting new previously undescribed virus line-
ages in the virga/tobamo/alpha-like group of viruses (corre-
sponding to the new Order Martellivirales). They are, in fact,
sufficiently abundant and with a high read coverage to infer
their existence as mycoviruses. In specific, we propose the
name vivivirus (from virga-virga virus) for an at least bi-
segmented virus group, which has one segment containing the
methyltransferase and helicase, and the other the RdRp domain
and sometimes a second methyltransferase domain. This asso-
ciation is also confirmed by analyzing 5’ and 3’ untranslated re-
gion (UTR) sequences between the two putative viral segments
(in case of putative full-length sequences). In fact,
PvLaVivivirus1 RNA1 and RNA2 share high conservation over
the first 60 nt both at the 5’ and 3’ ends, whereas PvLaVivivirus4
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RNA1 and RNA2 share conservation only at the 5 end (Fig. 2C).
The lack of conservation observed in PvLaVivivirus2 and 3 is
likely due to their genomic sequence incompleteness, given the
low virus coverage.

The other interesting case we want to highlight is the virga-
like virus PvLaV-LV1, a long contig encoding a single ORF that
stems from a very deep branch in the phylogenetic tree, without
a clear assignment to a specific cluster. This virus is the most
abundant and prevalent virga-like virus among the different li-
braries and is indeed a good candidate for a possible infectious
clone to be used to verify its biological properties, because
virga-like viruses are easily manageable through reverse genetic
approaches.

4.4 Further biodiversity of negative-stranded
mycoviruses

Negative strand viruses are a relatively recent discovery in
fungi, and only a few of them have been so far characterized
through virus purification and whole genome characterization
(Liu et al. 2014). Our work allowed us to add new viruses to dif-
ferent orders of this viral group and to highlight some unique
features that are at the base of the proposal for new taxa. In
the Bunyavirales order, we characterize a new RdRp
(Pvabunyaarenalikel) that is highly prevalent and abundant in
all the libraries and stems from a very deep basal branch, which
should likely warrant a new family status, as soon as more
members of this family are unveiled. In the Mononegavirales, we
added two putative mycoviruses close to those already charac-
terized in the family Mymonaviridae (Jiang et al. 2019) and a
rhabdo-like putative mycovirus distantly related to mostly in-
vertebrate viruses. The most surprising result in the
Mononegavirales was the characterization of the genome organi-
zation of some complete and putatively incomplete genomes
coding for two ORFs. The largest ORF codes for a conserved
RdRp, whereas the smallest probably codes for the Nc protein,
since it aligns with Ncs of other mymonaviruses (Fig. 4C).
Interestingly, and rather uniquely in the Mononegavirales, the
two ORFs are in opposite sense orientation with a short inter-
genic region of 50 nt. Since homologues of these viruses are pre-
sent in filamentous fungi axenically isolated from grapevine
(Nerva et al. 2019c), we are confident that this is a new clade of
negative strand mycoviruses awaiting taxonomic classification,
for which we propose the name mononegaambivirus.

Finally, we reported here for the first time the abundant
presence of yue/qin-like mycoviruses. Such groups of viruses
have been recently described in invertebrates only (Shi et al.
2016) and have been taxonomically placed in two distinct
orders: the Muvirales and the Goujianvirales. They are likely ac-
companied by a putative Nc encoded by a second RNA segment,
but in our case, we could not reliably retrieve such segments
even if a number of possible candidates are present in the list of
ORFan virus-like contigs.

4.5 New mycovirus in the dsRNA virus groups

PVaTotilikel and 2 are rather abundant in most libraries and are
most closely related to viruses recently characterized in
Phythium polare and Pythium splendens (Shiba et al. 2019), with
conserved genomic features; therefore these two viruses are
likely true P. viticola full-length mycoviruses. PVaTotilike3, 4,
and 5 share the characteristic of having a much higher number
of reads mapping to the negative strands compared with the
positive strand, contrary to all the other dsRNA genomes
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characterized in our study (Supplementary Fig. S14). They align
with genomes of recently characterized dsRNA viruses from
invertebrates, such as Beihai searmid crab virus 7 and Hubei
toti-like virus 5 (Shi et al. 2016), but only PVaTotilike5 carries the
RdRp motif. PVaTotilike3 and 4 align to each other and with a
third protein encoded by a viral segment from a still unpub-
lished B. lactucae work (GenBank accession: QIP68022.1). We
here hypothesize that either PVaTotilike3 or 4 contigs could be
associated to PVaTotilike5 and another RdRp-carrying contig is
missing; our attempt to confirm the association in single sam-
ples of the three contigs, was inconclusive, since the three seg-
ments are present in all the samples we tested.

PVadsRNAL1 is also a very abundant virus widespread in all
the libraries we have sequenced. It stems from a long branch
basal to a group of dsRNA viruses that includes the botybirnavi-
ruses. This virus is likely hosted by P. viticola since, the closest
hit in the database is a still unpublished virus present in B. lactu-
cae (QIP68007.1) and, the number of reads mapping on the contig
is comparable to the one mapping to oomycetes sequences
(Supplementary Fig. S16), adding this virus to those that can be
confidently assigned to P. viticola.

5. Conclusions

In summary, this work is, to our knowledge, the largest collec-
tion of putative mycoviruses so far characterized in a single
study and greatly expands the view on mycovirus biodiversity
and their contribution to evolution of RNA viruses. Given the
vast biodiversity of viruses characterized here and, despite our
searches for conserved representative Rep proteins, it was sur-
prising not to find any virus related to the ssDNA mycoviruses
recently described in fungi (Yu et al. 2010).

Supplementary data

Supplementary data are available at Virus Evolution online.
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