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Abstract: Botrytis species cause gray mold disease in more than 200 crops worldwide. To control
this disease, chemical fungicides are usually applied. However, more sustainable control alterna-
tives should be explored, such as the use of hypovirulent mycovirus-infected fungal strains. To
determine the mycovirome of two Botrytis species, B. cinerea and B. prunorum, we reanalyzed RNA-
Seq and small RNA-Seq data using different assembly programs and an updated viral database,
aiming to identify new mycoviruses that were previously not described in the same dataset. New
mycoviruses were identified, including those previously reported to infect or be associated with
B. cinerea and Plasmopara viticola, such as Botrytis cinerea alpha-like virus 1 and Plasmopara viticola
lesion-associated ourmia-like virus 80. Additionally, two novel narnaviruses, not previously identi-
fied infecting Botrytis species, have been characterized, tentatively named Botrytis cinerea narnavirus
1 and Botrytis narnavirus 1. The analysis of small RNAs suggested that all identified mycoviruses
were targeted by the antiviral fungal mechanism, regardless of the viral genome type. In conclusion,
the enlarged list of newly found viruses and the application of different bioinformatics approaches
have enabled the identification of novel mycoviruses not previously described in Botrytis species,
expanding the already extensive list.

Keywords: mycoviruses; mycovirome; Narnaviridae; Botrytis cinerea; Botrytis prunorum; RNA silencing;
antiviral mechanism; bioinformatics; high throughput sequencing

1. Introduction

Fungi of the genus Botrytis (phylum Ascomycota, family Sclerotiniaceae) are necrotrophic
plant pathogens, which preferentially develop and infect damaged or senescent tissues,
resulting in a progressive decay, and eventually causing their death [1]. Botrytis cinerea Pers.
Fr. (teleomorph Botryotinia fuckeliana (de Bary) Whetzel) is the only generalist species in the
genus, capable of infecting over 1000 plant species, including more than 200 crops world-
wide; in contrast, B. prunorum primarily infects Prunus spp. [1]. B. cinerea causes gray mold
in important agronomical and ornamental crops, leading to significant economic losses in
field plants and post-harvest products [2,3]. The pathogen produces gray mycelium that
sporulates abundantly on infected tissue [4].

B. cinerea is mainly controlled by the application of chemical fungicides; however, its
genome plasticity results in the emergence of resistant strains [5-7] that, together with the
growing public concern about crop residues, have made it necessary to explore alternatives
to chemical control. In the search for sustainable control methods, biological control agents
have been researched over the last few years [8]. In this field, the discovery of mycoviruses,
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or fungal viruses, and their potential applications in biological control strategies against
plant pathogenic fungi have stimulated theirstudy in B. cinerea.

Since the first report of a virus-caused disease in fungi was documented in 1962 [9], a
large number of mycoviruses have been described that infect the major fungal taxa [10,11].
To date, most of the mycoviruses described have been found to have double-stranded
RNA (dsRNA) or positive single-stranded RNA (ssRNA(+)) genomes [12-14]. Additionally,
mycoviruses with single-stranded DNA (ssDNA) [15] and negative single-stranded RNA
(ssRNA(—)) genomes have also been described [12-14,16]. The symptoms caused by
mycoviruses infecting plant pathogenic fungi are very varied [17-20]. Most are latent and
harmless to their hosts, although others can cause hypovirulence, reducing the virulence of
the fungus in the plant host [21,22]. Cryphonectria hypovirus 1 is the first case described of
a mycovirus successfully controlling its fungal host Cryphonectria parasitica [23-25] and it is
still used as a biocontrol agent in chestnut trees.

Mycoviruses of B. cinerea have been extensively studied over the years. First, dssSRNA
purification led to the discovery of ssRNA(+)/(—) and dsRNAs viruses [26-30]. Then,
the development of next-generation sequencing techniques allowed scientists to analyze
fungal transcriptomes and characterize sequences of the first ssRNA(—) mycovirus in-
fecting B. cinerea [31]. In addition, novel ssSRNA(+) viruses infecting B. cinerea such as
mitoviruses [32], ourmia-like viruses [33] and narnaviruses [34], among others [35], have
been identified. Several HTS (High Throughput Sequencing)-based techniques have been
used for virus identification, including total RNA, small RNAs (sRNAs), and dsRNA se-
quencing. Total RNA sequencing (RNA-Seq) or transcriptome sequencing have mainly
been performed by using the Illumina platform, which retrieves reads of approximately
150 bp, and detect viruses with ssRNA, dsRNA, and ssDNA genomes [31,34,36-38]. Small
RNA sequencing (SRNA-Seq) has mainly been performed using 454 Life Science technology
and has resulted in reads of approximately 20-26 nucleotides [32]. In addition, the sequenc-
ing of fragmented initiator-linked dsRNA (FLDS) has led to the determination of RNA
viral sequences [39]. Furthermore, the analysis of HTS data requires sophisticated bioinfor-
matic pipelines to process and interpret the vast amounts of sequencing data. Numerous
bioinformatic tools and pipelines have been developed for this purpose, each tailored to
different aspects of mycovirus research [40,41]. In addition, specialized software packages
like VirFind and VirusDetect [42,43] have been designed specifically for viral sequence
detection and classification within HTS datasets.

In a previous work, the mycoviromes of three field isolates of two species of the
fungus Botrytis were analyzed [32]. By sequencing total RNA and sRNA, a total of fifteen
mycoviruses, of ten different species, were identified. In this work, we have reexamined
the RNA-Seq and sRNA-Seq data derived from V446, V448, and Pi258.8 isolates in an
attempt to expand the mycoviromes of these three Botrytis field isolates. For this purpose,
an improved bioinformatics pipeline for mycovirus detection, previously implemented by
Ruiz-Padilla et al. [34], and a updated viral database were used.

2. Materials and Methods
2.1. Fungal Isolates and Culture Conditions

The Botrytis field isolates used in this project were B. cinerea Pi258.8 and V448, and
B. prunorum V446. Isolate Pi258.8 was obtained from pepper from a greenhouse in
Almeria [29,32], whereas isolates V446 and V448 were obtained from grapes from a vine-
yard in Roa (Burgos) [31,33,44]. These isolates were stored in 20% glycerol at —80 °C. Stock
cultures were maintained on PDA (potato dextrose agar) plates at 4 °C. Subsequently, fresh
mycelium was obtained by placing agar pieces with mycelium from the stock culture in
100 mL of PDB (potato dextrose broth) and incubating the mixture in the dark at 23 °C for
10 days.
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2.2. RNA-Seq and sSRNA-Seq Data

The raw data from cDNA libraries of total RNA and sSRNA obtained by Donaire et al. [31-33]
were used. Previously obtained data were saved in the Sequence Read Archive (SRA) at
NCBI: BioProject PRINA325479, Biosamples SAMN05233215 (Pi258.8), SAMN05233216 (V446),
SAMNO05233218 (V448), SRA SRX1838896 (Pi258.8), SRX1838897 (V446) and SRX1838898 (V448).

2.3. RNAseq Data Analysis

The RNA-Seq data files for each of the three Botrytis field isolates were used for the
in silico search for mycoviruses in the samples, as were previously used [31-33]. The
analysis of these RNA-Seq libraries was performed by adapting the bioinformatics pipeline
described in [34]. Briefly, this pipeline is divided into four main steps: (1) sequence
cleaning, (2) de novo assembly of the cleaned sequences, (3) viral sequence identification
and (4) mapping of the cleaned reads to the identified viral sequences. Sequence cleaning
was performed using Bbtools software (Version 38.42) to remove TrueSeq adapters, low-
quality sequences (Q30) and ribosomal sequences. These reads were de novo assembled
using Trinity (Version 2.11.0) [45] and Spades (Version 3.15.2) [46] and reassembled using
CAP3 [47]. Trinity and Spades carry out the assembly from reads. CAP3 uses assembled
contigs and finds common sequences to generate longer ones. Contigs were blasted using
local BLASTx (Basic Local Alignment Search Tool) [48] (Version 0.9.24) loaded from the
DIAMOND module [49] (Version 2.14). BLAST was performed against a complete and
updated local database of proteins of viral origin obtained from GenBank containing all viral
sequences until April 2023. A search was carried out using the following parameters: cut-
off expected value of 0.00001 and additional sensitivity. The viral database was fragmented
into ten parts. The total number of viral sequences were divided into chunks of 1,000,000
using the AWK command. Each contig was used for independent BLAST searches, and
the top two hits with the highest identities and coverage were selected for further analysis.
These selected contigs were blasted against the complete non-redundant (nr) protein NCBI
database to confirm that they were viral sequences. In order to analyze the distribution of
reads mapping with viral genomes, clean reads were mapped against the viral sequences
found using BWA (Version 0.7.17) [50], Samtools (Version 1.9) [51] and the Geneious map
tool (Version 2013) [52]. Mappings were visualized with Geneious and the IGV (Integrative
Genomics Viewer) (Version 2.16) [53].

2.4. sSRNA-Seq Data Analysis

The sRNA-Seq libraries for each of the three field isolates of Botrytis were also re-
aligned. Reads between 20 and 26 nucleotides in length were filtered and subsequently
mapped against the mycoviral genomes, previously detected by RNA-Seq, using Geneious,
allowing only one mismatch with the reference genome. The sSRNAs were used to determine
whether these viruses were being targeted by the fungal gene-silencing machinery. They
also served to validate the presence of mycoviruses identified with the RNA-Seq data and,
in some cases, to complete their genomic sequence by using Geneious alignments. The
number of viral SRNAs (vsRNAs) was normalized to the Reads Per Kilobase of contigs
per Million mapped reads (RPKM) value, which was calculated using next formula: Total
of mapped reads x 107 /(total reads x contig length (kb). The Fragments Per Kilobase of
contigs per Million mapped reads (FPKM) value was calculated for paired-end reads from
RNA-Seq data with the same formula.

2.5. Three-Dimensional Structure and Putative Function of Selected Mycoviral Proteins

The 3D structures of the ORF2-encoded proteins of Botrytis narnavirus 1 (BNV1) and
Botrytis cinerea narnavirus 1 (BcNV1) were predicted with AlphaFold2 [54]. The quality
of the predicted structures was analyzed by QMEAN (https://swissmodel.expasy.org/
gqmean/) (accessed on 1 July 2024) [55]. To find structural homology, the predicted 3D
structures were compared to database proteins using Phyre2 [56] and DALI (Distance
matrix alignment) [57].
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2.6. In Vivo Detection of Selected Viruses

RNA extraction was performed using the method described in [29], with some modifi-
cations. Fresh mycelium was dried using pressure and sterile filter paper and total RNA
was purified from one gram of dried mycelium using TRIZOL reagent (Invitrogen) [29,32].
To verify the presence of novel mycoviruses found in strains V446 and V448, the total RNA
from each field isolate was used as a template for One-Step Reverse Transcription (RT)-
Detection PCR (Takara) as follows: 200 ng of total RNA was mixed with 1x of 2x One-Step
Mix, 0.75 U of RT-PCR enzyme mix and 0.1 uM of specific forward and reverse primers.
Reactions were incubated following the protocol: 1 cycle at 50 °C for 30 min; 1 cycle at
94 °C 2 min; 30 cycles at 94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s; and 1 final
cycle of elongation at 72 °C for 7 min. Samples were stored at —20 °C. PCR controls were
included to discard that the detected sequences were genome-encoded. The reactions were
carried out using specific primers for each of the mycoviruses BNV1, BcNV1 and PvaOLV80
(Table 1). Primers to detect BNV1 and BcNV1 were designed based on the sequences of
both genomic segments of each virus. Furthermore, primers BNV1 R1 and BcNV1 F2 were
used to target a common conservative region of both viruses (Table 1). The strain Pi258.8,
free of these mycoviruses (BcNV1, BNV1 and PvaOLV80), was used as a negative control.
PCR products were analyzed by electrophoresis on 2% agarose gel stained with Redsafe
(iNtRON). Bands containing the amplified products were purified with the NucleoSpin Gel
& PCR Clean-up gel kit (Macherey-Nagel kit) and nucleotide sequences were determined
by Sanger sequencing.

Table 1. Primers for detection of Botrytis cinerea narnavirus 1, Botrytis narnavirus 1 and Plasmopara
viticola lesion-associated ourmia-like virus 80.

Primer Sequence (5’-3") Virus-Segment Targeted Position of Primers

BNV1 F1 AGAAGGGTATTTGGATAGGTTCGC BNVI1-RNA1 1006-1029

BNV1-RNA1 1591-1614

BNV1R1 TCTTGGGAATACCAATCGCCAGAC BcNVI-RNAI 1556-1579

BNV1-RNA2 1280-1302

BcNV1 F2 AAGGTCATCCCTAAACAGGAGAT BcNVI-RNA2 1286-1308

BNV1R2 GATTCTAAAATTTCCTTTGGGATAGCTT BNV1-RNA2 2325-2352
BcNV1 F1 ACGTTTTAAACCTAAGTTTACGTCCTC BcNV1-RNA1 992-1018

BcNV1 R2 TCTAAAACCTCATGGGATATTACCC BcNV1-RNA2 2338-2362
PvaOLV80 F CCGGTTCCTTCGTTTCCGTTGACTTC RNA 942-967

PvaOLV80 R CCCATCATCTGTCCCATCGAAAGC RNA 1174-1197

Expected lengths for detection of each segment were: BNV1 RNA1, 609 bp; BNV1 RNA2, 1073 bp; BcNV1 RNAL,
588 bp; Be(NV1 RNA2, 1077 bp; PvaOLV80, 256 bp.

2.7. Phylogenetic Analysis

A maximum likelihood (ML) phylogenetic tree was constructed based on the multiple
amino acid sequence alignment MUSCLE [58]. The ML phylogenetic trees were constructed
using the IQ-TREE (version 1.6.12) [59] with 1000 replicates of ultrafast bootstrap [60] and
the best-fit amino acid substitution model (VT+I+G4), identified using ModelFinder [61].
Viruses classified in the family Mitoviridae were used as outgroups.

3. Results
3.1. Analysis of RNA-Seq Data from Botrytis spp.

This study is a reanalysis of the RNA-Seq data from field isolates of Botrytis spp.
Pi258.8, V446 and V448 [31-33] in which mycoviruses had already been found. For the
identification of previously undetected mycoviruses, the protocols of Ruiz-Padilla et al. [34]
and Chiapello et al. [62] were adapted. The identification of the mycoviruses previously
found in these samples indicated that the bioinformatic pipeline had been followed correctly,
validating our results.

Reads were successfully cleaned from adapters and low-quality sequences. In the
assembling step, the efficiency of the assembly was tested using two different software
platforms, Trinity and Spades. The results showed different numbers of contigs or sequences
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assembled with each of them, and this number was reduced after the reassembly with
CAP3 (Table 2). The highest number of contigs was obtained for isolate V448, followed by
V446, and finally, Pi258.8, using both assemblers. Additionally, Trinity generates around
30% more assembled sequences for all isolates than Spades.

Table 2. Comparison of the performances of Trinity and Spades. Number of contigs (#) assembled by
Trinity and Spades; the number of the contigs with significant. * BLASTx hits on viral database and the
number of viral contigs after reassembly with CAP3.

Trinity Spades
Isolates ; N ; ; ; ;
# Contigs # Hits # Hits CAP3 # Contigs # Hits # Hits CAP3
Pi258.8 14.178 3.278 2.956 10.967 2.574 2.524
V446 15.209 3.612 3.293 11.671 2.751 2.688
V448 19.205 4.815 4.314 13.770 3.440 3.339

* e-value = 0.00001.

Using the assembled contigs, a search for viral sequences was performed by BLASTx.
Around 25% of the assembled contigs showed identity (BLASTx-hits) with viral sequences
in the NCBI database (Table 2). The number of reassembled contigs was reduced with
respect to the original contigs after applying CAP3. For contigs assembled by Trinity, this
number decreased by 10%, while for Spades, the reduction was just 3%. Regarding length
ranges, no differences were shown between contigs before and after the CAP3 treatment
(Supplementary Table S1). N50 values were calculated to define the sequence length of
the shortest contig at 50% of the total assembly length (Supplementary Table S2). The N50
values were quite similar for both assemblers; however, Trinity assemblies showed slightly
higher values than Spades ones. Reassembly was performed only with sequences showing
viral identity, which may explain the low percentage of contigs reduced after reassembly
with CAP3.

3.2. Determination of the Mycovirome of Botrytis spp.

The mycoviromes of the Pi258.8, V446, and V448 isolates were determined from the
analysis of RNA-Seq data by comparing all contigs against the NCBI database. Among
them, contigs that mapped specifically to mycoviruses were selected and further analyzed
(Table 3).

In field isolate Pi258.8, the four mycoviruses already found in the 2017 analysis [32]
were also identified in this new analysis, Botrytis cinerea mitovirus 1 (BcMV-1), Botrytis
cinerea mitovirus 2 (BcMV-2), Botrytis cinerea mitovirus 3 (BcMV-3), and Grapevine-
associated narnavirus 1 (GaNV-1), thereby validating the pipeline used. In addition,
Botrytis cinerea alpha-like virus 1 (BcAV1) [34] was also identified in this isolate. In field
isolate V446, the previously identified mycoviruses, Botrytis ourmia-like virus (BOLV) [33],
Sclerotinia sclerotiorum dsRNA mycovirus-L (SsNsV-L) [32] and the same partial sequence
of a endornavirus (LN827950), were found, as well as two other mycoviruses with identity
to Plasmopara viticola lesion-associated ourmia-like virus 80 (PavOLV80) [63] and Sclero-
tinia sclerotiorum narnavirus 3 (SsSNV-3) [63]. Finally, in field isolate V448, all previously
described mycoviruses were identified [32]: BcMV-1, BceMV-2, BcMV-3, Botrytis cinerea
mitovirus 4 (BcMV-4), GaNV-1, Sclerotinia sclerotiorum mitovirus 3 (5sMV-3), Botrytis
virus F (BVF) [64], SsNsV-L, and Botrytis cinerea negative-stranded RNA virus 1 (BcNSRV-
1) [31]. Additionally, two more mycoviruses were also found with identity to BcAV1 [34]
and SsNV-3 [63]. Therefore, the new pipeline and the use of an up-to-date viral database
allowed the identification of three already known mycoviruses that were not previously
identified in the first analysis. Interestingly, the majority of the mycoviruses found in
these samples have a genome of (+)ssRNA, showing the higher abundance of these types
of mycoviruses.
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Table 3. Sequences similar to mycoviruses identified in Botrytis isolates Pi258.8, V446 and V448.
The family and genus to which each mycovirus belongs, its genome type and its Accession number
(acc. No.) for nucleotide and protein sequences are indicated in the table.

Field Isolate Mycovirus * Family Genus Genome Acc. No.
BcMV-1 Mitoviridae Duamitovirus (+)ssRNA LN827940/CEZ26296
BcMV-2 Mitoviridae Unuamitovirus (+)ssRNA LN827941/CEZ26297
Pi258.8 BcMV-3 Mitoviridae Duamitovirus (+)ssRNA LN827942 /CEZ26298
GaNV-1 Mitoviridae Mitovirus (+)ssRNA LIN827943 /CEZ26299
BcAV1 Togaviridae Alphavirus (+)ssRNA MN625250/QJT73733
BOLV Botourmiaviridae Botoulivirus (+)ssRNA LN827955/CEZ26310
SsNsV-L Unclassified Unclassified dsRNA LN827951/CEZ26307
V446 PvaOLVS80 Botourmiaviridae Deltascleroulivirus (+)ssRNA MN532667/QGY72610
SsNV-3 (RNA1) Narnaviridae Narnavirus (+)ssRNA MW442873/QZE12022
SsN'V-3 (RNA2) Narnaviridae Narnavirus (+)ssRNA MW442874/QZE12023
BcMV-1 Mitoviridae Duamitovirus (+)ssRNA LN827944/CEZ26300
BcMV-2 Mitoviridae Unuamitovirus (+)ssRNA LN827945/CEZ26301
BcMV-3 Mitoviridae Duamitovirus (+)ssRNA LN827946 /CEZ26302
BcMV-4 Mitoviridae Unuamitovirus (+)ssRNA LN827947 /CEZ26303
GaNV-1 Mitoviridae Mitovirus (+)ssRNA LN827948 /CEZ26304
SsMV-3 Mitoviridae Duamitovirus (+)ssRNA 1LN827949 /CEZ26305
Vvads SsNsV-L Unclassified Unclassified dsRNA LN827952 /CEZ26308
BVF Gammaflexiviridae Muycoflexivirus (+)ssRNA LIN827954/CEZ26309
BcNSRV-1 Unclassified Unclassified (—)ssRNA LN827956/CEZ26311
BcAV1 Togaviridae Alphavirus (+)ssRNA MN625250/QJT73733
SsN'V-3 (RNA1) Narnaviridae Narnavirus (+)ssRNA MW442873 /QZE12022
SsNV-3 (RNA2) Narnaviridae Narnavirus (+)ssRNA MW442874 /QZE12023

* Botrytis cinerea mitovirus 1 (BcMV-1); Botrytis cinerea mitovirus 2 (BcMV-2); Botrytis cinerea
mitovirus 3 (BcMV-3); Grapevine-associated narnavirus 1 (GaNV-1); Botrytis cinerea alpha-like virus 1 (BcAV1);
Botrytis ourmia-like virus (BOLV); Sclerotinia sclerotiorum dsRNA mycovirus-L (SsNsV-L); Plasmopara viticola
lesion associated ourmia-like virus 80 (PvaOLV80); Sclerotinia sclerotiorum narnavirus 3 (SsSNV-3); Sclerotinia
sclerotiorum narnavirus 3 (SsSNV-3) (mycovirus sequences found in this work with identity to SsSNV-3 have
been named Botrytis cinerea narnavirus 1 (BcNV1) in the V448 isolate and Botrytis narnavirus 1 (BNV1) in the
V446 isolate, respectively); Botrytis cinerea mitovirus 4 (BcMV-4); Sclerotinia sclerotiorum mitovirus-3 (SsMV-3);
Botrytis virus F (BVF); Botrytis cinerea negative-stranded RNA virus 1 (BcNSRV-1). Mycoviruses that were not
previously identified in these samples are labeled in bold.

The next analysis of the newly identified mycoviruses (BcAV1, PavOLV80, and SsNV-3)
in this study, not previously identified in 2017, was focused on two main points: the
determination of the complete CDS and a significant part of the genome and the search
for conserved domains in the encoded proteins. As a first approach, mycoviral sequences
showing identity to BcAV1, PavOLV80 and SsNV-3 found in the three field isolates were
compared with their reference genomes (Table 4). Mapping data for these mycoviruses are
included in Supplementary Figure S1.

BcAV1 was identified in isolates Pi258.8 and V448. In the case of Pi258.8, the assembled
contig of 8045 nts covered the full genome sequence, showing 96% identity at the nucleotide
level and 99% at amino acid level with the BcAV1 sequence isolate described by Ruiz-
Padilla et al. [34] (Table 4). However, in V448, the contigs obtained were partial but
also had a sequence identity at the nucleotide and amino acid level of 95% and 99%,
respectively, with respect to the BcALV-1 sequence [34] (Table 4). This confirms that these
are two mycoviruses of the same species as BcAV1, sharing more than 95% identity in
their nucleotide sequence. The analysis of putative proteins revealed the RdRp domain,
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as reported previously [34]. The genome schemes of BcAV1-Pi258.8 and BcAV1-V448 are
represented in Supplementary Figure S2A.

Table 4. Summary of the analysis of novel mycoviral sequences in the isolates. The following
information is indicated for each mycovirus sequence: contig length (nt), contig coverage on reference
genome, contig nt and aa identity with the mycoviral reference genome, and whether the CDS
is complete.

M . Mycoviral Mycoviral Mycoviral Contig
ycoviral Reference . . .
. " Reference Reference Contig Coverage on Contig nt Contig aa Complete
Field Isolate Reference Genome 22 o L2
Genome Genome Length (nt) Reference Identity (%) Identity (%) CDS
Genome CDS
Length (nt) CDS (aa) D . Genome (aa)
omain
Pi258.8 BcAV1 8008 1975 RdRp 8045 100 96 99 Yes
PavOLV80 3000 737 RdRp 3146 100 96 98 Yes
SsNV-3
V446 (RNA1) 3453 1087 RdRp 3447 100 77 83 Yes
SsNV-3
(RNA2) 3100 957 HP 3108 100 58.5 61 Yes
BcAV1 8008 1975 RdRp 6177 76.1 95 99 No
SsNV-3
V448 (RNA1) 3453 1087 RdRp 3437 100 79.5 80 Yes
SsNV-3
(RNA2) 3100 957 HP 3120 100 56.8 58 Yes

* Mycoviral reference genome length (nt): length of the genome or individual segments in nucleotides. Mycoviral
reference genome CDS (aa): length of proteins encoded by the genome or individual segments in amino acids.
Mycoviral reference genome CDS domain: RdRp (RNA dependent RNA polymerase) or HP (Hypothetical
protein). Contig length (nt): length of assembled mycoviral contigs in nucleotides. Contig coverage on reference
genome (aa): percentage of the alignment between mycoviral contigs and mycoviral genome/segments in amino
acids. Conting nt identity (%): percentage of identity at nucleotide level. Conting aa identity (%): percentage of
identity at amino acid level. Complete CDS: indicates if the mycoviral contigs have been assembled to form full
mycoviral reference CDS sequences.

In isolate V446, a contig with a high nucleotide sequence identity (96%) corresponding
to the complete mycovirus genome of PavOLV80 (Genbank accession number PP776574)
was found (Table 4). Then, it would be considered a mycovirus of the same species
Deltascleroulivirus betaplasmoparae within the genus Deltascleroulivirus of the family Bo-
tourmiaviridae (https:/ /ictv.global/report/chapter/botourmiaviridae/botourmiaviridae/
deltascleroulivirus) (Accessed on 1 September 2024) [65]. This new mycovirus will be referred
to as PvaOLV80 isolate V446 (PvaOLV80-V446). In addition, conserved RdRp motifs were
found in the protein encoded by this sequence, as previously reported by Chiapello et al. [62].
The genome scheme of PvaPLV80-V446 is represented in Supplementary Figure S2A. The
presence of PavOLV80 in isolate V446 was confirmed by RT-PCR with specific primers, as
well as its absence in the fungus genome (Table 1; Supplementary Figure S2B).

Finally, contigs with sequence identity to SsSNV-3 were found in both the V446 and
V448 isolates. SSNV-3 is a mycovirus with a bisegmented genome, consisting of segment
1 (SsNV-3 RNA1), which encodes an RdRp, and segment 2 (SsSNV-3 RNA2), supposedly
coding for a capsid protein (CP), as previously suggested [63]. For both V446 and V448,
RNAZ2 was longer than the complete genomic sequence of SSNV-3 RNA2, whereas RNA1
was not complete. Moreover, in no case did the sequence identities exceed 83% at the
nucleotide or amino acid level with respect to the reference mycovirus genome (Table 4).
In the case of the two RNA genomic sequences of SsSNV-3-V446, the sequence identity at
the amino acid level was 83% for genomic RNA1 and 61% for genomic RNA2 (Table 4).
The mycoviral sequences found in V448 had a sequence identity at the amino acid level
of 80% with RNA1 and 58% with RNA2 (Table 4). Furthermore, when comparing the
sequences of each segment identified in both isolates, it was observed that the sequence
identity was 78% in RNA1 and 68% in RNA2. These results indicate that both mycoviruses
might be considered different species from one another, and in turn, different species
from SsNV-3 within the same genus Narnavirus. These novel mycoviruses were named
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Botrytis cinerea narnavirus 1 (BcNV1) (isolate V448) (Genbank accession number PP776568,
PP776569) and Botrytis narnavirus 1 (BNV1) (isolate V446) (Genbank accession number
PP776566, PP776567).

3.3. Analysis of Virus-Derived sSRNAs

Previously, Donaire and Ayllén [32] showed that (+)ssRNA mycoviruses BcMV-1,
BcMV-2, BcMV-3, BcMV-4, S5sMV-3, GaNV-1, BOLV, and BVFE, dsRNA mycovirus SsNsV-L,
and (—)ssRNA mycovirus BENSRV-1 were targeted by the fungal gene silencing machinery.
To demonstrate that the newly identified mycoviruses were also cleaved by the fungus, a
new analysis was performed using sSRNA sequencing data. For the sSRNA-Seq analysis,
reads of 20 to 26 nucleotides in length were used. The three isolates had a similar number
of sRNAs, being more numerous in Pi258.8 and less in V446. The size of the more abundant
sRNAs was variable between the mycoviruses and Botrytis species. SRNAs of 21 nts were
the most abundant for all mycoviruses, except for SsNsV-L-V446, which contains a slightly
higher amount of 22 nt sSRNAs (Supplementary Figure S3).

The sRNA reads were mapped against the mycoviral genomes identified in each
isolate (Table 3). A highly covered map for the full viral sequences was achieved in all the
mycoviral sequences, indicating that all mycovirus genomes were targeted by the fungal
gene silencing machinery to generate vsRNAs. The vsRNAs were mapped with different
frequency along the full viral genomes, meaning that some regions had more hits than
others. The vsRNAs sequences were additionally used to complete the genome of the
non-completed mycoviruses genomic sequences, as in our previous study [32]. The number
of vsRNAs and clean RNA-Seq reads that were mapped to each of the mycoviral genomes
were normalized to RPKM and FPKM, respectively (Figure 1).
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Figure 1. Representation of (A) total number of vsRNA reads mapping to each mycovirus measured
in RPKM and (B) total number of reads of RNA-Seq mapping to each mycovirus measured in FPKM,
in the fungal isolates.
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A comparison of the levels of vsRNAs in each mycovirus (Figure 1A) shows that,
in general, a higher number of vsRNAs were derived from mitoviruses. The number of
vsRNAs was the highest in BcMV-1 (Pi258.8), followed by BcMV-4 (V448), BcMV-1 (V448),
BcMV-3 (Pi258.8), GaNV-1 (Pi258.8), PavOLV80 (V446) and BcMV-3 (V448), and BOLV
(446). The number of vsRNAs derived from BcAV1 and BVF was very low, even when the
accumulation of both mycoviruses was the highest in their corresponding fungal isolates.
The data for the vsRNAs can be related to the accumulation levels of each mycovirus
(Figure 1B), based on the normalized number of clean RNA-Seq reads that mapped onto
the viral genomes. In general, regarding mitoviruses and botourmiaviruses, a clear relation-
ship can be observed between the accumulation level of the genomic RNA and vsRNAs
(Figure 1). However, in BcAV1 (Pi258.8), BOLV (V446), GaNV-1 (V448), SsMV3 (V448) and
BVF (V448), this correlation does not occur. In the Pi258.8 isolate, the accumulation of three
mitoviruses and BcAV1 was higher than the remaining mycoviruses in the three isolates. In
V448, mitoviruses and BVF were also predominant over the rest of the V448 mycoviruses.
However, in the V446 isolate, PavOLV80 was the most accumulated mycovirus (Figure 1).
The accumulation of the novel mycovirus BNV1 (V446) (based on the total number of
RNA-Seq reads) was higher than that of BENV1 (V448), while the total number of derived
vsRNAs was higher for BcNV1 RNA1 and lower for BEANV1 RNA2 (Figure 1). However, the
ratio of vsRNAs for both segments corresponded approximately to the ratio of particular
segment accumulation (Figure 1).

3.4. Molecular Characterization of Novel Mycoviruses

The novel mycoviruses, BcNV1 and BN V1, identified in this work in the Botrytis field
isolates V446 and V448, respectively, were further characterized. BNV1 RNA1 is 3447 nt
long, with 49% GC content and a single ORF from position 8 to 3271 that encodes for a
protein of 1087 aa with a theoretical molecular weight of 121 kDa (Figure 2A). This encoded
protein presents conserved domains of the RARp of (+)ssRNA viruses, including the GDD
catalytic motif (Figure 2B) [66]. RNA2 is 3108 nt long, with 49% GC content and with a
single ORF extending from nt position 8 to 2899 that encodes for a 963 aa protein, with a
molecular weight of 105 kDa, and has an unknown function. Similarly, BAINV1 RNA1 is
3437 nt in length, with 50% GC content and a 3261 nt ORF from position 8 to 3268, which
encodes for a 1087 aa RdRp with a molecular weight of 121 kDa. Bc(NV1 RNA2, is 3120 nt
long, with 50% GC content and a 2901 nt ORF, from position 8 to 2908, that encodes for a
966 aa protein with a molecular weight of 106 kDa (Figure 2A). Both mycoviruses have
regions in their genomes that show 100% identity between the corresponding segments.
These identical regions are up to 62 nucleotides long in RNA1 and 13 nucleotides long
in RNA2.

(A)

8 1-1v V-V 3271
BNV1-RNA1 RdRp (1087 aa)
3447 nts

8 2899
BNV1-RNA2 ORF2 (963 aa)
3108 nts

8 1-1v v-vii 3268
BcNV1-RNAL

RdRp (1

3437 nts Siposess)

8 2908
BcNV1-RNA2

ORF2 (966 aa)
3120 nts

Figure 2. Cont.
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Figure 2. Characterization of novel mycoviruses. (A) Scheme of genomes of BNV1 and BcNVI.
Positions of conserved motifs are marked in black bars. (B) Alignment of conserved motifs of
RdRp. (Asterisks (*) show positions with a single fully conserved residue, (.) means: positions
with conservation among groups of weakly similar properties. and double points (:) positions with
conservation among groups of strongly similar properties).

Tertiary structures of RARp and hypothetical proteins were predicted with AlphaFold2
(Figure 3). RdRp proteins showed structural identity to polymerases of Human Picor-
navirus, among other ssSRNA(+) viruses (Supplementary Figure S4). Further analysis
of hypothetical protein encoded by BcNV1 indicated that its predicted tertiary structure
showed structural homology with the envelope glycoprotein h of a herpesvirus and the
capsid protein of white spot syndrome virus, with both viruses having a double-stranded
DNA genome (Supplementary Figure S4). However, BNV1 ORF2-HP, did not show such a
homology and was similar to aldolases (Supplementary Figure S4).
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Figure 3. Predicted tertiary structures and local quality estimates of RdRp proteins of BNV1 (a) and
BcNV1 (b); and hypothetical proteins of BNV1 (c) and BcBNV1 (d).

3.5. In Vivo Detection of Novel Mycoviruses

To verify the presence of the novel mycoviruses BNV1 and BcNV1 in strains V446 and
V448, respectively, RT and PCR amplification were performed with specific primers of each
virus (Table 1; Figure 4). The amplified PCR products were Sanger sequenced to confirm
the specific detection of both mycoviruses.

BNV1-RNA1 BNV1-RNA2 BcNVI-RNA1  BcNV1-RNA2

Ladder
V446
V448
Pi258.8
Blank
| V446
) V448
| Pi258.8
' Blank
! V448
V446
Pi258.8
Blank
V448
V446
Pi258.8
Blank

15Kb
1.0Kb

0.7Kb
05Kb |

Figure 4. Detection of BNV1 and BcNV1 by RT-PCR amplification from infected samples V446 and
V448. Size of several ladder bands is indicated.
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The selective amplification confirmed the presence of each mycoviral segment, RNA1
and RNA2 in BcNV1 or BNV1, in each corresponding infected strain, V448 or V446, re-
spectively. The Sanger sequences obtained for BNV1 and BcNV1 were compared with the
RNA-Seq sequences resulting in 100% of identity between them, confirming the presence
of the novel mycoviruses identified in B. cinerea and B. prunorum.

3.6. Phylogenetic Relationships

BNV1 and BcNV1 showed nucleotide and amino acid sequence identities according to
the BLAST analysis conducted in the pipeline. A phylogenetic tree was constructed with the
two newly identified mycoviruses, other narnaviruses previously found in B. cinerea and
other bisegmented narnaviruses. Viruses classified in the genus Mitovirus were used as out-
groups (Figure 5). Based on the phylogenetic tree computed with BcNV1 and BNV1 RdRp
amino acid sequences, as expected, both mycoviruses were grouped in a separated group
with strong bootstrap support (100% bootstrap value) with the bisegmented narnavirus
SsNV-3, and in a different group than other narnavirus previously found in B. cinerea
(Botrytis cinerea narnavirus 4, BcNV4).

CEZ26296.1 RdRp Botrytis cinerea mitovirus 1
57

—— CEZ26297.1 RdRp Botrytis cinerea mitovirus 2
wl  CEZ26303.1 RdRp Botrytis cinerea mitovirus 4
YP 009182161.1 RdRp Botrytis cinerea mitovirus 3

29— QZE12022.1 RdRp Sclerotinia sclerotiorum narnavirus 3
100 -I: Botrytis narnavirus 1 @
Botrytis cinerea narnavirus 1 @

WPR16633.1 RdRp Moss associated narna-like virus 3
UHKO02569.1 RdRp Heterobasidion narna-like virus 1
4“’°[_VVNH24529.1 RdRp Heterobasidion nama-like virus 3
WMV69892.1 Rdrp Plasmopara viticola lesion associated orfanplasmovirus 7

WOW96584.1 RdRp Zymoseptoria tritici narnavirus 1
UCR95341.1 RdRp Sclerotinia sclerotiorum narnavirus 4-U

100

59

QNQ74067.1 RdRp Plasmopara viticola lesion associated orfanplasmovirus 5

UNG44322.1 RdRp Fusarium asiaticum narnavirus 1

a QNQ74065.1 RdRp Plasmopara viticola lesion associated orfanplasmovirus 3
WWE42867.1 RdRp Exserohilum rostratum orfanplasmovirus 1

QNQ74064.1 RdRp Plasmopara viticola lesion associated orfanplasmovirus 2
QNQ74066.1 RdRp Plasmopara viticola lesion associated orfanplasmovirus 4

UIW13878.1 RdRp Rhizoctonia solani narnavirus 12

wl QIR30295.1 RdRp Plasmopara viticola lesion associated narnavirus 16

= _[00086176.1 RdRp Botryosphaeria dothidea naravirus 2
100l YvZ34187.1 RdRp Botryosphaeria dothidea namavirus 3

= ‘——————— WPNO08780.1 ORF1 Botryosphaeria dothidea narnavirus 5

QJT73727.1 RdRp Botrytis cinerea narnavirus 4

Figure 5. Phylogenetic tree computed by IQ-TREE stochastic algorithm to infer phylogenetic trees
by maximum likelihood. Model of substitution: VI+I+G4. Consensus tree was constructed from
1000 bootstrap trees.

4. Discussion

In this work, a reanalysis of the HTS data of three field isolates of two species of the
genus Botrytis has been carried out. Isolate Pi258.8, from bell pepper, and isolate V448,
obtained from grapevine, belong to the species B. cinerea, while isolate V446, also obtained
from grapevine, belongs to the species B. prunorum [44]. In the present analysis of the
three Botrytis field isolates, all the mycoviruses described in the first analysis of the data,
performed by Donaire and Ayllon [32], have been identified. In addition, new mycoviruses
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not described in the aforementioned isolates were also found, including novel mycoviruses
not previously detected infecting Botrytis species.

The efficacy of the bioinformatics pipeline used in this work had already been demon-
strated in two previous studies. First, Chiapello et al. found 283 new viruses associated with
Plasmopara viticola infection in grapevine crops [62], and, subsequently, Ruiz-Padilla et al.
described 92 mycoviruses in different Botrytis cinerea field isolates obtained from grapevine
plants [34]. In this work, we have compared the assembly performed by two assembly pro-
grams, Trinity [45] and Spades [46]. The results have shown that Trinity is indeed a more com-
plete and more efficient assembler program than Spades. Trinity generated a larger number
of assembled sequences (Table 2) as well as higher N50 values (Supplementary Table S2).
This result aligns with the description of Trinity as the second best program for reconstruct-
ing ORFs [67] with the highest read alignment rate [68]. However, the computational time
of Trinity is higher than that of Spades, which is generally low [69]. Regarding the assembly
step, it has also been observed that, when reassembling with CAP3, the number of contigs
assembled by Trinity that are joined together is greater than in the case of Spades (Table 2),
due to the fact that by using different algorithms the same contigs are not obtained with
each of them. Using both assembly methods, the same mycoviruses have been identified in
the analyzed samples, so it can be stated that both assemblers have been effective.

In this work, the optimization of the bioinformatic pipeline as well as the update of the
viral databases has led to the identification of several mycoviruses (BcAV1-Pi258.8, BcAV1-
V448, PvaOLV80-V446, BNV1 of V446, BcNV1 of V448), not previously detected in these
samples. BcAV1-Pi258.8 and -V448 are two isolates of BcAV1, which was first described
in 2021 in B. cinerea isolates obtained from grapevine from Spain and Italy, and was the
first alpha-like mycovirus identified that infected this fungus [34]. PvaOLV80-V446 should
be classified as a mycovirus of the species Deltascleroulivirus betaplasmoparae. This species
was first described in grapevines affected by infection with the plant pathogenic oomycete
P. viticola [62]. It is a viral species that has not been found so far in Botrytis species, but since
both are grapevine pathogens, it is tempting to speculate that both could have coinfected
the same grapevine plant and that a horizontal transfer of this mycovirus could have
occurred between P. viticola and B. cinerea. The horizontal transfer of mycoviruses between
plant pathogenic fungus, such as Botrytis and Sclerotinia [34,70], has been documented and
is considered a key aspect of RNA virus evolution [71]. It is also possible that the actual
host of PvaOLV80 was B. cinerea instead of P. viticola, since Chiapello et al. [62] stated that
this was a virus associated with the oomycete. In this mycovirome reanalysis, two novel
narnaviruses, BNV1 of V446 and BcNV1 of V448, have been described and detected for the
first time in Botrytis spp., increasing the large list of mycoviruses identified infecting this
fungal genus, and suggesting that could be more associated mycoviruses to be discovered.
Both are mycoviruses with bisegmented genomes, in which segment 1 codes for a RdRp
and segment 2 for an HP. Although HP function is unknown, BcNV1 HP shows structural
homology with capsid proteins of dsRNA viruses. Jia et al. [63] obtained similar results
and speculated that the genome of SsSNV-3 may not be naked, but encapsulated in virions.
However, further analysis should be performed to determine the role of this HP in the
mycoviral life cycle of BANV1 and BNV1. Previously, narnaviruses with monosegmented
genomes such as Botrytis cinerea narnavirus 1, or with multisegmented genomes, such as
Botrytis cinerea binarnavirus 2, referred to as splipalmiviruses by some authors [72], have
been found to be associated with B. cinerea [34]. However, splipalmiviruses are formed
by two or more segments, in which RNA1 and RNA2 contain conserved motifs of the
RdRp [11,13,34,73] and can also contain additional segments which code for hypothetical
proteins with unknown functions [63]. Sequence identity analyses indicate that, evolution-
arily, both novel Botrytis mycoviruses are closer to other different bisegmented narnaviruses
rather than splipalmiviruses, such as those from S. sclerotiorum [63], Heterobasidion spp. [74]
or Fusarium asiaticum [75]. They showed nucleotide and amino acid sequence identity
among them, rather than to the other narnaviruses previously found in B. cinerea. These
data were confirmed by the grouping of these mycoviruses in an independent clade in the
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phylogenetic analysis. Then, these novel mycoviruses are enlarging the list of new biseg-
mented narna-like viruses infecting Botrytis spp., and might be taxonomically classified in
the family Narnaviridae.

On the other hand, an analysis of the mycovirus targets of the fungal gene silencing
machinery has also been performed. It has been confirmed that all mycoviruses identified
in our isolates, to a greater or lesser extent, are targeted by the Botrytis RNA-silencing
machinery. This has been verified by mapping the sRNAs to the genomes of the my-
coviruses. Most mycoviruses’ sSRNAs have a size of 21 nts, except for SsNsV-L-V446, which
comprises a higher amount of 22 nt vsRNAs, as has been found in the case of other dsSRNA
mycoviruses infecting S. sclerotiorum [76]. According to the results obtained, it has been
observed that vsRNA abundances and viral RNA accumulation levels did not always
correlate among all mycoviruses. Similar results were observed in dsRNAs mycoviruses
infecting Rosellinia necatrix [77]. In general, it has been perceived that mycoviruses with
shorter genomes, such as mitoviruses, produce more vsRNAs than mycoviruses with
longer genomes, such as BVE, SsNsV-L, or BcAV1. Mitoviruses replicate in the mitochon-
dria, so these results indicate that the fungal gene-silencing machinery is also operative
within the mitochondria, as is the case in animals [78-80]. RNA-silencing machinery tar-
geting mitoviruses was also previously described in other fungus besides Botrytis such
as Fusarium circinatum [81]. There are various potential explanations for the divergent
amounts of vsRNAs among mycoviruses, which may also shed light on whether a cor-
relation exists between vsRNA levels and mycoviral accumulation. The biogenesis of
vsRNAs depends on the formation of viral dsRINAs that are the substrate of the fungal
dicer-like proteins (DCL) to generate vsRNAs of different sizes. Then, it is possible that
mitoviruses replicate more actively, generating more dsRNAs than other mycoviruses,
as has been previously observed in B. cinerea [29]; also, regions of complex secondary
structures could encounter more dsRNAs in these small viral genomes [82]. The activity
of fungal RNA-dependent RNA polymerases may also encounter more viral dsRNAs to
generate secondary vsRNAs [83]. The activity of mycoviral suppressors of gene silencing
(VSRs) proteins affecting the biogenesis or stability of vsRNAs may also explain these
differences [84]. BVF produces small amounts of vsRNAs, indicating a low level of DCL tar-
geting, which may be due to CP protecting the mycovirus genome from host gene-silencing
proteins as has been suggested for other mycoviruses [85] or due to the presence of an
associated VSR protein. With respect to the novel mycoviruses found in Botrytis isolates,
BcAV1-Pi258.8 is the one with the highest expression level and with the lowest vsRNA
accumulation; a possible explanation for this could be that this mycovirus also contains
a VSR protein that prevents its effective degradation by the RNA-silencing machinery.
In both cases, BVF and BcAV1, additional studies should be performed to confirm this
hypothesis. However, PavOLV80-V446 is shown to be commensurate with its expression
level. Narnaviruses are ssSRNA(+) that replicate in the cytosol [86], and are possible targets
of the fungal RN A-silencing machinery. Indeed, a narnavirus detected in P. castaneae was
targeted by the oomycete-silencing machinery [87], as well as a narna-like virus in the bush
Viburnum odoratissimum; sSRNA-Seq data suggested that the virus actively replicated within
the host plant and interacted with its antiviral pathways [88]. In this work, vsRNAs derived
from both novel bisegmented narnaviruses were found. Interestingly, the new narnaviruses
present differences that should be highlighted. BcNV1 accumulated at lower levels than
BNV1, and while in BcNV1 both genomic segments are targeted by the silencing machinery
of the fungal host at the same level, for BNV1, segment 2 is processed by fungal DCL more
effectively. This could be explained by the fact that, in the case of Bc(NV1, both segments
present similar levels of expression, and, on the contrary, in BNV1, the second segment
is more highly expressed than the first one. Finally, it was also observed that BcNV1 is
apparently more silenced than BNV1, and a possible hypothesis for this could be that the
host’s (B. cinerea or B. prunorum) silencing machinery is differentially targeting these types
of viruses. Since GaNV-1 was misclassified as a narnavirus, and subsequently renamed
Botrytis cinerea mitovirus 9 [34], it is assumed according the results obtained in this work
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that, for the first time, narnaviruses have been described as targets of the Botrytis spp.-gene
silencing machinery. Additionally, studies should be performed to dissect the complete
gene-silencing mechanism in the antiviral defense of Botrytis species.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/v16101640/51, Figure S1: Mapping data of mycoviruses; Figure 52: Genome
schemes and RT-PCR results; Figure S3: Distribution of sRNAs; Figure S4: Predicted tertiary
structures of RdRp and HP proteins of BNV1 and BcNV1; Table S1: Range of contigs length;
Table S2: N50 values.

Author Contributions: Conceptualization, M.A.A.; methodology, HM.-S., A.R.-P. and L.D.; software,
HM.-S., AR.-P. and L.D,; validation, H.M.-S. and A.R.-P.; formal analysis, H.M.-S. and A.R.-P;; inves-
tigation HM.-S., AR.-P, L.D. and M.A A ; resources, M.A.A. and E.P.B.; data curation, A.R.-P., HM.-S.
and M.A.A.; writing—original draft preparation H.M.-S. and A.R.-P; writing—review and editing,
AR-P,M.AA,LD. and E.P.B,; visualization, M.A.A_; supervision, M.A.A.; project administration,
M.A.A.; funding acquisition, M.A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Project AGL2009-11778 from Spanish Ministry of Science and
Innovation and by VIROPLANT, a project that received funding from the European Union’s Horizon
2020 Research and Innovation Program (Grant No. 773567).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: RNAseq raw reads are available in the Sequence Read Archive (SRA) at
NCBI: BioProject PRINA325479 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA325479, accessed
on 28 July 2024). Mycoviral sequences are available in the GenBank®® database (https://www.ncbi.
nlm.nih.gov/genbank/, accessed on 28 July 2024). Total number of ontigs resulted from the assembly
were not uploaded to the databases.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

11.

Elad, Y.; Pertot, I.; Cotes Prado, A.M.; Stewart, A. Plant Hosts of Botrytis spp. In Botrytis—The Fungus, the Pathogen and its
Management in Agricultural Systems; Fillinger, S., Elad, Y., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp.
413-486, ISBN 978-3-319-23371-0.

Amselem, J.; Cuomo, C.A ; van Kan, J.A.L.; Viaud, M.; Benito, E.P; Couloux, A.; Coutinho, PM.; de Vries, R.P; Dyer, P.S; Fillinger,
S.; et al. Genomic Analysis of the Necrotrophic Fungal Pathogens Sclerotinia sclerotiorum and Botrytis cinerea. PLoS Genet. 2011,
7,€1002230. [CrossRef] [PubMed]

Williamson, B.; Tudzynski, B.; Tudzynski, P.; Van Kan, J.A. Botrytis cinerea: The Cause of Grey Mould Disease. Mol. Plant Pathol.
2007, 8, 561-580. [CrossRef] [PubMed]

Staats, M.; van Baarlen, P.; van Kan, J.A.L. Molecular Phylogeny of the Plant Pathogenic Genus Botrytis and the Evolution of Host
Specificity. Mol. Biol. Evol. 2005, 22, 333-346. [CrossRef] [PubMed]

Kretschmer, M.; Leroch, M.; Mosbach, A.; Walker, A.-S,; Fillinger, S.; Mernke, D.; Schoonbeek, H.-J.; Pradier, ].-M.; Leroux, P.; De
Waard, M.A; et al. Fungicide-Driven Evolution and Molecular Basis of Multidrug Resistance in Field Populations of the Grey
Mould Fungus Botrytis cinerea. PLoS Pathog. 2009, 5, €1000696. [CrossRef] [PubMed]

Fernandez-Ortufio, D.; Torés, J.A.; Chamorro, M.; Pérez-Garcia, A.; De Vicente, A. Characterization of Resistance to Six Chemical
Classes of Site-Specific Fungicides Registered for Gray Mold Control on Strawberry in Spain. Plant Dis. 2016, 100, 2234-2239.
[CrossRef]

Fernandez-Ortufio, D.; Pérez-Garcia, A.; Chamorro, M.; de la Pefia, E.; de Vicente, A.; Torés, ].A. Resistance to the SDHI Fungicides
Boscalid, Fluopyram, Fluxapyroxad, and Penthiopyrad in Botrytis cinerea from Commercial Strawberry Fields in Spain. Plant Dis.
2017, 101, 1306-1313. [CrossRef]

Altieri, V.; Rossi, V.; Fedele, G. Biocontrol of Botrytis cinerea as Influenced by Grapevine Growth Stages and Environmental
Conditions. Plants 2023, 12, 3430. [CrossRef]

Hollings, M. Viruses Associated with A Die-Back Disease of Cultivated Mushroom. Nature 1962, 196, 962-965. [CrossRef]
Vainio, E.J. Mitoviruses in the Conifer Root Rot Pathogens Heterobasidion annosum and H. parviporum. Virus Res. 2019, 271, 197681.
[CrossRef]

Kondo, H.; Botella, L.; Suzuki, N. Mycovirus Diversity and Evolution Revealed/Inferred from Recent Studies. Annu. Rev.
Phytopathol. 2022, 60, 307-336. [CrossRef]


https://www.mdpi.com/article/10.3390/v16101640/s1
https://www.mdpi.com/article/10.3390/v16101640/s1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA325479
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.1371/journal.pgen.1002230
https://www.ncbi.nlm.nih.gov/pubmed/21876677
https://doi.org/10.1111/j.1364-3703.2007.00417.x
https://www.ncbi.nlm.nih.gov/pubmed/20507522
https://doi.org/10.1093/molbev/msi020
https://www.ncbi.nlm.nih.gov/pubmed/15496556
https://doi.org/10.1371/journal.ppat.1000696
https://www.ncbi.nlm.nih.gov/pubmed/20019793
https://doi.org/10.1094/PDIS-03-16-0280-RE
https://doi.org/10.1094/PDIS-01-17-0067-RE
https://doi.org/10.3390/plants12193430
https://doi.org/10.1038/196962a0
https://doi.org/10.1016/j.virusres.2019.197681
https://doi.org/10.1146/annurev-phyto-021621-122122

Viruses 2024, 16, 1640 16 of 18

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.
26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jo, Y,; Choi, H.; Chu, H.; Cho, W.K. Unveiling Mycoviromes Using Fungal Transcriptomes. Int. J. Mol. Sci. 2022, 23, 10926.
[CrossRef] [PubMed]

Ayllén, M.A.; Vainio, E.J. Chapter One—Mycoviruses as a Part of the Global Virome: Diversity, Evolutionary Links and Lifestyle.
In Advances in Virus Research; Kielian, M., Roossinck, M.]., Eds.; Academic Press: Cambridge, MA, USA, 2023; Volume 115,
pp- 1-86.

Lu, X,; Dai, Z,; Xue, J.; Li, W,; Ni, P; Xu, J.; Zhou, C.; Zhang, W. Discovery of Novel RNA Viruses through Analysis of
Fungi-Associated next-Generation Sequencing Data. BMC Genom. 2024, 25, 517. [CrossRef] [PubMed]

Yu, X.; Li, B;; Fu, Y,; Jiang, D.; Ghabrial, S.A.; Li, G.; Peng, Y.; Xie, J.; Cheng, J.; Huang, J.; et al. A Geminivirus-Related DNA
Mycovirus That Confers Hypovirulence to a Plant Pathogenic Fungus. Proc. Natl. Acad. Sci. USA 2010, 107, 8387-8392. [CrossRef]
[PubMed]

Jiang, D.; Ayllén, M.A.; Marzano, S.-Y.L. ICTV Report Consortium ICTV Virus Taxonomy Profile: Mymonaviridae. ]. Gen. Virol.
2019, 100, 1343-1344. [CrossRef] [PubMed]

Marquez, L.M.; Redman, R.S.; Rodriguez, R.J.; Roossinck, M.J. A Virus in a Fungus in a Plant: Three-Way Symbiosis Required for
Thermal Tolerance. Science 2007, 315, 513-515. [CrossRef]

Ghabrial, S.A.; Caston, ].R.; Jiang, D.; Nibert, M.L.; Suzuki, N. 50-plus Years of Fungal Viruses. Virology 2015, 479—480, 356-368.
[CrossRef]

Kotta-Loizou, I. Mycoviruses and Their Role in Fungal Pathogenesis. Curr. Opin. Microbiol. 2021, 63, 10-18. [CrossRef]

Khan, H.A; Baig, D.I,; Bhatti, M.F. An Overview of Mycoviral Curing Strategies Used in Evaluating Fungal Host Fitness. Mol.
Biotechnol. 2023, 65, 1547-1564. [CrossRef]

Xie, J.; Jiang, D. New Insights into Mycoviruses and Exploration for the Biological Control of Crop Fungal Diseases. Annu. Rev.
Phytopathol. 2014, 52, 45-68. [CrossRef]

Garcia-Pedrajas, M.D.; Canizares, M.C.; Sarmiento-Villamil, J.L.; Jacquat, A.G.; Dambolena, ].S. Mycoviruses in Biological Control:
From Basic Research to Field Implementation. Phytopathology 2019, 109, 1828-1839. [CrossRef]

Dawe, A.L.; Nuss, D.L. Hypoviruses and Chestnut Blight: Exploiting Viruses to Understand and Modulate Fungal Pathogenesis.
Annu. Rev. Genet. 2001, 35, 1-29. [CrossRef] [PubMed]

Cortesi, P.; McCulloch, C.E.; Song, H.; Lin, H.; Milgroom, M.G. Genetic Control of Horizontal Virus Transmission in the Chestnut
Blight Fungus, Cryphonectria parasitica. Genetics 2001, 159, 107-118. [CrossRef] [PubMed]

Nuss, D.L. Hypovirulence: Mycoviruses at the Fungal-Plant Interface. Nat. Rev. Microbiol. 2005, 3, 632-642. [CrossRef] [PubMed]
Howitt, R.L.J.; Beever, R.E.; Pearson, M.N.; Forster, R.L.S. Presence of Double-Stranded RNA and Virus-like Particles in Botrytis
cinerea. Mycol. Res. 1995, 99, 1472-1478. [CrossRef]

Vilches, S.; Castillo, A. A Double-Stranded RNA Mycovirus in Botrytis cinerea. FEMS Microbiol. Lett. 1997, 155, 125-130. [CrossRef]
Castro, M.; Kramer, K,; Valdivia, L.; Ortiz, S.; Benavente, J.; Castillo, A. A New Double-Stranded RNA Mycovirus from Botrytis
cinerea. FEMS Microbiol. Lett. 1999, 175, 95-99. [CrossRef]

Rodriguez-Garcia, C.; Medina, V.; Alonso, A.; Ayllén, M.A. Mycoviruses of Botrytis cinerea Isolates from Different Hosts. Ann.
Appl. Biol. 2014, 164, 46-61. [CrossRef]

Hao, F.; Wu, M,; Li, G. Molecular Characterization and Geographic Distribution of a Mymonavirus in the Population of Botrytis
cinerea. Viruses 2018, 10, 432. [CrossRef]

Donaire, L.; Pagan, I.; Ayllon, M.A. Characterization of Botrytis cinerea Negative-Stranded RNA Virus 1, a New Mycovirus
Related to Plant Viruses, and a Reconstruction of Host Pattern Evolution in Negative-Sense ssRNA Viruses. Virology 2016, 499,
212-218. [CrossRef]

Donaire, L.; Ayllon, M.A. Deep Sequencing of Mycovirus-Derived Small RNAs from Botrytis Species: Deep Sequencing of
Mycovirus-Derived Small RNAs. Mol. Plant Pathol. 2017, 18, 1127-1137. [CrossRef]

Donaire, L.; Rozas, ].; Ayllon, M.A. Molecular Characterization of Botrytis Ourmia-like Virus, a Mycovirus Close to the Plant
Pathogenic Genus Ourmiavirus. Virology 2016, 489, 158-164. [CrossRef] [PubMed]

Ruiz-Padilla, A.; Rodriguez-Romero, J.; Gémez-Cid, I; Pacifico, D.; Ayllon, M.A. Novel Mycoviruses Discovered in the Mycovi-
rome of a Necrotrophic Fungus. mBio 2021, 12, e03705-20. [CrossRef] [PubMed]

Ahmed, A.; Khan, H.A.; Jamal, A.; Virk, N.; Bhatti, M.F. Characterization of Two Novel Fusariviruses Co-Infecting a Single Isolate
of Phytopathogenic Fungus Botrytis cinerea. Virus Genes. 2024, 60, 402—411. [CrossRef] [PubMed]

Ruiz-Padilla, A.; Turina, M.; Aylléon, M.A. Molecular Characterization of a Tetra Segmented ssDNA Virus Infecting Botrytis cinerea
Worldwide. Virol. . 2023, 20, 306. [CrossRef] [PubMed]

Khalifa, M.E.; MacDiarmid, R.M. A Mechanically Transmitted DNA Mycovirus Is Targeted by the Defence Machinery of Its Host,
Botrytis cinerea. Viruses 2021, 13, 1315. [CrossRef]

Hao, F; Wu, M,; Li, G. Characterization of a Novel Genomovirus in the Phytopathogenic Fungus Botrytis cinerea. Virology 2021,
553, 111-116. [CrossRef]

Hirai, M.; Takaki, Y.; Kondo, F.; Horie, M.; Urayama, S.; Nunoura, T. RNA Viral Metagenome Analysis of Subnanogram dsRNA
Using Fragmented and Primer Ligated dsRNA Sequencing (FLDS). Microb. Environ. 2021, 36, ME20152. [CrossRef]
Ruiz-Padilla, A.; Rodriguez-Romero, J.L.; Pacifico, D.; Chiapello, M.; Ayllén, M.A. Determination of the Mycovirome of a
Necrotrophic Fungus. In Viral Metagenomics; Pantaleo, V., Miozzi, L., Eds.; Methods in Molecular Biology; Springer: New York,
NY, USA, 2024; Volume 2732, pp. 83-101, ISBN 978-1-07-163514-8.


https://doi.org/10.3390/ijms231810926
https://www.ncbi.nlm.nih.gov/pubmed/36142838
https://doi.org/10.1186/s12864-024-10432-w
https://www.ncbi.nlm.nih.gov/pubmed/38797853
https://doi.org/10.1073/pnas.0913535107
https://www.ncbi.nlm.nih.gov/pubmed/20404139
https://doi.org/10.1099/jgv.0.001301
https://www.ncbi.nlm.nih.gov/pubmed/31478828
https://doi.org/10.1126/science.1136237
https://doi.org/10.1016/j.virol.2015.02.034
https://doi.org/10.1016/j.mib.2021.05.007
https://doi.org/10.1007/s12033-023-00695-1
https://doi.org/10.1146/annurev-phyto-102313-050222
https://doi.org/10.1094/PHYTO-05-19-0166-RVW
https://doi.org/10.1146/annurev.genet.35.102401.085929
https://www.ncbi.nlm.nih.gov/pubmed/11700275
https://doi.org/10.1093/genetics/159.1.107
https://www.ncbi.nlm.nih.gov/pubmed/11560890
https://doi.org/10.1038/nrmicro1206
https://www.ncbi.nlm.nih.gov/pubmed/16064055
https://doi.org/10.1016/S0953-7562(09)80795-8
https://doi.org/10.1111/j.1574-6968.1997.tb12696.x
https://doi.org/10.1111/j.1574-6968.1999.tb13606.x
https://doi.org/10.1111/aab.12073
https://doi.org/10.3390/v10080432
https://doi.org/10.1016/j.virol.2016.09.017
https://doi.org/10.1111/mpp.12466
https://doi.org/10.1016/j.virol.2015.11.027
https://www.ncbi.nlm.nih.gov/pubmed/26765967
https://doi.org/10.1128/mBio.03705-20
https://www.ncbi.nlm.nih.gov/pubmed/33975945
https://doi.org/10.1007/s11262-024-02073-8
https://www.ncbi.nlm.nih.gov/pubmed/38717669
https://doi.org/10.1186/s12985-023-02256-z
https://www.ncbi.nlm.nih.gov/pubmed/38114992
https://doi.org/10.3390/v13071315
https://doi.org/10.1016/j.virol.2020.11.007
https://doi.org/10.1264/jsme2.ME20152

Viruses 2024, 16, 1640 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Poimala, A.; Vainio, E. Discovery and Identification of Viruses Infecting Oomycetes. In Viral Metagenomics; Pantaleo, V., Miozzi,
L., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA, 2024; Volume 2732, pp. 45-65, ISBN 978-1-07-163514-8.
Ho, T.; Tzanetakis, I.E. Development of a Virus Detection and Discovery Pipeline Using next Generation Sequencing. Virology
2014, 471-473, 54-60. [CrossRef]

Zheng, Y.; Gao, S.; Padmanabhan, C.; Li, R.; Galvez, M.; Gutierrez, D.; Fuentes, S.; Ling, K.-S.; Kreuze, ].; Fei, Z. VirusDetect: An
Automated Pipeline for Efficient Virus Discovery Using Deep Sequencing of Small RNAs. Virology 2017, 500, 130-138. [CrossRef]
Acosta Morel, W.; Marques-Costa, T.M.; Santander-Gordén, D.; Anta Fernandez, F.; Zabalgogeazcoa, I.; Vazquez De Aldana,
B.R.; Sukno, S.A.; Diaz-Minguez, ].M.; Benito, E.P. Physiological and Population Genetic Analysis of Botrytis Field Isolates from
Vineyards in Castilla y Le6n, Spain. Plant Pathol. 2019, 68, 523-536. [CrossRef]

Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al.
De Novo Transcript Sequence Reconstruction from RNA-Seq Using the Trinity Platform for Reference Generation and Analysis.
Nat. Protoc. 2013, 8, 1494-1512. [CrossRef] [PubMed]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D,; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012, 19,
455-477. [CrossRef] [PubMed]

Huang, X.; Madan, A. CAP3: A DNA Sequence Assembly Program. Genome Res. 1999, 9, 868-877. [CrossRef] [PubMed]
Altschul, S.F; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. ]. Mol. Biol. 1990, 215, 403—410.
[CrossRef] [PubMed]

Buchfink, B.; Xie, C.; Huson, D.H. Fast and Sensitive Protein Alignment Using DIAMOND. Nat. Methods 2015, 12, 59-60.
[CrossRef]

Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Danecek, P.; Bonfield, ].K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, RM.;
et al. Twelve Years of SAMtools and BCFtools. GigaScience 2021, 10, giab008. [CrossRef]

Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An Integrated and Extendable Desktop Software Platform for the Organization and Analysis of Sequence Data.
Bioinformatics 2012, 28, 1647-1649. [CrossRef]

Thorvaldsdottir, H.; Robinson, J.T.; Mesirov, ].P. Integrative Genomics Viewer (IGV): High-Performance Genomics Data Visualiza-
tion and Exploration. Brief. Bioinform. 2013, 14, 178-192. [CrossRef]

Jumper, J.; Evans, R,; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A ; Potapenko,
A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Benkert, P.; Tosatto, S.C.E.; Schomburg, D. QMEAN: A Comprehensive Scoring Function for Model Quality Assessment. Proteins
2008, 71, 261-277. [CrossRef] [PubMed]

Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.].E. The Phyre2 Web Portal for Protein Modeling, Prediction and
Analysis. Nat. Protoc. 2015, 10, 845-858. [CrossRef] [PubMed]

Holm, L. Using Dali for Protein Structure Comparison. Methods Mol. Biol. 2020, 2112, 29-42. [CrossRef] [PubMed]

Edgar, R.C. MUSCLE: Multiple Sequence Alignment with High Accuracy and High Throughput. Nucleic Acids Res. 2004, 32,
1792-1797. [CrossRef] [PubMed]

Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef]

Hoang, D.T.; Chernomor, O.; Von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518-522. [CrossRef]

Kalyaanamoorthy, S.; Minh, B.Q.; Wong, TK.F.,; Von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast Model Selection for Accurate
Phylogenetic Estimates. Nat. Methods 2017, 14, 587-589. [CrossRef]

Chiapello, M.; Rodriguez-Romero, J.; Ayllon, M.A.; Turina, M. Analysis of the Virome Associated to Grapevine Downy Mildew
Lesions Reveals New Mycovirus Lineages. Virus Evol. 2020, 6, veaa058. [CrossRef]

Jia, J.; Fu, Y; Jiang, D.; Mu, E; Cheng, ] ; Lin, Y.; Li, B.; Marzano, S.-Y.L.; Xie, J. Interannual Dynamics, Diversity and Evolution of
the Virome in Sclerotinia sclerotiorum from a Single Crop Field. Virus Evol. 2021, 7, veab032. [CrossRef]

Howitt, R.L.J.; Beever, R.E.; Pearson, M.N.; Forster, R.L.S. Genome Characterization of Botrytis Virus F, a Flexuous Rod-Shaped
Mycovirus Resembling Plant ‘Potex-like” Viruses. J. Gen. Virol. 2001, 82, 67-78. [CrossRef]

Ayllén, M.A ; Turina, M; Xie, ].; Nerva, L.; Marzano, S.-Y.L.; Donaire, L.; Jiang, D.; Consortium, I.R. ICTV Virus Taxonomy Profile:
Botourmiaviridae. J. Gen. Virol. 2020, 101, 454-455. [CrossRef] [PubMed]

Esteban, R.; Vega, L.; Fujimura, T. Launching of the Yeast 20 s RNA Narnavirus by Expressing the Genomic or Antigenomic Viral
RNA in Vivo. J. Biol. Chem. 2005, 280, 33725-33734. [CrossRef] [PubMed]

Rana, S.B.; Zadlock, FJ.; Zhang, Z.; Murphy, W.R.; Bentivegna, C.S. Comparison of De Novo ome Assemblers and K-Mer
Strategies Using the Killifish, Fundulus heteroclitus. PLoS ONE 2016, 11, e0153104. [CrossRef] [PubMed]

Wang, S.; Gribskov, M. Comprehensive Evaluation of de Novo Transcriptome Assembly Programs and Their Effects on Differential
Gene Expression Analysis. Bioinformatics 2017, 33, 327-333. [CrossRef] [PubMed]


https://doi.org/10.1016/j.virol.2014.09.019
https://doi.org/10.1016/j.virol.2016.10.017
https://doi.org/10.1111/ppa.12967
https://doi.org/10.1038/nprot.2013.084
https://www.ncbi.nlm.nih.gov/pubmed/23845962
https://doi.org/10.1089/cmb.2012.0021
https://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1101/gr.9.9.868
https://www.ncbi.nlm.nih.gov/pubmed/10508846
https://doi.org/10.1016/S0022-2836(05)80360-2
https://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1002/prot.21715
https://www.ncbi.nlm.nih.gov/pubmed/17932912
https://doi.org/10.1038/nprot.2015.053
https://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1007/978-1-0716-0270-6_3
https://www.ncbi.nlm.nih.gov/pubmed/32006276
https://doi.org/10.1093/nar/gkh340
https://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/ve/veaa058
https://doi.org/10.1093/ve/veab032
https://doi.org/10.1099/0022-1317-82-1-67
https://doi.org/10.1099/jgv.0.001409
https://www.ncbi.nlm.nih.gov/pubmed/32375992
https://doi.org/10.1074/jbc.M506546200
https://www.ncbi.nlm.nih.gov/pubmed/16049000
https://doi.org/10.1371/journal.pone.0153104
https://www.ncbi.nlm.nih.gov/pubmed/27054874
https://doi.org/10.1093/bioinformatics/btw625
https://www.ncbi.nlm.nih.gov/pubmed/28172640

Viruses 2024, 16, 1640 18 of 18

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Holzer, M.; Marz, M. De Novo Transcriptome Assembly: A Comprehensive Cross-Species Comparison of Short-Read RNA-Seq
Assemblers. GigaScience 2019, 8, giz039. [CrossRef]

Yang, D.; Wu, M.; Zhang, J.; Chen, W,; Li, G.; Yang, L. Sclerotinia Minor Endornavirus 1, a Novel Pathogenicity Debilitation-
Associated Mycovirus with a Wide Spectrum of Horizontal Transmissibility. Viruses 2018, 10, 589. [CrossRef]

Dolja, V.V.; Koonin, E.V. Metagenomics Reshapes the Concepts of RNA Virus Evolution by Revealing Extensive Horizontal Virus
Transfer. Virus Res. 2018, 244, 36-52. [CrossRef]

Sutela, S.; Forgia, M.; Vainio, E.J.; Chiapello, M.; Daghino, S.; Vallino, M.; Martino, E.; Girlanda, M.; Perotto, S.; Turina, M. The
Virome from a Collection of Endomycorrhizal Fungi Reveals New Viral Taxa with Unprecedented Genome Organization. Virus
Evol. 2020, 6, veaa076. [CrossRef]

Sato, Y.; Shahi, S.; Telengech, P.; Hisano, S.; Cornejo, C.; Rigling, D.; Kondo, H.; Suzuki, N. A New Tetra-Segmented Splipalmivirus
with Divided RARP Domains from Cryphonectria naterciae, a Fungus Found on Chestnut and Cork Oak Trees in Europe. Virus Res.
2022, 307, 198606. [CrossRef]

Sutela, S.; Piri, T.; Vainio, E.J. Discovery and Community Dynamics of Novel ssRNA Mycoviruses in the Conifer Pathogen
Heterobasidion parviporum. Front. Microbiol. 2021, 12, 770787. [CrossRef]

Huang, H.; Hua, X.; Pang, X.; Zhang, Z.; Ren, J.; Cheng, J.; Fu, Y,; Xiao, X.; Lin, Y.; Chen, T; et al. Discovery and Characterization
of Putative Glycoprotein-Encoding Mycoviruses in the Bunyavirales. ]. Virol. 2023, 97, €01381-22. [CrossRef] [PubMed]

Wang, Q.; Cheng, S.; Xiao, X,; Cheng, J.; Fu, Y.; Chen, T.; Jiang, D.; Xie, J. Discovery of Two Mycoviruses by High-Throughput
Sequencing and Assembly of Mycovirus-Derived Small Silencing RNAs from a Hypovirulent Strain of Sclerotinia sclerotiorum.
Front. Microbiol. 2019, 10, 1415. [CrossRef] [PubMed]

Yaegashi, H.; Shimizu, T.; Ito, T.; Kanematsu, S. Differential Inductions of RNA Silencing among Encapsidated Double-Stranded
RNA Mycoviruses in the White Root Rot Fungus Rosellinia necatrix. . Virol. 2016, 90, 5677-5692. [CrossRef] [PubMed]
Bandiera, S.; Riiberg, S.; Girard, M.; Cagnard, N.; Hanein, S.; Chrétien, D.; Munnich, A.; Lyonnet, S.; Henrion-Caude, A. Nuclear
Outsourcing of RNA Interference Components to Human Mitochondria. PLoS ONE 2011, 6, €20746. [CrossRef] [PubMed]
McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than Just a Powerhouse. Curr. Biol. 2006, 16, R551-R560. [CrossRef]
Moore, C.B.; Ting, ].P--Y. Regulation of Mitochondrial Antiviral Signaling Pathways. Immunity 2008, 28, 735-739. [CrossRef]
Mufioz-Adalia, E.J.; Diez, ].J.; Fernandez, M.M.; Hantula, J.; Vainio, E.J. Characterization of Small RNAs Originating from
Mitoviruses Infecting the Conifer Pathogen Fusarium circinatum. Arch. Virol. 2018, 163, 1009-1018. [CrossRef]

Donaire, L.; Barajas, D.; Martinez-Garcia, B.; Martinez-Priego, L.; Pagan, I; Llave, C. Structural and Genetic Requirements for the
Biogenesis of Tobacco Rattle Virus-Derived Small Interfering RNAs. J. Virol. 2008, 82, 5167-5177. [CrossRef]

Campo, S.; Gilbert, K.B.; Carrington, J.C. Small RNA-Based Antiviral Defense in the Phytopathogenic Fungus Colletotrichum
higginsianum. PLoS Pathog. 2016, 12, €1005640. [CrossRef]

Rodriguez Coy, L.; Plummer, K.M.; Khalifa, M.E.; MacDiarmid, R.M. Mycovirus-Encoded Suppressors of RNA Silencing: Possible
Allies or Enemies in the Use of RNAi to Control Fungal Disease in Crops. Front. Fungal Biol. 2022, 3, 965781. [CrossRef]
Himeno, M.; Maejima, K.; Komatsu, K.; Ozeki, J.; Hashimoto, M.; Kagiwada, S.; Yamaji, Y.; Namba, S. Significantly Low Level of
Small RNA Accumulation Derived from an Encapsidated Mycovirus with dsSRNA Genome. Virology 2010, 396, 69-75. [CrossRef]
[PubMed]

Hillman, B.L; Cai, G. Chapter Six—The Family Narnaviridae: Simplest of RNA Viruses. In Advances in Virus Research; Ghabrial,
S.A., Ed.; Mycoviruses; Academic Press: Cambridge, MA, USA, 2013; Volume 86, pp. 149-176.

Raco, M.; Vainio, E.J.; Sutela, S.; Eichmeier, A.; Hakalova, E.; Jung, T.; Botella, L. High Diversity of Novel Viruses in the Tree
Pathogen Phytophthora castaneae Revealed by High-Throughput Sequencing of Total and Small RNA. Front. Microbiol. 2022,
13,911474. [CrossRef] [PubMed]

Gao, Y.; Xu, Z,; Li, P; Hu, X,; Chen, J.-P.,; Zhang, C.-X,; Li, Y. Complete Genome Analysis of a Novel Narnavirus in Sweet
Viburnum (Viburnum odoratissimum). Arch. Virol. 2024, 169, 90. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/gigascience/giz039
https://doi.org/10.3390/v10110589
https://doi.org/10.1016/j.virusres.2017.10.020
https://doi.org/10.1093/ve/veaa076
https://doi.org/10.1016/j.virusres.2021.198606
https://doi.org/10.3389/fmicb.2021.770787
https://doi.org/10.1128/jvi.01381-22
https://www.ncbi.nlm.nih.gov/pubmed/36625579
https://doi.org/10.3389/fmicb.2019.01415
https://www.ncbi.nlm.nih.gov/pubmed/31338072
https://doi.org/10.1128/JVI.02951-15
https://www.ncbi.nlm.nih.gov/pubmed/27030271
https://doi.org/10.1371/journal.pone.0020746
https://www.ncbi.nlm.nih.gov/pubmed/21695135
https://doi.org/10.1016/j.cub.2006.06.054
https://doi.org/10.1016/j.immuni.2008.05.005
https://doi.org/10.1007/s00705-018-3712-2
https://doi.org/10.1128/JVI.00272-08
https://doi.org/10.1371/journal.ppat.1005640
https://doi.org/10.3389/ffunb.2022.965781
https://doi.org/10.1016/j.virol.2009.10.008
https://www.ncbi.nlm.nih.gov/pubmed/19878965
https://doi.org/10.3389/fmicb.2022.911474
https://www.ncbi.nlm.nih.gov/pubmed/35783401
https://doi.org/10.1007/s00705-024-06000-y
https://www.ncbi.nlm.nih.gov/pubmed/38578314

	Introduction 
	Materials and Methods 
	Fungal Isolates and Culture Conditions 
	RNA-Seq and sRNA-Seq Data 
	RNAseq Data Analysis 
	sRNA-Seq Data Analysis 
	Three-Dimensional Structure and Putative Function of Selected Mycoviral Proteins 
	In Vivo Detection of Selected Viruses 
	Phylogenetic Analysis 

	Results 
	Analysis of RNA-Seq Data from Botrytis spp. 
	Determination of the Mycovirome of Botrytis spp. 
	Analysis of Virus-Derived sRNAs 
	Molecular Characterization of Novel Mycoviruses 
	In Vivo Detection of Novel Mycoviruses 
	Phylogenetic Relationships 

	Discussion 
	References

