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Abstract: Mycoviruses are ubiquitous in pathogenic fungi including Sclerotinia sclerotiorum. Using
RNA sequencing, more mycoviruses have been identified in individual strains, which were previously
reported to be infected by a single mycovirus. A hypovirulent strain of S. sclerotiorum, HC025, was
previously thought to harbor a single mitovirus, Sclerotinia sclerotiorum mitovirus 1 (5sMV1), based
on the analysis of the conventional dsRNA extraction method. We found HC025 to be co-infected by
five mycoviruses. In addition to SsMV1, four mycoviruses were identified: Sclerotinia sclerotiorum
narnavirus 4 (SsNV4), Sclerotinia sclerotiorum negative-stranded RNA virus 1 (SSNSRV1), Sclerotinia
sclerotiorum ourmia-like virus 14 (5sOLV14), and SsOLV22. Three mycoviruses including SsNV4,
SsNSRV1, and SsOLV14 share high replicase identities (more than 95%) with the previously reported
corresponding mycoviruses, and SSOLV22 shows lower identity to the known viruses. The complete
genome of SSOLV22 is 3987 nt long and contains a single ORF-encoded RdRp, which shares 24.84%
identity with the RNA-dependent RNA polymerase (RdRp) of Hubei narna-like virus 10 (query
coverage: 26%; e-value: 8 x 107'%). The phylogenetic tree of RARp suggests that SSOLV22 is
a new member within the family Botourmiaviridae. All of the mycoviruses except for SSNSRV1
could horizontally co-transfer from HC025 to the virulent strain Ep-1PNA367 with hypovirulent
phenotypes, and converted a later strain into a hypovirulent strain. In summary, we molecularly
characterized the hypovirulent strain HC025 and identified five RNA mycoviruses including a new
member within Botourmiaviridae.

Keywords: Sclerotinia sclerotiorum; mycovirus; co-infection; Botourmiaviridae; high-throughput se-
quencing

1. Introduction

Mycovirus RNA or DNA genomes show a rich variety of taxa. According to the Inter-
national Committee on Taxonomy of Viruses (ICTV), mycoviruses are mainly distributed
among 26 known families [1]. Members of the family Mitoviridae have a monopartite, linear,
positive, single-stranded RNA (+ssRNA) genome, containing only one open reading frame
(ORF), which encodes the RNA-dependent RNA polymerase (RdRp). The mitoviruses re-
ported in fungi with the shortest and longest full-length genomes are Rhizopus microsporus
mitovirus 1 (accession number: LC671615, 2231 nt) and Rhizophagus diaphanum mitovirus
2 (4382 nt) [2], respectively. Furthermore, researchers have reported Heterobasidion mi-
tovirus 3 as having a partial genome of 4955 nt [3]. Mitoviruses are thought to reside in
mitochondria. Some of them have adverse effects on the hosts [4,5], whereas most have no
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noticeable influence [6] or unclear influences on hosts. Mycoviruses in the family Narnaviri-
dae replicate in the cytoplasm and have monopartite linear +ssRNA genomes [7]. Recently,
researchers have found some narnaviruses with two or more RNA segments [8]. Beauveria
bassiana narna-like virus 1 is the smallest, with a length of 1689 nt [9]. Botourmiaviridae
contains plant viruses (Ourmiavirus genus) and fungal viruses (Botoulivirus, Scleroulivirus,
Penoulivirus, Rhizoulivirus, and Magoulivirus genera). Except for Ourmiavirus, each member
of Botourmiaviridae has a genome with a single segment containing only one ORF encoding
the RdRp [10]. Among the fungal viruses in Botourmiaviridae, the smallest by genome
length is Botrytis cinerea ourmia-like virus 7 (2100 nt), and the longest is Botrytis cinerea
ourmia-like virus 1 (5185 nt) [11]. Most viruses in Botourmiaviridae do not have poly(A) tails
in their 3’ terminal sequences, but some such as Magnaporthe oryzae ourmia-like virus 1
do [12]. Viruses in the family Mymonaviridae contain a linear, negative, single-stranded RNA
(-ssRNA) genome [13], and the first reported virus is Sclerotinia sclerotiorum negative-
stranded RNA virus 1, which causes abnormal morphology, hypovirulence, and slow
growth [14].

S. sclerotiorum is a worldwide necrotrophic fungal pathogen associated with more than
700 plant species, and it causes serious economic losses [15]. Hypovirulence-associated
mycoviruses are potential biocontrol agents for addressing stem root rot because of their
adverse effects on S. sclerotiorum [16,17]. Furthermore, researchers have found that a DNA
virus, SSHADV-1, could impair the pathogenicity of S. sclerotiorum [18] and convert S. sclero-
tiorum into a beneficial endophyte that improved the yield and resistance of the plant host,
rapeseed [19]. Unlike virus detection using dsRNA or DNA extraction, high-throughput
sequencing technology and bioinformatics software have allowed researchers to detect
and report increasing numbers of mycoviruses. Maimaiti et al. detected 151 mycovirus
isolates from melon powdery mildew using RNA samples sequenced on a NextSeq500
sequencer [20]. Botella and Jung detected 15 viruses using total and small RNA-Seq in
Phytophthora condilina [21]. Jia et al. detected 68 mycoviruses from Sclerotinia sclerotiorum
in a single crop field [8]. In addition to detecting multiple viruses from multiple strains,
researchers have commonly detected multiple mycoviruses in a single fungal strain. For
example, an isolate Log1/3-8d? of Ophiostoma novo-ulmi harbored 12 virus-like dsRNAs,
three of which were determined to be related mitoviruses [22-25]. Tuomivirta and Hantula
found that a single isolate SurS4 of Gremmeniella abietina var. abietina type A was infected
with three mycoviruses belonging to different genera [26]. Zhu et al. characterized a
complex virome in a hypovirulent Sclerotium rolfsii strain [27] and Mu et al. detected nine
mycoviruses in a hypovirulent S. sclerotiorum strain SX276 [1]. We must identify the virus
species in a single fungal strain to understand the biological role of a singular mycovirus.

In a previous study, Xu et al. detected one dsRNA band for the abnormal and hy-
povirulent S. sclerotiorum strain HC025 and identified it as the intermediate replication
form of Sclerotinia sclerotiorum mitovirus 1 HC025 (SsMV1-HC025). Subsequently, it was
verified that SSMV1-HCO025 and its abnormal traits (a deformed colony morphology, a slow
growth rate, a decreased number of sclerotia, and hypovirulence) could be cotransmitted
from hypovirulent strains to virulent strains through hyphal fusion [28]. Therefore, we
RNA-sequenced HC025 and identified and analyzed the virus species it contained. This
study helped us to identify the virus species in HC025 and provided further insights into
the biological function of SsMV1.

2. Materials and Methods
2.1. Strains and Cultural Conditions

The S. sclerotiorum strain HC025 is a hypovirulent isolate with abnormal morphol-
ogy and is infected by SsMV1. The S. sclerotiorum strain Ep-1PNA367V is an isogenic
virus-transmitted isolate of the strain Ep-1PNA367 and has a phenotype and biological
properties similar to those of HC025 [28]. The S. sclerotiorum strain Ep-1PNA367 is a viru-
lent isolate with normal morphology and harbors one mitovirus (Sclerotinia sclerotiorum
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mitovirus 6) [29]. We stored these strains on potato dextrose agar (PDA) medium slants at
4 °C and cultured them on PDA at 20 °C.

2.2. Total RNA Extraction and Sequencing

To prepare the sequencing sample, we cultured HC025 on a cellophane-membrane-
covered PDA (CM-PDA) plate for 5 days. Then, we collected fresh mycelium, quickly froze
it in liquid nitrogen, and ground it into a fine powder, which we used to extract the total
RNA with the NI-Sclerotinia sclerotiorum RNA Extraction Reagent (NEWBIO) according to
the manufacturer’s instructions.

We sent partial RNA of HC025 to a biotechnology corporation (Novogene, Beijing,
China) for sequencing and stored the remaining RNA at —80 °C for subsequent virus
detection. We determined the RNA integrity number (RIN) for the RNA sample using an
Agilent 2100 [30] before removing the rRNA and constructing a sequencing library with
a TruSeqTM RNA Sample Prep Kit (Illumina, RS-122-2001). Finally, we performed the
sequencing on the Illumina MiSeq 2000/2500 platform to generate pair-end (PE) data [31].

2.3. Sequencing Data Analysis and Mycovirus Detection

To ensure that the subsequent analysis was reliable, we removed low-quality raw
data (data with quality values less than or equal to 5% up to 40%; with N up to 10%;
contaminated by the sequencing adapter) with Trimmomatic (version 0.36) [32] using the
default parameter settings to obtain clean reads.

We used HISAT2 (version 2.1.0) [33] to map the clean reads to the reference genome
for Sclerotinia sclerotiorum 1980 UF-70 (http:/ /fungi.ensembl.org/Sclerotinia_sclerotiorum_
1980_uf_70_gca_001857865/Info/Index, accessed on 1 January 2022) and the reference
mitochondrion genome for Sclerotinia sclerotiorum 1980 UF-70 (assembly ASM14694v2).
Then, we extracted the unmapped reads, using SAMtools [34] with “-bf 12" as the parame-
ter, which were then assembled using SPAdes (version 3.13.1) [35]. We applied CD-HIT
(version 4.6.8) [36] to eliminate redundant contigs, with “-c 0.90” as a parameter.

To annotate and identify viral sequences, we analyzed the contigs using DIAMOND [37]
and BLAST [38] with an e-value of 1 x 102 as the cutoff parameter. From the annotation
results, we selected the contigs that had the highest matches with viruses and assembled
them to merge them into longer contigs if their annotations referred to the same viruses.
Finally, we selected the longest of the contigs annotated to the same virus to represent the
sequence for subsequent analysis.

To detect the existence of putative mycoviruses in HC025, we used the remaining
RNA sample for a reverse-transcription polymerase chain reaction (RT-PCR). To detect
whether mycoviruses were transferred to Ep-1PNA367V, we extracted the total RNA of
Ep-1PNA367V and subjected it to RT-PCR, as described above. The primers we used to
detect the viruses are listed in Table S1.

2.4. Viral Sequence Extensions

We predicted the open reading frames (ORFs) for the detected viruses in the software
DNAMAN (Lynnon Corporation, Quebec, Canada). However, we found that only the ORF
near the 3/ end of the original contig of sequence5 was incomplete, so we designed a pair
of primers (PF: TCCAAGAGAATCACTGGGTCG; PR: ATACTACCGTTGACCGGTGTC;
amplicon: 406 bp) to conduct RT-PCR and Sanger sequencing to obtain the complete ORF
for sequenceb.

For the novel mycovirus (sequence6) we detected, we artificially divided the original
contig of sequence6 into four sequentially overlapping segments. Then, we amplified each
segment using the specific primers listed in Table S2. To obtain the terminal sequences,
we extracted the dsRNA of HC025 cultured on CM-PDA for 5 days, as previously de-
scribed [39]. Then, we ligated the RACE-OLIGO adapter to the dsRNA termini using
the T4 RNA ligase (Takara). After incubating the resulting product at 4-16 °C for 24 h,
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we subjected it to rapid amplification of cDNA end (RACE) PCRs with specific primers
(Table S2) [17].

We ligated all of the expected PCR products into the pMD18-T vector (Takara) and
transformed them into the E. coli strain XL-10. Then, we selected the positive clones
detected with specific primers for sequencing. We identified each amplicon with at least
three independent clones.

2.5. Mycovirus Genome Characteristics and Sequence Analysis

We constructed the contig length distribution plot in RStudio [40]. We calculated
the reads mapped to each mycovirus using HISAT2 and SAMtools and visualized them
using IGV [41]. We calculated the viral abundance as the number of reads mapped
to a sequence divided by the sequence length and visualized the results using Graph-
Pad Prime [42]. We predicted the potential secondary structures of the viral terminal
sequences using an online tool (http://rna.urmc.rochester.edu/RNAstructure.html, ac-
cessed on 8 March 2022). The percent identity matrix of viral RARps was generated by
Clustal Omega online (https:/ /www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 9 April
2022) and visualized by TBtools [43]. We conducted multiple sequence alignment using
MAFFT [44] and visualized the results using Jalview [45]. Before constructing a phy-
logenetic tree, we removed the poorly aligned regions using trimAl [46]. Finally, we
constructed a maximum-likelihood (ML) phylogenetic tree using IQ-TREE [47], with “-m
MFP” and “-bb 10000” as two parameters, and visualized it using FigTree (available at
http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 12 April 2022).

2.6. Biological Properties Detection of Virus Co-Infection Strain Ep-1PNA367V

To understand the functional characterization of the co-infected viruses, we compared
the growth rate, the morphology of the colony and hyphal tips, and the pathogenicity
of strain Ep-1PNA367V and the isogenic strain Ep-1PNA367 referred to in the methods
mentioned [28].

3. Results
3.1. Strain HC025 Is Co-Infected by Five ssRNA Mycoviruses

The S. sclerotiorum strain HC025 had an abnormal colony morphology without scle-
rotia after growing on PDA for six days (Figure 1A), as reported in a previous study. To
investigate the mycoviruses harbored in the hypovirulent strain HC025, we conducted
RNA sequencing for the metatranscriptome and obtained 12.96 Gb of raw data contain-
ing 85,837,642 paired-end reads. After removing the low-quality reads, we obtained
84,182,128 clean reads (98% of the raw data) for subsequent analysis. The clean reads were
mapped to the genome of S. sclerotiorum, and then the unmapped reads were extracted to
be assembled de novo into 37,546 contigs. The length distribution range of these contigs
was 89 to 10,407 nt. Six contigs were longer than 5000 nt, and the others were shorter than
5000 nt. The most abundant contigs were those shorter than 800 nt (Figure S1).
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Figure 1. Virus detection in HC025. (A) The front and back of the HC025 colony morphology cultured
on PDA for 6 days. The bar represents 1 cm. (B) The RT-PCR detection of the six viral sequences in
the HC025. We used SsActin as a positive control to detect the actin gene of S. sclerotiorum. M: DL2000
DNA Marker. (C) The abundance analysis of the five viruses, calculated using RNA sequencing data.

To identify the viral sequences, we annotated the contigs using BLAST. We successfully
annotated 37,248 contigs (99.2% of all the contigs), but 298 contigs could not be annotated.
We extracted the contigs with annotations referring to viruses and assembled them. After
filtering short sequences less than 1000 nt long and extending them with PCR, we obtained
six viral sequences, which referred to five viruses: Sclerotinia sclerotiorum mitovirus
1 (5sMV1), Sclerotinia sclerotiorum narnavirus 4 (SsNV4), Sclerotinia sclerotiorum negative-
stranded RNA virus 1 (SSNSRV1), Sclerotinia sclerotiorum ourmia-like virus 14 (SsOLV14),
and SsOLV22 (Table 1). Three mycoviruses—SsNV4, SsSNSRV1, and SsOLV14—shared high
percentages of their identities (more than 95%) with the previously reported corresponding
mycoviruses, whereas SSOLV22 was less similar to the known viruses, with a 24.84% shared
identity. We confirmed the six viral sequences using RT-PCR and found that they existed
in the HC025 strain (Figure 1B). Based on the clean sequencing reads, we calculated the
abundance of each virus in HC025 and found that the most abundant virus was SsOLV14,
followed by SsMV1, and the least abundant virus was SsNSRV1 (Figure 1C). We recorded
all five newly detected viral sequences in the GenBank database with the accession numbers
OK165495-OK165499 (Table 1).

3.2. Genomic Analysis of Four Newly Identified Mycoviruses Infecting HC025 Highly Similar to
Known Mycoviruses

Sequencel is 2505 nt in length, and its sequencing depth is 5821-fold (Table 1). The re-
gion from 302 to 2470 nt of sequencel encodes a putative RNA-dependent RNA polymerase
(RdRp) protein with 722 amino acids. Among the 131,476 reads mapped to sequencel, we
mapped 18,898 reads to one nucleotide acid site at most, and the mapped read peaks were
located in the interior region of the ORF (Figure S2). When we aligned the ORF region
of sequencel and the reported sequence of Sclerotinia sclerotiorum mitovirus 1 HC025
(KJ463570.1), we observed that they shared 99.54% of their identities. Based on these results,
we suggest that sequencel is the partial genome of SsSMV1 in the HC025.
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Table 1. The viruses in HC025.

Name

Length (nt)

Name of . o Accession
Putative Virus Best Match Identity (aa, %) Reads Number

sequencel

sequence?2

sequence3

sequence4

sequenceb

sequence6

2505

3031

2453

9835

1913

3987

Sclerotinia sclerotiorum
SsMV1 mitovirus 1 95.32 131,476 KJ463570
(YP_009121785.1)
Sclerotinia sclerotiorum
SsNV4_RNA1 narnavirus 4 RNA1 96.35 87,059 OK165495
(QZE12024.1)
Sclerotinia sclerotiorum
SsNV4_RNA2 narnavirus 4 RNA2 98.85 76,859 OK165496
(QZE12025.1)
Sclerotinia sclerotiorum
SsNSRV1 negative-stranded RNA 98.5 214,467 OK165497
virus 1-WX (QUE49133.1)
Sclerotinia sclerotiorum
SsOLV14 ourmia-like virus 14 98.16 533,197 OK165498
(QUE49177.1)
Hubei narna-like virus 10

SsOLV22 (APG77208.1) 24.84 103,130 OK165499

Sequence? and sequence3 are 3031 and 2453 nt long, respectively, and their sequencing
depths were 3256- and 4259-fold, respectively (Table 1). For sequence?2, the region from
167 to 2920 nt encodes a putative RARp protein with 917 amino acids. The region from
24 to 2345 nt of sequence3 encodes a putative unknown protein containing 774 amino acids.
At most, we mapped 19,134 and 11,970 reads to one nucleotide acid site of sequence2 and
sequence3, respectively. For sequence2, the mapped reads peaked within the end of ORF
and the 3’ untranslated region (UTR), whereas the mapped reads for sequence3 peaked
in the interior region of the ORF (Figure S3A). The ORFs of sequence2 and Sclerotinia
sclerotiorum narnavirus 4 segment RNA1 (MW442875.1) shared 94.12%, whereas the ORFs
of sequence3 and Sclerotinia sclerotiorum narnavirus 4 segment RNA2 (MW442876.1)
shared 98.06% of their identities. The phylogenetic analysis for SSNV4-HC025 (Figure S3B)
also supports that SSNV4-HC025 belongs to the family Narnaviridae.

Sequence4 is 9835 nt long, and its sequencing depth was 3203-fold (Table 1). It
contains six ORFs in the regions of 178-906, 962-2143, 2240-3049, 3170-3358, 3452-9256,
and 9257-9805 nt. ORFs II and V encode the nucleoprotein (N protein) and large protein
(L protein), respectively. The remaining four ORFs encode hypothetical proteins. For
this viral sequence, we mapped 7991 reads to it, mostly at one nucleotide acid site, and
the mapped reads peaked in the interior region of each ORF (Figure S4A). The shared
identities of the six putative proteins of sequence4 and the corresponding putative proteins
of Sclerotinia sclerotiorum negative-stranded RNA virus 1-WX (MT646384.1) were 97.11%,
98.93%, 96.28%, 95.16%, 98.50%, and 92.13%. The six ORFs in sequence4 shared 94.38%,
95.66%, 94.07%, 93.65%, 95.69%, and 93.44% of their identities with those of Sclerotinia
sclerotiorum negative-stranded RNA virus 1-WX (MT646384.1). The phylogenetic analysis
for sequence4 based on the L proteins (Figure S4B) also supports that it belongs to the
genus Sclerotimonavirus of the family Mymonaviridae. Based on these results, we believe that
we identified mycovirus Sclerotinia sclerotiorum negative-stranded RNA virus 1 in HC025.

Sequence5 is 1913 nt long, and its sequencing depth was 7391-fold (Table 1). The
region from 33 to 1796 nt encodes a putative RdRp protein with 587 amino acids. At most,
we mapped 175,361 reads to one nucleotide acid site of sequence5. Of the two mapped
read peaks, one was entirely in the interior region and the other partially covered the 3’
UTR region (Figure S5A). The ORF region shared 96.43% of its identity with Sclerotinia
sclerotiorum ourmia-like virus 14 (MT646410.1). The phylogenetic analysis based on RdRp
revealed that SSOLV14-HCO025 belongs to Botourmiaviridae (Figure S5B). Thus, we identified
Sclerotinia sclerotiorum ourmia-like virus 14 in HC025.
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3.3. A Novel Virus Related to Members of the Family Botourmiaviridae

Sequence6 is 3987 nt in length, has a GC content of 41% including a poly(A) tail of
31 nucleotides, and is a fully viral cDNA genome. The 5 UTR is 821 nt, and the 3’ UTR
is 279 nt, excluding the poly(A) tail. The viral genome has a putative ORF (822-3677 nt;
initiation codon: AUG; termination codon: UAG) encoding an RdRp with 951 amino
acids (110 kDa) using a universal codon or mitochondrial codon. Its sequencing depth
was 2991-fold (Table 1). We mapped 19,862 reads to mostly one nucleotide acid site of
sequence6. Most of the mapped reads concentrated in the ORF region, whereas a prominent
mapped read peak occurred at approximately the 5’ terminal from 25 to 313 nt (Figure 2A).
BLASTYp alignment of its putative RdRp indicated that sequence6 shared the highest identity
(24.84%) with Hubei narna-like virus 10 (query coverage: 26%; e-value: 8 x 1071%), which
was followed by Beihai narna-like virus 10 (query coverage: 43%; e-value: 3 x 10722
accession: YP_009333271.1) with an amino acid identity of 22.48% (Figure 2B). We also
conducted multiple alignment of the RdRps of sequence6 and other relative viruses. We
detected six conserved motifs including the GDD motif (Figure 3A). Based on the RdRp,
we phylogenetically analyzed sequence6 and found that it was a member of the family
Botourmiaviridae outside of other definite or proposed genera (Figure 3B). Based on these
results, we believe that we identified a novel mycovirus, which we designated as Sclerotinia
sclerotiorum ourmia-like virus 22-HC025 (SsOLV22-HC025).

A
sequence6 (SsOLV22)
8?2 3677
SUR RdRp ———JAn)
| 3956
1000 2000 3000
[0-19,862)
d | Y Lil
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Figure 2. The viral identity analysis and genome structure of virus SSOLV22. (A) Schematic orga-
nization and annotation of the SSOLV22-HC025 genome. The putative ORF is indicated as a box.
“(An)” represents the poly(A) tail. The read distribution profile for sequence6 is demonstrated below.
The number in the square bracket indicates the number range of reads mapped to each nucleotide
acid site in the sequence. (B) Percent identity matrix of viral RARp sequences. AfBV1: Aspergillus
fumigatus botourmiavirus 1; PvLaOLV20: Plasmopara viticola lesion associated ourmia-like virus 20;
Hubei-NaLV10: Hubei narna-like virus 10; Wenling-NaLV2: Wenling narna-like virus 2; Wenzhou-
NaLV3: Wenzhou narna-like virus 3; Wenzhou-NaLV6: Wenzhou narna-like virus 6; Beihai-Nal.V10:
Beihai narna-like virus 10; WuhanSV7: Wuhan spider virus 7; Wenzhou-NaLV1: Wenzhou narna-like
virus 1; Beihai-NaLLV13: Beihai narna-like virus 13.
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Figure 3. The multiple alignment and phylogenetic analysis of SsOLV22-HC025. (A) Multiple
alignment of SsOLV22-HCO025 and its highest matched viruses based on BLASTX from the NCBI.
(B) The phylogenetic analysis of SSOLV22-HC025. This maximum-likelihood phylogenetic tree was
constructed based on the amino acid sequences of viral RARps. SSOLV22-HC025 is marked in blue.

We predicted the terminal RNA structures of SSOLV22-HC025 online and found that
the 5" terminal region (1-69 nt) and the 3’ terminal region (3919-3987 nt) could fold in stem—
loop structures with free energies of —16.7 and —11.0 kcal/mol, respectively (Figure 4).
However, the 5" and 3’ terminal sequences failed to form a reverse complementary panhan-
dle structure.

3.4. Four Mycoviruses Can Transfer Horizontally via Hyphal Fusion

Considering the above results, we wondered whether Ep-1PNA367V could be infected
by multiple viruses from HC025 instead of the singular reported mycovirus (SsMV1). From
the RT-PCR results, we deduced that Ep-1PNA367V was infected by SsMV1 (as reported
in previous research); Sclerotinia sclerotiorum mitovirus 6 (5sMV6), which existed in the
original Ep-1PNA367 strain; SSNV4; SsOLV22; and SsOLV14 (Figure 5). Thus, we believe
that Ep-1PNA367V is infected by multiple, positive, single-stranded RNA viruses.
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Figure 4. The predicted secondary RNA structure of the 5’ and 3’ terminal sequences of SsSOLV22-
HCO025. We predicted and calculated the potential stem-loop structures and the corresponding free
energy on the online RNAstructure web servers.
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Figure 5. Virus detection in Ep-1PNA367V. SsMV6 refers to the primers for detecting Sclerotinia
sclerotiorum mitovirus 6; SsActin refers to the primers for detecting the actin gene of Sclerotinia
sclerotiorum. Ep-1PNA367V and Ep-1PNA367 are isogenic strains, and Ep-1PNA367V was derived
from the dual culture of strains HC025 and Ep-1PNA367. M: DL2000 DNA Marker.
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3.5. Virus Co-Infection Endows Abnormal Biological Characteristics to S. sclerotiorum

To understand the effects of the four +ssRNA viruses on S. sclerotiorum, we detected
the biological characteristics of the strain Ep-1PNA367V. The strain Ep-1PNA367V had
an abnormal colony morphology (Figure 6A) similar to that of strain HC025 (Figure 1A).
The hyphal tips of strain Ep-1PNA367V became thin and multi-branched compared to
the isogenic strain Ep-1PNA367 (Figure 6B). We found that the strain Ep-1PNA367V grew
significantly slower than strain Ep-1PNA367 (Figure 6C) and could not form obvious
lesions on detached rapeseed leaves (Figure 6D). This suggests that the co-infection of the
four +ssRNA viruses is related to the deformity, growth, and pathogenicity reduction in
S. sclerotiorum.
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Figure 6. The biological characteristics detection of strain Ep-1PNA367V. (A) Colony morphology
of strains Ep-1PNA367 and Ep-1PNA367V on PDA was observed at 7 days post-inoculation (dpi).
(B) Hyphal tips of the two strains observed at 3 dpi. The bar refers to 100 pm. (C) Growth rate
detection. The stars refer to significantly difference between strains Ep-1PNA367 and Ep-1PNA367V.
(D) Pathogenicity detection on rapeseed leaves at 2 dpi. The bar refers to 1 cm.
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4. Discussion

In this study, we characterized the viruses in the hypovirulent S. sclerotiorum strain
HCO025 through the high-throughput sequencing of its total RNA. We identified five my-
coviruses including the previously reported SsMV1, three newly found mycoviruses de-
scribed by other researchers [8,14], and a novel botourmiavirus named SsOLV22-HC025.
These detected viruses belong to four families (Mitoviridae, Narnaviridae, Botourmiaviridae,
and Mymonaviridae), suggesting that HC025 has a complex mycovirome.

The sequencing and analysis methods we used to detect the viruses were likely to
have been reliable because we detected SsMV1-HC025 with a nearly complete genome
and high identity match with the originally reported sequence. However, differences
between SsMV1-HCO025 and the original sequence remain. Several reasons may explain this.
Mitoviruses enter the host mitochondria, which are the main ROS-production sites [48,49].
An accumulation of ROS can damage the biomolecules [50]. Under ROS pressure, mutations
may occur and accumulate in the viral genome. Although Illumina sequencing has a high
accuracy rate, substitutions and indel errors are other possible explanations [51].

Among the five detected viruses, we mapped the highest number of reads to the
SsOLV14-HC025 genome (Table 1), and SsOLV14 showed the highest viral abundance
(Figure 1C). Researchers in a previous study observed only one clear segment when
conducting electrophoresis of HC025 dsRNA, which they identified as the intermediate
replication form of the virus SsMV1 [28]. Considering their results, we speculate that the
SsOLV14 content was originally the highest. However, its replication activity is relatively
weak, so the researchers could not detect as much replication intermediate using the dsRNA
extraction method.

We detected a novel virus, SSOLV22-HC025, with a complete genome in HC025. We
checked the 21 reported botourmiaviruses infecting S. sclerotiorum according to the NCBI
and found that SsSOLV22-HC025 had the longest genome and was the only virus with a
poly(A) tail in its 3’ end. Only three of the botourmiavirus sequences detected in fungi
have poly(A) tails. Magnaporthe oryzae botourmiavirus 9 from strain SHO5 contains
a 9 nt poly(A) tail [52]; Armillaria mellea ourmia-like virus 1 from strain CMW50256
contains a 7 nt poly(A) tail [53]; and Magnaporthe oryzae botourmiavirus 6 from strain
YC81-2 contains a 7 nt poly(A) tail [54]. Differing from them, SsOLV22-HC025 has a
long poly(A) tail of 31 nt. Furthermore, in the phylogenetic tree, SSOLV22-HCO025 is close
to many narna-like viruses and the genus Ourmiavirus (Figure 3B). Thus, we believe that
SsOLV22-HC025 is different from other classified fungal botourmiaviruses and has a unique
evolutionary position.

According to our results, HC025 is a multiple-virus-infected strain. Researchers have
only studied SsSNSRV1 for its hypovirulence-associated function [14,55]; the other four my-
coviruses have not been separately functionally researched. As shown in Figures 5 and 6,
the virus-transmitted strain Ep-1PNA367V obtained all the viruses detected in HC025
except for the hypovirulence-associated virus SSNSRV1, and became abnormal with re-
duced growth rate and pathogenicity. This suggests that SSMV1-HC025, SsSNV4-HC025,
SsOLV14-HC025, and SsOLV22-HC025 can transfer together, and the decay traits are related
with the co-infection of these four +ssRNA viruses. In a previous study on HC025, the vast
majority of the mitochondria in Ep-1PNA367V were abnormal. Mitochondria are essential
organelles and have a crucial impact on cell health [56,57]. Therefore, it was regarded that
SsMV1-HC025 was the hypovirulence-associated factor. When analyzing the sequences of
SsOLV14-HC025 and SsOLV22-HC025, we found that they could all encode RdRps of the
same length, whether using a universal or mitochondrial codon. This implies that these
two viruses can also replicate in host mitochondria. We speculate that they also affect
mitochondrial function. The genome of SsSNV4-HC025 has two segments, with the RNA1
encoding RdRp, but RNA2 encodes an unknown protein [8] that may interact with its
host. To determine which mycovirus is responsible for hypovirulence, the transfection of
each virus with viral RNA synthesized in vitro should be conducted. Alternatively, we
could study the four +ssRNA viruses as one “virus group” and focus on the influence of
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S. sclerotiorum at the molecular level such as its effects on genes, proteins, or metabolites to
find essential targets for controlling stem and root rot.

5. Conclusions

We discovered that the S. sclerotiorum strain HC025 was co-infected with five my-
coviruses and obtained the full-length genome of a novel botourmiavirus, SSOLV22. The
abnormal biological traits of HC025 are related with the co-infection of the four +ssRNA
viruses. Researchers must conduct further studies to illuminate the biological functions of
each virus in strain decay and hypovirulence.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof8070649 /s1, Table S1: Primers for virus detection in this
paper, Table S2: Primers for full-length genome confirmation of SSOLV22, Figure S1: Contig length
distribution histogram, Figure S2: Genome analysis of SSMV1 in strain HC025, Figure S3: Genome
and phylogenetic analysis of SsNV4 in strain HC025, Figure S4: Genome and phylogenetic analysis of
SsNSRV1 in strain HC025, Figure S5: Genome and phylogenetic analysis of SSOLV14 in strain HC025.

Author Contributions: Y.W. carried out the experiments and wrote the paper. Y.W., D.H. and H.H.
analyzed the data. Z.X.,J.C., YF, Y.L, D.J. and ].X. discussed the results and commented on the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Nature Science Foundation of China (32072475)
and the China Agriculture Research System of MOF and MARA (CARS-13).

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

Data Availability Statement: The sequences reported in the present manuscript have been deposited
in the GenBank database under accession numbers OK165495-OK165499.

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

References

1.

10.

11.

12.

Mu, E; Li, B.; Cheng, S.F; Jia, ].C,; Jiang, D.H.; Fu, Y.P; Cheng, ].S.; Lin, Y.; Chen, T.; Xie, ].T. Nine viruses from eight lineages
exhibiting new evolutionary modes that co-infect a hypovirulent phytopathogenic fungus. PLoS Pathog. 2021, 17, €1009823.
[CrossRef]

Neupane, A,; Feng, C.C.; Feng, ].H.; Kafle, A.; Buecking, H.; Lee Marzano, S.Y. Metatranscriptomic analysis and in Silico approach
identified mycoviruses in the arbuscular mycorrhizal fungus Rhizophagus spp. Viruses 2018, 10, 707. [CrossRef] [PubMed]
Vainio, E.J. Mitoviruses in the conifer root rot pathogens Heterobasidion annosum and H. parviporum. Virus Res. 2019, 271, 197681.
[CrossRef] [PubMed]

Wu, M.D,; Zhang, L.; Li, G.Q.; Jiang, D.H.; Ghabrial, S.A. Genome characterization of a debilitation-associated mitovirus infecting
the phytopathogenic fungus Botrytis cinerea. Virology 2010, 406, 117-126. [CrossRef] [PubMed]

Xie, ].T.; Ghabrial, S.A. Molecular characterizations of two mitoviruses co-infecting a hyovirulent isolate of the plant pathogenic
fungus Sclerotinia sclerotiorum. Virology 2012, 428, 77-85. [CrossRef]

Shafik, K.; Umer, M.; You, H.E; Aboushedida, H.; Wang, Z.H.; Ni, D.J.; Xu, W.X. Characterization of a novel mitovirus infecting
Melanconiella theae isolated from tea plants. Front. Microbiol. 2021, 12, 757556. [CrossRef]

Hillman, B.I; Cai, G. The family Narnaviridae: Simplest of RNA viruses. Adv. Virus Res. 2013, 86, 149-176.

Jia, J.C.; Fu, Y.P; Jiang, D.H.; Mu, F; Cheng, ].S.; Lin, Y,; Li, B.; Marzano, S.Y.L.; Xie, ].T. Interannual dynamics, diversity and
evolution of the virome in Sclerotinia sclerotiorum from a single crop field. Virus Evol. 2021, 7, veab032. [CrossRef]

Kotta-Loizou, I.; Coutts, R.H.A. Studies on the virome of the entomopathogenic fungus Beauveria bassiana reveal novel dsRNA
elements and mild hypervirulence. PLoS Pathog. 2017, 13, e1006183. [CrossRef]

Ayllon, M.A; Turina, M.; Xie, ].T.; Nerva, L.; Marzano, S.Y.L.; Donaire, L.; Jiang, D.H.; ICTV Report Consortium. ICTV virus
taxonomy profile: Botourmiaviridae. ]. Gen. Virol. 2020, 101, 454-455. [CrossRef]

Ruiz-Padilla, A.; Rodriguez-Romero, J.; Gomez-Cid, L; Pacifico, D.; Ayllon, M.A. Novel mycoviruses discovered in the mycovi-
rome of a necrotrophic fungus. mBio 2021, 12, €03705-20. [CrossRef] [PubMed]

Mlana, A.; Marconi, M.; Rodriguez-Romero, J.; Xu, P.; Dalmay, T.; Wilkinson, M.D.; Angeles, A.M.; Sesma, A. Molecular
characterization of a novel ssSRNA ourmia-like virus from the rice blast fungus Magnaporthe oryzae. Arch. Virol. 2017, 162, 891-895.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jof8070649/s1
https://www.mdpi.com/article/10.3390/jof8070649/s1
http://doi.org/10.1371/journal.ppat.1009823
http://doi.org/10.3390/v10120707
http://www.ncbi.nlm.nih.gov/pubmed/30545059
http://doi.org/10.1016/j.virusres.2019.197681
http://www.ncbi.nlm.nih.gov/pubmed/31394105
http://doi.org/10.1016/j.virol.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20674953
http://doi.org/10.1016/j.virol.2012.03.015
http://doi.org/10.3389/fmicb.2021.757556
http://doi.org/10.1093/ve/veab032
http://doi.org/10.1371/journal.ppat.1006183
http://doi.org/10.1099/jgv.0.001409
http://doi.org/10.1128/mBio.03705-20
http://www.ncbi.nlm.nih.gov/pubmed/33975945
http://doi.org/10.1007/s00705-016-3144-9
http://www.ncbi.nlm.nih.gov/pubmed/27858291

J. Fungi 2022, 8, 649 13 of 14

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.
41.

Jiang, D.H.; Ayllon, M.A.; Marzano, S.Y.L.; Lefkowitz, E.].; Davison, A.J.; Siddell, S.G.; Sabanadzovic, S.; Simmonds, P.; Smith,
D.B.; Orton, RJ.; et al. ICTV Virus Taxonomy Profile: Mymonaviridae. ]. Gen. Virol. 2019, 100, 1343-1344. [CrossRef]

Liu, LJ.; Xie, ].T.; Cheng, ].S.; Fu, Y.P; Li, G.Q.; Yi, X.H.; Jiang, D.H. Fungal negative-stranded RNA virus that is related to
bornaviruses and nyaviruses. Proc. Natl. Acad. Sci. USA 2014, 111, 12205-12210. [CrossRef] [PubMed]

Bolton, M.D.; Thomma, B.P.H.J.; Nelson, B.D. Sclerotinia sclerotiorum (Lib.) de Bary: Biology and molecular traits of a cosmopolitan
pathogen. Mol. Plant Pathol. 2006, 7, 1-16. [CrossRef]

Zhao, Y.; Zhang, Y.Y.; Wan, X.R; She, Y.Y.; Li, M.; Xi, H].; Xie, ].T.; Wen, C.Y. A novel ourmia-like mycovirus confers hypovirulence-
associated traits on Fusarium oxysporum. Front. Microbiol. 2020, 11, 569869. [CrossRef]

Xiao, X.Q.; Cheng, J.S.; Tang, ] H.; Fu, Y.P; Jiang, D.H.; Baker, T.S.; Ghabrial, S.A.; Xie, ].T. A novel partitivirus that confers
hypovirulence on plant pathogenic fungi. J. Virol. 2014, 88, 10120-10133. [CrossRef]

Yu, X,; Li, B;; Fu, Y.P; Jiang, D.H.; Ghabrial, S.A.; Li, G.Q.; Peng, Y.L; Xie, ].T.; Cheng, ].S.; Huang, ].B; 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]

Zhang, H.X,; Xie, ].T.; Fu, Y.P,; Cheng, ].S.; Qu, Z.; Zhao, Z.Z.; Cheng, S.F,; Chen, T.; Li, B.; Wang, Q.Q.; et al. A 2-kb mycovirus
converts a pathogenic fungus into a beneficial endophyte for Brassica protection and yield enhancement. Mol. Plant 2020, 13,
1420-1433. [CrossRef]

Maimaiti, Y.; Ding, L.; Chai, M.; Jing, X.Y.; Yang, D.; Han, S.; Sun, L.Q.; Chen, W. Identification and analysis of new mycoviruses
from melon powdery mildew. J. Plant Pathol. 2020, 102, 1191-1196. [CrossRef]

Botella, L.; Jung, T. Multiple viral infections detected in Phytophthora condilina by total and small RNA sequencing. Viruses 2021,
13, 620. [CrossRef] [PubMed]

Rogers, H.J.; Buck, K.W.; Brasier, C.M. Transmission of double-stranded RNA and a disease factor in Ophiostoma ulmi. Plant Pathol.
1986, 35, 277-287. [CrossRef]

Rogers, H.J.; Buck, KW.; Brasier, C.M. A mitochondrial target for double-stranded RNA in diseased isolates of the fungus that
causes Dutch elm disease. Nature 1987, 329, 558-560. [CrossRef]

Cole, T.E.; Muller, BM.; Hong, Y.; Brasier, C.M.; Buck, K.W. Complexity of virus-like double-stranded RNA elements in a diseased
isolate of the Dutch elm disease fungus, Ophiostoma novo-ulmi. |. Phytopathol. 1998, 146, 593-598. [CrossRef]

Hong, Y.G.; Dover, S.L.; Cole, T.E.; Brasier, C.M.; Buck, K.W. Multiple mitochondrial viruses in an isolate of the Dutch elm disease
fungus Ophiostoma novo-ulmi. Virology 1999, 258, 118-127. [CrossRef]

Tuomivirta, T.T.; Hantula, ]. Three unrelated viruses occur in a single isolate of Gremmeniella abietina var. abietina type A. Virus Res.
2005, 110, 31-39. [CrossRef]

Zhu, ].Z.; Zhu, H].; Gao, B.D.; Zhou, Q.; Zhong, ]. Diverse, novel mycoviruses from the virome of a hypovirulent Sclerotium rolfsii
strain. Front. Plant Sci. 2018, 9, 1738. [CrossRef]

Xu, Z.Y.; Wu, S.S.; Liu, L].; Cheng, ].S.; Fu, Y.P; Jiang, D.H.; Xie, ].T. A mitovirus related to plant mitochondrial gene confers
hypovirulence on the phytopathogenic fungus Sclerotinia sclerotiorum. Virus Res. 2015, 197, 127-136. [CrossRef]

Wang, Q.H.; Mu, F; Xie, ].T.; Cheng, ].S.; Fu, Y.P; Jiang, D.H. A single ssRNA segment encoding RdRp is sufficient for replication,
infection, and transmission of ourmia-like virus in fungi. Front. Microbiol. 2020, 11, 379. [CrossRef]

Pfaffl, M.W.; Fleige, S.; Riedmaier, I. Validation of Lab-on-Chip Capillary electrophoresis systems for total RNA quality and
quantity control. Biotechnol. Biotechnol. Equip. 2014, 22, 829-834. [CrossRef]

Ravi, R.K.; Walton, K.; Khosroheidari, M. MiSeq: A next generation sequencing platform for genomic analysis. In Disease Gene
Identification; Di Stefano, J., Ed.; Humana Press: New York, NY, USA, 2018; pp. 223-232.

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef] [PubMed]

Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357-360. [CrossRef] [PubMed]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The sequence align-
ment/map format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [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]

Fu, L.; Niu, B.E; Zhu, ZW.; Wu, S.T.; Li, W.Z. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinfor-
matics 2012, 28, 3150-3152. [CrossRef] [PubMed]

Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59-60. [CrossRef]
Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef]

Xie, ].T.; Wei, D.M,; Jiang, D.H.; Fu, Y.P;; Li, G.Q.; Ghabrial, S.; Peng, Y.L. Characterization of debilitation-associated mycovirus
infecting the plant-pathogen fungus Sclerotinia sclerotiorum. J. Gen. Virol. 2006, 87, 241-249. [CrossRef]

Racine, J.S. RStudio: A platform-independent IDE for R and Sweave. ]. Appl. Econom. 2012, 27, 167-172. [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]


http://doi.org/10.1099/jgv.0.001301
http://doi.org/10.1073/pnas.1401786111
http://www.ncbi.nlm.nih.gov/pubmed/25092337
http://doi.org/10.1111/j.1364-3703.2005.00316.x
http://doi.org/10.3389/fmicb.2020.569869
http://doi.org/10.1128/JVI.01036-14
http://doi.org/10.1073/pnas.0913535107
http://doi.org/10.1016/j.molp.2020.08.016
http://doi.org/10.1007/s42161-020-00607-1
http://doi.org/10.3390/v13040620
http://www.ncbi.nlm.nih.gov/pubmed/33916635
http://doi.org/10.1111/j.1365-3059.1986.tb02016.x
http://doi.org/10.1038/329558a0
http://doi.org/10.1111/j.1439-0434.1998.tb04760.x
http://doi.org/10.1006/viro.1999.9691
http://doi.org/10.1016/j.virusres.2004.12.005
http://doi.org/10.3389/fpls.2018.01738
http://doi.org/10.1016/j.virusres.2014.12.023
http://doi.org/10.3389/fmicb.2020.00379
http://doi.org/10.1080/13102818.2008.10817562
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://doi.org/10.1089/cmb.2012.0021
http://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610
http://doi.org/10.1038/nmeth.3176
http://doi.org/10.1186/1471-2105-10-421
http://doi.org/10.1099/vir.0.81522-0
http://doi.org/10.1002/jae.1278
http://doi.org/10.1093/bib/bbs017

J. Fungi 2022, 8, 649 14 of 14

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.
57.

Berkman, S.J.; Roscoe, E.M.; Bourret, ].C. Comparing self-directed methods for training staff to create graphs using Graphpad
Prism. J. Appl. Behav. Anal. 2019, 52, 188-204. [CrossRef] [PubMed]

Chen, CJ.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.H.; Xia, R. TBtools: An integrative toolkit developed for
interactive analyses of big biological data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Katoh, K.; Kuma, K.; Toh, H.; Miyata, T. MAFFT version 5: Improvement in accuracy of multiple sequence alignment. Nucleic
Acids Res. 2005, 33, 511-518. [CrossRef] [PubMed]

Waterhouse, A.M.; Procter, ].B.; Martin, D.M.; Clamp, M.; Barton, G.J. Jalview Version 2-a multiple sequence alignment editor and
analysis workbench. Bioinformatics 2009, 25, 1189-1191. [CrossRef] [PubMed]

Capella-Gutierrez, S.; Silla-Martinez, ].M.; Gabaldon, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972-1973. [CrossRef]

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]

Zorov, D.B.; Juhaszova, M.; Sollott, S.]. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.
2014, 94, 909-950. [CrossRef]

Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483—495. [CrossRef]

Bernhardt, D.; Hamann, A.; Osiewacz, H.D. The role of mitochondria in fungal aging. Curr. Opin. Microbiol. 2014, 22, 1-7.
[CrossRef]

Schirmer, M.; D’Amore, R;; jaz, U.Z.; Hall, N.; Quince, C. Illumina error profiles: Resolving fine-scale variation in metagenomic
sequencing data. BMC Bioinform. 2016, 17, 125. [CrossRef]

Zhou, X,; Shuai, S.M.; Zheng, H.; Ding, H.; An, H.L.; Miao, S.Y.; Fang, S.G.; Zhang, S.B.; Deng, Q.C. Complete nucleotide sequence
of a novel botourmiavirus from the rice blast fungus Magnaporthe oryzae isolate SHO5. Arch. Virol. 2021, 166, 1783-1787. [CrossRef]
[PubMed]

Linnakoski, R.; Sutela, S.; Coetzee, M.P.A.; Duong, T.A; Pavlov, LN.; Litovka, Y.A.; Hantula, J.; Wingfield, B.D.; Vainio, E.J.
Armillaria root rot fungi host single-stranded RNA viruses. Sci. Rep. 2021, 11, 7336. [CrossRef]

Liu, Y;; Zhang, L.Y.; Esmael, A.; Duan, J.; Bian, X.E; Jia, ].C.; Xie, ].T.; Cheng, J.S.; Fu, Y.P; Jiang, D.H.; et al. Four novel
botourmiaviruses co-infecting an isolate of the rice blast fungus Magnaporthe oryzae. Viruses 2020, 12, 1383. [CrossRef] [PubMed]
Gao, Z.X.; Wu, .Y,; Jiang, D.H; Xie, ].T.; Cheng, ].S.; Lin, Y. ORF I of mycovirus SSNSRV-1 is associated with debilitating symptoms
of Sclerotinia sclerotiorum. Viruses 2020, 12, 456. [CrossRef] [PubMed]

Green, D.R.; Reed, ].C. Mitochondria and apoptosis. Science 1998, 281, 1309-1316. [CrossRef]

McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 2006, 16, R551-R560. [CrossRef]


http://doi.org/10.1002/jaba.522
http://www.ncbi.nlm.nih.gov/pubmed/30382580
http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190
http://doi.org/10.1093/nar/gki198
http://www.ncbi.nlm.nih.gov/pubmed/15661851
http://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
http://doi.org/10.1093/bioinformatics/btp348
http://doi.org/10.1093/molbev/msu300
http://doi.org/10.1152/physrev.00026.2013
http://doi.org/10.1016/j.cell.2005.02.001
http://doi.org/10.1016/j.mib.2014.09.007
http://doi.org/10.1186/s12859-016-0976-y
http://doi.org/10.1007/s00705-021-05044-8
http://www.ncbi.nlm.nih.gov/pubmed/33779811
http://doi.org/10.1038/s41598-021-86343-7
http://doi.org/10.3390/v12121383
http://www.ncbi.nlm.nih.gov/pubmed/33287110
http://doi.org/10.3390/v12040456
http://www.ncbi.nlm.nih.gov/pubmed/32316519
http://doi.org/10.1126/science.281.5381.1309
http://doi.org/10.1016/j.cub.2006.06.054

	Introduction 
	Materials and Methods 
	Strains and Cultural Conditions 
	Total RNA Extraction and Sequencing 
	Sequencing Data Analysis and Mycovirus Detection 
	Viral Sequence Extensions 
	Mycovirus Genome Characteristics and Sequence Analysis 
	Biological Properties Detection of Virus Co-Infection Strain Ep-1PNA367V 

	Results 
	Strain HC025 Is Co-Infected by Five ssRNA Mycoviruses 
	Genomic Analysis of Four Newly Identified Mycoviruses Infecting HC025 Highly Similar to Known Mycoviruses 
	A Novel Virus Related to Members of the Family Botourmiaviridae 
	Four Mycoviruses Can Transfer Horizontally via Hyphal Fusion 
	Virus Co-Infection Endows Abnormal Biological Characteristics to S. sclerotiorum 

	Discussion 
	Conclusions 
	References

