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ABSTRACT RNA viruses usually have linear genomes and are encapsidated by their
own capsids. Here, we newly identified four mycoviruses and two previously
reported mycoviruses (a fungal reovirus and a botybirnavirus) in the hypovirulent
strain SCH941 of Sclerotinia sclerotiorum. One of the newly discovered mycoviruses,
Sclerotinia sclerotiorum yadokarivirus 1 (SsYkV1), with a nonsegmented positive-sense
single-stranded RNA (+ssRNA) genome, was molecularly characterized. SsYkV1 is 5,256
nucleotides (nt) in length, excluding the poly(A) structure, and has a large open read-
ing frame that putatively encodes a polyprotein with the RNA-dependent RNA poly-
merase (RdRp) domain and a 2A-like motif. SsYkV1 was phylogenetically positioned
into the family Yadokariviridae and was most closely related to Rosellinia necatrix
yadokarivirus 2 (RnYkV2), with 40.55% identity (78% coverage). Although SsYkV1 does
not encode its own capsid protein, the RNA and RdRp of SsYkV1 are trans-encapsi-
dated in virions of Sclerotinia sclerotiorum botybirnavirus 3 (SsBV3), a bisegmented
double-stranded RNA (dsRNA) mycovirus within the genus Botybirnavirus. In this way,
SsYkV1 likely replicates inside the heterocapsid comprised of the SsBV3 capsid protein,
like a dsRNA virus. SsYkV1 has a limited impact on the biological features of S. sclero-
tiorum. This study represents an example of a yadokarivirus trans-encapsidated by an
unrelated dsRNA virus, which greatly deepens our knowledge and understanding of
the unique life cycles of RNA viruses.

IMPORTANCE RNA viruses typically encase their linear genomes in their own capsids.
However, a capsidless +ssRNA virus (RnYkV1) highjacks the capsid of a nonsegmented
dsRNA virus for the trans-encapsidation of its own RNA and RdRp. RnYkV1 belongs to the
family Yadokariviridae, which already contains more than a dozen mycoviruses. However,
it is unknown whether other yadokariviruses except RnYkV1 are also hosted by a hetero-
capsid, although dsRNA viruses with capsid proteins were detected in fungi harboring
yadokarivirus. It is noteworthy that almost all presumed partner dsRNA viruses of yadokar-
iviruses belong to the order Ghabrivirales (most probably a totivirus or toti-like virus).
Here, we found a capsidless +ssRNA mycovirus, SsYkV1, from hypovirulent strain SCH941
of S. sclerotiorum, and the RNA and RdRp of this mycovirus are trans-encapsidated in viri-
ons of a bisegmented dsRNA virus within the free-floating genus Botybirnavirus. Our
results greatly expand our knowledge of the unique life cycles of RNA viruses.

KEYWORDS yadokarivirus, botybirnavirus, mutualism, trans-encapsidation, mutualistic,
mycovirus

n the past few decades, most fungal taxa, especially phytopathogenic fungi, have
been found to host a considerable number of mycoviruses (1). However, many myco-
viruses remain undiscovered because their infections are often symptomless (2). Recently,
increasing numbers of novel viruses infecting fungi have been identified through viral
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metatranscriptomics technology (3-6). Mycoviral infections can be cryptic, but some cause
distinct morphological or physiological alterations of the hosts, including virulence reduc-
tion or enhanced toxin production (7, 8). The success in applying hypovirulent strains of
Cryphonectria parasitica to combat chestnut blight in Europe has provided the impetus for
exploiting mycoviruses as biocontrol agents (8). Multiple infections by mycoviruses are
common in fungi and provide a platform to study virus-virus interactions that are synergis-
tic, neutral, or antagonistic (9). Mycoviruses have diverse genomes, including linear double-
stranded RNA (dsRNA), linear positive-sense single-stranded RNA (+ssRNA), linear nega-
tive-sense single-stranded RNA (—ssRNA), and circular single-stranded DNA (ssDNA) (1).
Most +ssRNA mycoviruses do not form typical virions, such as members of the families
Hypoviridae, Mitoviridae, Narnaviridae, and Endornaviridae (10).

The Yadokariviridae is a newly established virus family (11). To date, only a few reported
mycoviruses belong to the family Yadokariviridae. Members of the family Yadokariviridae
have naked monosegmented +ssRNA genomes (11). Almost all yadokariviruses have a
single open reading frame (ORF) that encodes a polyprotein with the RNA-dependent RNA
polymerase (RdRp) domain at the central region and a 2A-like motif at the C-proximal por-
tion (12). However, there are some exceptions. Rosellinia necatrix yadokarivirus 4 (RnYkV4)
contains two nonoverlapping ORFs that are linearly arranged: ORF1 encoding an RdRp and
ORF2 encoding a protein of unknown function (13). RnYkV3 has two genome variants, one
with a single continuous ORF and the other one with a two-ORF genome organization (13).
2A or 2A-like peptides are widely present in various RNA viruses, which can generate two
discontinuous proteins from one transcript through ribosome “skipping” (14). These yado-
kariviruses do not encode capsid proteins, but they are usually assumed to be hosted in the
capsids of members of the order Ghabrivirales (11). In Rosellinia necatrix, RnYkV1 was hosted
in the virions of Rosellinia necatrix yado-nushi virus 1 (RnYnV1), and these two viruses have
a mutualistic interaction. RnYkV1 employs the coat protein of RnYnV1 to encapsidate its
genomic RNA and RdRp, which promotes the accumulation of RnYnV1 (15). However, this
unique mutualistic interaction is distinct from the interactions between helper viruses and
subviral elements (e.g., satellite or defective viruses), as the genome of RnYkV1 is replicated
by its own RdRp (16).

Sclerotinia sclerotiorum is a notorious plant-pathogenic fungus and is destructive to more
than 700 plant species around the world (17), causing huge economic losses globally every
year (18). More than 100 mycoviruses have been identified from S. sclerotiorum (GenBank
database, updated 10 February 2022), contributing to one of the model systems for study-
ing virus-host and virus-virus interactions (19). Previously, we identified two dsRNA mycovi-
ruses from the hypovirulent strain SCH941 of S. sclerotiorum, which are Sclerotinia sclerotio-
rum reovirus 1 (SsReV1) (20, 21) and Sclerotinia sclerotiorum botybirnavirus 1 (SsBV1) (22).
However, these two dsRNA viruses did not have noticeable effects on S. sclerotiorum when
they infected alone (20, 22). We therefore suspect that strain SCH941 could harbor addi-
tional undetected mycoviruses that have not been discovered by the traditional method,
i.e, dsRNA extraction. To this end, we performed rRNA-depleted sequencing of strain
SCH941 in the present study, resulting in the identification of four novel mycoviruses. In
addition to SsReV1 and SsBV1, three +ssRNA viruses, including Sclerotinia sclerotiorum
yadokarivirus 1 (SsYkV1), Sclerotinia sclerotiorum deltaflexivirus 1 (SsDFV1), and SsDFV3, as
well as another botybirnavirus (SsBV3) were newly discovered. Furthermore, we focused on
the molecular characterization of the SsYkV1 genome because of its distinctive features.

RESULTS

Six mycoviruses coinfect hypovirulent strain SCH941 of S. sclerotiorum. We pre-
viously identified two dsRNA mycoviruses (SsReV1 and SsBV1) from the hypovirulent
strain SCH941, but their infection alone could not cause significant biological changes
in the colony morphology and pathogenicity of S. sclerotiorum (20, 22). Thus, we specu-
late that other mycoviruses infecting strain SCH941 could be responsible for hypoviru-
lence. To identify mycoviruses that attenuate the virulence of strain SCH941, we
extracted the total RNA of strain SCH941 for high-throughput sequencing, as it is
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FIG 1 Detection and genomic structure of the mycoviruses infecting S. sclerotiorum strain SCH941. (A) Detection of six mycoviruses in strain SCH941 using
RT-PCR. (B to D) Genome organization of three newly identified viruses infecting strain SCH941. Blue peaks represent coverage obtained by mapping the
ribose-depleted RNA reads to the viral genome. Each lower gray rectangle represents a peptide identified by LC-MS/MS.

difficult to detect low-abundance viruses using traditional dsRNA extraction and clon-
ing. After removing low-quality reads and host sequences, the assembled contigs were
annotated using BLASTX against the NCBI nonredundant database. Finally, besides
SsReV1 and SsBV1, four mycoviruses were newly identified (Fig. 1A). Three of the newly
identified mycoviruses (SsBV3, SsDFV1, and SsDFV3) share high identities (more than
90%) with previously reported mycoviruses (Table 1), and a novel virus, tentatively
named Sclerotinia sclerotiorum yadokarivirus 1 (SsYkV1), shares certain but lower iden-
tities with members of the family Yadokariviridae. We used reverse transcription-PCR
(RT-PCR) and Sanger sequencing to confirm the original sequences of these assembled
mycoviruses and determined the complete genomes of SsBV3, SsDFV1, SsDFV3, and
SsYkV1 by rapid amplification of cDNA ends (RACE) methods of adapter ligation and
RT-PCR (Fig. 1B and Fig. 2A).

SsYkV1 is related to members within the family Yadokariviridae. The complete
genome of SsYkV1 was 5,256 nucleotides (nt) in length, excluding the 3’-terminal poly
(A) structure, with a G+C content of 45.97%. It contained a 726-nt 5’ untranslated
region (UTR) and a 428-nt 3" UTR [excluding the poly(A) tail] (Fig. 2A). Alignment of the
next-generation sequencing (NGS) reads to the viral genomes revealed an average
coverage per nucleotide of 16,936 x (Fig. 2B).

The SsYkV1 genome possessed a single ORF encoding a putative polyprotein of
1,372 amino acids, which contained two conserved domains, the RdRp domain and a
2A-like motif (Fig. 2A). The RdRp domain is located in the central region of the SsYkV1
polyprotein and contains seven conserved viral RARp motifs (Fig. 2A and C). Based on
the results of an NCBI BLASTp search, the polyprotein encoded by SsYkV1 shared iden-
tity (ranging from 31% to 52%) with members of the family Yadokariviridae (Fig. 2D),
with the highest sequence identity to RnYkV2 (E value of O, identity of 51.69%, and
coverage of 67%). The conserved 2A-like motif is located between the RdRp domain
and the C terminus of the polyprotein and is closely related to the 2A-like motifs pres-
ent in RdRps of other identified yadokariviruses (Fig. 2A and D).

To elucidate the phylogenetic relationship between SsYkV1 and other viruses, the
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TABLE 1 Molecular features, including accession numbers, of the newly identified mycoviruses in strain SCH9414

Journal of Virology

RNA Length GenBank % aa % nt
Virus name Abbreviation segment (nt) accession no. Gene Protein Best match identity identity Reference
Sclerotinia sclerotiorum SsBV3 dsRNA1 6,215 0OK001446 ORF1 RdRp SsBV3/SZ150 96.79 97.06 23
botybirnavirus 3 dsRNA2 5,879  OK001447 ORF2 Hypothetical protein 98.43 92.70
Sclerotinia sclerotiorum SsDFV1 RNAT1 8,129 0K001448 ORF1 Polyprotein SsDFV1/AX19  90.00 85.03 24
deltaflexivirus 1 ORF2 Hypothetical protein 98.49
ORF3 Hypothetical protein 90.91
ORF4 Hypothetical protein 98.32
Sclerotinia sclerotiorum SsDFV3 RNA1 7,403  OK001449 ORF1 Polyprotein SsDFV3/5X276 98.60 9560 25
deltaflexivirus 3 ORF2 Hypothetical protein 98.74
RNA2 2,558 OK001450 ORF3 Hypothetical protein 97.34 98.02
ORF4 Hypothetical protein 97.60
RNA3 1,828 OK001451 ORF5 Helicase 97.40 93.98
Sclerotinia sclerotiorum SsYkV1 RNAT1 5,256 MZ867703 ORF1 Polyprotein RnYkV2 40.55 0.00 13

yadokarivirus 1

9aa, amino acid.

phylogenetic tree was constructed based on the RdRp domains derived from SsYkV1 and
other related viral sequences, including those of the yadokariviruses and members of the
order Picornavirales (see Table S1 in the supplemental material). This phylogenetic analysis
revealed that SsYkV1 and other members within the family Yadokariviridae clustered into two
evolutionary branches with good support values (Fig. 3). The Yadokariviridae family at present
comprises two genera: Alphayadokarivirus and Betayadokarivirus (https://talk.ictvonline.org/
ictv/proposals/2021.005F R.Yadokarivirales_neworder.zip). SsYkV1, RnYkV2, RnYkV3, RnYkV4,
and Fusarium poae mycovirus 2 are clustered into a single phylogenetic clade, belonging to
the genus Betayadokarivirus (Fig. 3).

SsYkV1 and SsBV3 have limited biological effects on S. sclerotiorum. SsBV3 and
SsYkV1 were successfully transferred horizontally to virus-free isolate SCH941A1 (a sin-
gle-ascospore isolate of SCH941) through a dual-culture method on potato dextrose
agar (PDA) plates, and four isolates (AT3, AT4, AT5, and AT6) were finally obtained.
Virus particles purified from strain SCH941R115 (a protoplast-regenerated isolate of
SCH941 that was coinfected by three mycoviruses, SsBV1, SsBV3, and SsYkV1) were
used to transfect protoplasts of virus-free strain SCH941A1, and two strains (PT18 and
PT19) infected by SsBV3 alone were successfully obtained. The isolates infected by
SsBV3 alone or coinfected by SsYkV1 and SsBV3 were not significantly different from vi-
rus-free isolate SCH941A1 in pathogenicity, growth rate, and colony morphology (Fig.
4). These results indicate that SsYkV1 and SsBV3 exhibited asymptomatic infections in
S. sclerotiorum.

SsYkV1 is encapsidated by the viral capsids of SsBV3. When strain SCH941R115
was dually cultured with strain SCH941A1, SsYkV1 and SsBV3 could always be horizon-
tally cotransmitted to SCH941A1 (Fig. 5A). We purified virions from the mycelium of
strains AT3 and PT18 and then visualized the viral nucleic acid released from virions via
electrophoresis on a 0.7% agarose gel. The electrophoretic profile showed that the viri-
ons of strain AT3 contained three RNA elements of more than 5 kbp in length, while
the virions of PT18 contained only two RNA elements (Fig. 5B). We determined the pro-
tein related to virus particles of strain AT3 by tandem mass spectrometry coupled to
liquid chromatography (LC-MS/MS). The RdRp of SsYkV1 was successfully detected as a
protein band (p75) of about 75 kDa (Fig. 5C). LC-MS/MS analysis showed that the p75
protein band contained 26 peptides that could be correctly matched to the RdRp pro-
tein of SsYkV1 (Fig. 2A and Table S2). The size of the corresponding bands was also
detected with a specific polyclonal antibody to SsYkV1 RdRp (Fig. 5D). We also treated
the virus particles (extracted from strain AT3) with S1 nuclease to cleave ssRNA and
then conducted RT-PCR followed by electrophoresis. SsYkV1 was still successfully
detected in the virus particles that were treated with S1 nuclease (Fig. 5E), suggesting
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FIG 2 Sequence properties of SsYkV1. (A) Genomic organization of SsYkV1. The conserved regions of RdRp and the 2A-like motif in the putative
polyprotein are marked. The potential proteins cleaved by the 2A-like enzyme are shown as purple and light green rectangles. Each lower gray rectangle
represents a peptide identified by LC-MS/MS. (B) Genomic coverage of SsYkV1 was obtained by mapping the ribodepleted RNA reads to the viral genome.
(C) Multiple alignments of the amino acid sequences of RdRps encoded by SsYkV1 and other selected viruses. The seven conserved regions (motifs A to G)
are indicated. (D) Matrix based on the pairwise comparison of identities obtained using BLASTp of the NCBI. The color scale indicates the corresponding
identities. (E) Multiple-sequence alignments of 2A-like motifs in the members of the family Yadokariviridae and other related viruses. The red arrow
represents the hypothetical cleavage site. Sequence information for all selected viruses (C, D and E) is supplied in Table S1 in the supplemental material.

that the dsRNA and RdRp of SsYkV1 were encapsidated by SsBV3 capsids. To determine
whether the dsRNAs of SsYkV1 and SsBV3 are encapsidated separately or together in
the same capsid, we collected each gradient (1 mL/layer) of strain AT3 after cesium
chloride (CsCl) equilibrium gradient density ultracentrifugation and then extracted
nucleic acids from all individual gradients. We found that the majority of SsBV3 and
SsYkV1 dsRNAs were concentrated in the 30 to 40% CsCl layer (Fig. 5F). It is worth not-
ing that fractions 21 to 24 contained only SsBV3 dsRNAs, while fractions 25 to 34 were
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FIG 3 Maximum likelihood phylogenetic tree of the sequences of SsYkV1 and other related viruses. An unrooted radial phylogenetic tree was constructed
based on the multiple amino acid sequence alignment of the core conserved domain of RdRps using IQ-TREE with the best-fit model “LG+F+R6". Host
taxa are shown by circles delineated in different colors. Numbers on the branches indicate the percent bootstrap support from 1,000 replicates. Sequence
information for all selected viruses is supplied in Table S1 in the supplemental material.

likely to be the same virion containing SsYkV1 and SsBV3 components or a mixture of
particles containing separate SsBV3 dsRNA and SsYkV1 dsRNA, suggesting that the
dsRNAs of SsYkV1 and SsBV3 may be encapsidated together or separately in the same
virion (Fig. 5G). These results imply that dsRNA and RdRp of SsYkV1 could be trans-
encapsidated by SsBV3 coat proteins.

SsYkV1 possesses a circular genomic form. We found that the genome sequence
of SsYkV1 was “overassembled,” resulting in a contig containing more than one ge-
nome connected head to tail, similar to a chuvirus study (26). We therefore hypothe-
sized that the genome of SsYkV1 might have a circular genomic form. We used diver-
gent primers to confirm the viral circular genome (Fig. 6A and B). To further validate
that the genome of SsYkV1 has a circular structure, the viral RNA samples extracted
from the mycelium of strain SCH941 were treated with RNase R and RNase III. After
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sclerotiorum strains grown on PDA for 7 days at 20°C. (D) Growth rate of strain SCH941 relative to the
other strains.

RNase digestion, while SsDFV1 was not detected, SsYkV1 could be detected (Fig. 6C).
The resulting amplicons of the expected size (approximately 1,000 bp) were cloned
and sequenced. Sanger sequencing verified that the product encompassed the junc-
tion of the 3’ and 5’ termini of SsYkV1 (Fig. 6E). However, the clones of these ampli-
cons revealed that back-spliced junctions have variability (Fig. 6D). Our results indicate
that SsYkV1 could resist degradation by RNase R and RNase lll, further confirming the
existence of the circular genomic form of SsYkV1.

We further mapped NGS reads to the SsYkV1 genome and then identified consecu-
tive bridge reads encompassing the 3’ and 5’ termini of SsYkV1. The minimum cover-
age of this poly(A) position was only 12x (Fig. 6F), although RT-PCR was successful
across this position. Interestingly, the sequence at the junction position and sequenc-
ing of the cloned PCR products revealed similar sequence variation (Fig. 6F), which is
likely the cause of the low sequence coverage in this location. Collectively, these data
provide strong evidence that SsYkV1 has a circular genome in addition to a high pro-
portion of linear genomic forms.

To determine whether the abundance of the circular RNA form of SsYkV1 correlates
with the hypovirulence of SCH941, we used semiquantitative RT-PCR and quantitative
RT-PCR (RT-gPCR) to determine the level of circular RNA forms in the SCH941 and AT3
strains. The results showed that there was no significant difference in the abundances
of the circular RNA form of SsYkV1 in these two strains (Fig. 6G and H). We thus believe
that the hypovirulence of the SCH941 strain is not related to the level of the circular
RNA form of SsYkV1.
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FIG 5 SsYkV1 is hosted in virions of SsBV3. (A) Dual culture of strains SCH941R115 and SCH941A1 (or SCH941A1™9, a hygromycin B-
resistant strain) on PDA plates for 7 days. The new isolates were picked from the colony margin of the virus-free strain. RT-PCR was
performed to detect the mycovirus content in the new isolates with specific primers for six mycoviruses infecting strain SCH941. Lane
NC: negative control (double distilled water instead of cDNA). (B) Agarose gel electrophoresis profile of viral nucleic acid released
from virions isolated from strains AT3 and PT18 on a 0.7% agarose gel. (C) Ten percent SDS-PAGE analysis of the protein components
of viral particles purified from the SsBV3- and SsYkV1-coinfected strain (lane AT3), the SsBV3-infected strain (lane PT18), and the virus-
free strain (lane SCH941A1). The molecular weight of the protein bands was estimated by the protein markers. Each protein band
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DISCUSSION

Coinfection of mycoviruses is a generally common phenomenon, but it is challeng-
ing to find viruses with low abundances using traditional dsRNA extraction methods.
With the increasing application of high-throughput sequencing technology, more and
more viruses have been discovered and identified (27). Simultaneously, many viruses
with unique virion morphology, genome structure, and life cycle have been discovered
(28). Multiple viruses often coinfect a single fungal host, and most infections are asymp-
tomatic but occasionally cause beneficial or harmful effects on the host (9).

In the present study, we newly identified four mycoviruses from strain SCH941 using
ribodepleted RNA-sequencing, in addition to two previously reported dsRNA mycoviruses.
Three of the newly identified mycoviruses (SsBV3, SsSDFV1, and SsDFV3) share high identities
(more than 90%) with previously reported mycoviruses, and the other is a novel virus, tenta-
tively named SsYkV1. The molecular phylogeny of RdRps clustered SsYkV1 into a well-sup-
ported clade including members of the family Yadokariviridae. Thus, SsYkV1 is a new
member of this family. The members of the Yadokariviridae exhibit a close phylogenetic rela-
tionship to the members of the order Picornavirales. However, unlike picornaviruses that
encapsidate genomic RNAs and RdRps in their coat protein, yadokariviruses are usually con-
sidered to be encapsidated in the virions of other unrelated viruses (11). Most yadokarivi-
ruses encode a single polyprotein with a 2A-like motif in addition to RdRp. The 2A-like
motifs have been identified in diverse ssRNA and dsRNA viruses, which separate structural
and replication-associated proteins (14, 29, 30). Interestingly, yadokariviruses with only a sin-
gle large ORF contain 2A-like motifs, but yadokariviruses with two ORFs lack 2A-like motifs,
which also indicates that the 2A-like motifs may mediate the cleavage of the polyprotein
into two small proteins (13). Recent studies have shown that the effective replication of
RnYkV1 depends on complete cleavage at the 2A-like motif (16). However, the function of
the 2A-like motif in SsYkV1 is still unknown.

RnYkV1 was encapsidated in virions of RnYnV1 (15), but for the remaining members of
the yadokariviruses, it is difficult to determine the identity of the putative coat protein do-
nor because they are found to coinfect the same fungus with multiple viruses. It is note-
worthy that most yadokariviruses coinfect with members of the order Ghabrivirales (11,
12). However, one strain was infected by a yadokarivirus (Penicillium digitatum yadokarivi-
rus 1 [GenBank accession number MK279488]) that does not coinfect with members of the
order Ghabrivirales (31), which indicates that the partner viruses of yadokariviruses are not
necessarily viruses from the Ghabrivirales. Here, we found that dsRNA and RdRp of SsYkV1
are hosted in a bisegmented botybirnavirus, SsBV3. Some capsids of SsBV3 encapsidate
only their own genome, while others copack both SsYkV1 and SsBV3 components or only
SsYkV1. Interestingly, SsYkV1 (GenBank accession number BLWB01000033) and SsBV3
(accession number BLWB01000053) have also been detected in the Japanese lichen com-
munity, indicating that the coexistence of these two mycoviruses is stable and widespread
(32). It is also remarkable that botybirnaviruses show a close phylogenetic relationship with
members of the order Ghabrivirales (33). RnYkV1 and RnYnV1 offer unique mutualistic
interactions, in which RnYkV1 could hijack the RnYnV1 coat protein to encapsidate its ge-
nome and RdRp, thereby enhancing RnYnV1 accumulation (15).

Coinfection by multiple mycoviruses in a single fungal isolate could result in a com-
plex interplay between each other and result in phenotypic changes compared to their
infection alone in their fungal hosts. In R. necatrix, coinfection with Rosellinia necatrix

FIG 5 Legend (Continued)

marked by a red line was identified by LC-MS/MS, and the corresponding peptide information is shown in Table S2 in the
supplemental material. (D) Western blot analysis of virions purified from a 40% CsCl layer using anti-SsYkV1 RdRp polyclonal
antibodies. The position of the 75-kDa protein is indicated on the right. Amino acids 1 to 160 of the SsYkV1 ORF were used to
produce polyclonal antibodies. (E) RT-PCR and 0.7% agarose gel electrophoresis analysis of the viral nucleic acid released from virions
in strain AT3. The left lane was not treated with S1 nuclease, and the right lane was treated with S1 nuclease. (F) Schematic
representation of the fractionation of virus particles based on a CsCl density gradient. The darker the blue, the higher the CsCl
concentration. The dotted line indicates that 1-mL fractions were taken for nucleic acid extraction. Fractions 24 and 25 (highlighted
in red) represent the fractions containing encapsidated forms of SsBV3 only and SsBV3 plus SsYkV1, respectively. (G) Electrophoretic

profile of viral RNA extracted from different fractions after CsCl density gradient centrifugation.
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FIG 6 Identification of the circular genomic form of SsYkV1. (A) Schematic diagram of the circular genomic form of SsYkV1. The positions of the divergent
primers used to verify the circular genome are marked with red arrows. (B) Inverse RT-PCR validation of the circular genome using divergent primers. The
total RNAs of strain SCH941 were used as the template for the reverse transcription reactions. (C) The circular (cir) genome of SsYkV1 was detected by PCR
using divergent primers. RNase R and RNase lll-treated or untreated viral RNAs of strain SCH941 were used as the template for reverse transcription
reactions. lin, linear cir, circular. (D) Sanger sequencing showed the variability in the number of adenine (A) residues at the 3’ terminus and thymine (T) at
the 5’ terminus of SsYkV1. (E) Sanger sequencing chromatogram of inverse RT-PCR products confirmed the head-to-tail site of the SsYkV1 circular genome.
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megabirnavirus 2 and Rosellinia necatrix partitivirus 1 confers hypovirulence, while the
individual viruses exhibited asymptomatic infections (34). In C. parasitica, coinfection
by Cryphonectria hypovirus 1 EP713 and mycoreovirus 1 Cp9B21 further decreased the
levels of host conidiation and vegetative growth (35). These two mycoviruses also sta-
bly infected Valsa mali, which caused reductions in fungal vegetative growth and viru-
lence (36). In S. sclerotiorum, the isolates SCH941R6 (22) and SCH941R117 (20) obtained
through protoplast regeneration of strain SCH941 were infected by five mycoviruses
(see Table S3 in the supplemental material) and one mycovirus (SsReV1), respectively,
but these two isolates have faster growth and stronger pathogenicity. The experiments
with protoplast regeneration and horizontal transmission further showed that neither
infection by SsDFV1, SsBV3, and SsReV1 alone nor coinfection by SsBV3 and SsYkV1 had a
significant effect on the host. However, the coinfecting strains of SsBV1, SsBV3, SsYkV1, and
SsReV1 exhibited hypovirulence, with a phenotype similar to that of strain SCH941, indicat-
ing that the hypovirulence of strain SCH941 was mediated by the synergistic interaction of
these four mycoviruses (J. Jia and J. Xie, unpublished data). Although infection by SsYkV1
was asymptomatic, it may involve a synergistic interaction. Nevertheless, this speculation
needs further experimental verification.

We also found that SsYkV1 has a circular genome form. To date, known circular RNA
viruses include hepatitis delta virus that infects humans (37), chuviruses that infect
arthropods (26), and blackcurrant leaf chlorosis-associated virus that infects plants (38).
Several mycoviruses with circular genomes have been proposed, but there had been
no solid experimental evidence to confirm them (39-41). With the application of high-
throughput sequencing technology to identify viruses, more viruses with circular
genomes could be discovered in the future.

In conclusion, we have characterized a novel mycovirus, SsYkV1, which is similar to
members of the family Yadokariviridae, with whom it forms a clade distinct from that
of the members of the order Picornavirales. We also found that SsYkV1 dsRNA and
RdRp are encapsidated in virions of an unrelated bisegmented botybirnavirus. These
findings shed new light on the life cycle of RNA viruses.

MATERIALS AND METHODS

Fungal strains and biological assay. S. sclerotiorum strain SCH941 was previously described and showed
hypovirulent traits (22). Protoplast regeneration and viral particle transfection were performed according to previ-
ously described methods (42). Strain SCH941A1, a single-ascospore isolate of strain SCH941, was obtained by
inducing carpogenic germination of the sclerotia of strain SCH941 (43). All strains were cultured on potato dex-
trose agar (PDA) medium (200 g potato, 20 g dextrose, 20 g agar, and distilled water to make a total volume of 1
L) in the dark at 20°C and stored on PDA slants at 4°C. The mycelial growth rate, colony morphology, and patho-
genicity were evaluated as described previously (43).

Ribodepleted RNA-sequencing and bioinformatic analyses. After rRNA was depleted from the total
RNA of strain SCH941 using the Illumina Ribo Zero rRNA removal kit (Plant Leaf), cDNA library construction and
paired-end sequencing were performed on the lllumina (San, Diego, CA, USA) HiSeq 2500 platform by Shanghai
Biotechnology Corporation (Shanghai, China). Subsequently, adapter sequences and low-quality reads were
removed using the Trimmomatic program (version 0.36) with default parameter settings. Cleaned reads were
mapped to the S. sclerotiorum genome (http://fungi.ensembl.org/Sclerotinia_sclerotiorum_1980_uf_70_gca
_001857865/Info/Index) using HISAT2 (version 2.1.0) (44). Unmapped reads were obtained with SAMtools (ver-
sion 1.9) (45) and then de novo assembled with Trinity (version 2.5.0) (46). The assembled contigs were subjected
to BLASTx in the nonredundant protein database using DIAMOND software (47).

Phylogenetic analyses. To determine the phylogenetic relationship of the newly identified mycovi-
ruses, the top BLASTp hits of the RdRp and protein sequences of related reference viruses were sub-
jected to multiple-sequence alignment using MAFFT (48). Aligned sequences were trimmed with trimAl
(v1.4) to remove unreliably aligned regions (49). We then used ModelFinder to find the best-fit amino
acid substitution model (50) and used IQ-TREE (version 1.6.11) to construct a maximum likelihood (ML)
phylogenetic tree (51). Branch supports were estimated based on 1,000 bootstrap repetitions. The phy-
logenetic trees were visualized using FigTree (version 1.4.3) (https://github.com/rambaut/figtree/).

FIG 6 Legend (Continued)

(F) Mapping of NGS reads from strain SCH941 onto the circular genome of SsYkV1. The template for mapping contains two genomes connected head to
tail. The genomic sequence variation in the junction region is enclosed by a dashed box. (G) Semiquantitative RT-PCR analysis of the circular RNA levels of
SsYkV1 in strains SCH941 and AT3. Thirty cycles were used for semiquantitative RT-PCR. (H) RT-gPCR was performed to verify the circular RNA levels of
SsYkV1. ns, not significant.
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Aligned sequences were visualized with Jalview (v2.11.0) (52). Conserved motifs A to G were marked
according to the description of Cerny et al. (53).

Virion purification. The viral particles were isolated from the mycelia of S. sclerotiorum as described
previously by Liu et al. (20), with minor modifications. These strains were grown at 20°C for 5 to 7 days
on sterilized cellophane films placed on PDA. Approximately 30 g of mycelia was ground in liquid nitro-
gen and mixed with 4 volumes of 0.05 M phosphate buffer (pH 7.0) containing dithiothreitol (2 g/L), and
the mixture was then gently shaken on ice for 30 min. The mixture was separated by high-speed centrif-
ugation (12,096 x g for 30 min), and the supernatant was collected to extract virions by ultracentrifuga-
tion. The supernatant was ultracentrifuged using an SW32Ti rotor in a Beckman Coulter Optima XE-90
ultracentrifuge at 30,000 rpm at 4°C for 3 h, and the sediment was collected. Two milliliters of 0.05 M
phosphate buffer (pH 7.0) was added, and the sediment was stirred. The supernatant was then loaded
on the top of a 10 to 50% (wt/vol) sucrose density gradient or a 10 to 50% (wt/wt) CsCl gradient in 0.05
M phosphate buffer (pH 7.0) layered from top to bottom in 6.5-mL volumes of 10, 20, 30, 40, and 50%
gradients in a 38.5-mL centrifuge tube (Beckman), followed by ultracentrifugation at 30,000 rpm at 4°C
for 6 h (sucrose gradient) or 3 h (CsCl gradient). Fractions (1 mL) were collected from top to bottom, and
the nucleic acids were then extracted from all individual gradients.

LC-MS/MS and Western blotting. The LC-MS/MS analysis of viral proteins was performed as
described previously by Liu et al. (54), with minor modifications. The purified virus particles after CsCl
equilibrium density gradient centrifugation were boiled for 10 min and then loaded onto a 10% (vol/vol)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. After electrophoresis, the gel
was stained with Coomassie brilliant blue R250. The resulting protein bands were individually cut from
the gel and subjected to LC-MS/MS analysis at Wuhan GeneCreate Biological Engineering Co., Ltd.
(China). For Western blotting, purified virion fractions were separated on a 10% SDS-PAGE gel and blot-
ted onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare) by semidry blotting for 45 min.
The membrane was blocked with 5% skimmed milk in 1x Tris-buffered saline containing 0.1% Tween 20
(TBST) for 2 h at room temperature and incubated with anti-SsYkV1 RdRp polyclonal antibody (prepared
by Wuhan Dian Biotechnology Co., Ltd., China) (1:1,000 dilution) overnight at 4°C. The membrane was
then washed 3 times with 1x TBST and soaked for 2 h at room temperature in 5% skimmed milk in TBST
containing goat anti-rabbit secondary antibodies (Proteintech Group, Inc., USA) (1:10,000 dilution) at
room temperature for 2 h. After washing 3 times with TBST, antibody-bound peroxidase was detected
by enhanced chemiluminescence (Clarity Western ECL substrate; Bio-Rad).

Viral transformation and transfection. Strain SCH941R115 (donor) containing SsBV1, SsBV3, and
SsYkV1 was dually cultured with virus-free isolate SCH941A1 (a single-ascospore isolate of SCH941) (re-
cipient) on a PDA plate (9 cm in diameter) for 10 days at 20°C. Mycelial agar plugs were picked up from
the margin areas of recipient strains (at sites farthest from the mycovirus-infected strains) and then sub-
cultured on fresh PDA. All derivative isolates were subjected to detection of the presence of SsBV1,
SsBV3, and SsYkV1 by RT-PCR with specific primers. The preparation of fungal protoplasts and virion
transfection were performed as described previously by Yu et al. (55). Protoplasts were adjusted to a
concentration of 1 x 10® protoplasts/mL. Purified virus particles were transfected into S. sclerotiorum
protoplasts by a polyethylene glycol 3350 (PEG 3350)-mediated method.

Nucleic acid extraction. Total RNA was extracted from the mycelia of strain SCH941 using RNAiso
Plus (TaKaRa Biotechnology Co., Ltd., Dalian, China) according to the manufacturer’s instructions. The
isolation and purification of dsRNA were performed as described previously by Xie et al. (56). After S1
nuclease digestion, viral RNA was extracted from purified virions with an equal volume of a phenol-chlo-
roform-isoamyl alcohol mixture (25:24:1). Before ethanol precipitation, Dr.GenTLE precipitation carrier
(catalog number 9094; TaKaRa) was added as a coprecipitant to enhance the viral RNA yield. Viral RNA
was precipitated with 2 volumes of absolute ethanol, washed twice with 75% ethanol, and resuspended
in diethyl pyrocarbonate (DEPC)-treated water. All RNA samples were stored at —80°C.

cDNA cloning and sequencing. The terminal sequences of the viral genome were confirmed as
described previously by Potgieter et al. (57). Briefly, the 3" end of each dsRNA strand was ligated to the PC3-
T7 loop primer using T4 RNA ligase (catalog number 2050A; TaKaRa) at 5°C to 16°C for 16 to 24 h. The oligo-
nucleotide-linked dsRNA was purified with chloroform and then denatured at 95°C for 3 min. cDNA was
obtained in a cDNA reaction with reverse transcriptase. Amplification of cDNA was performed using primer
PC2 and a sequence-specific primer corresponding to the 5'- and 3’-terminal sequences of the assembled
genome, respectively. PCR products were cloned, subjected to Sanger sequencing, and then compared with
the NGS-derived sequences. The genomes of the identified viruses were confirmed by RT-PCR and rese-
quencing. Primers used in this study are listed in Table S4 in the supplemental material.

Identification of the viral circular genome by inverse RT-PCR and sequencing. Viral RNA was
digested with RNase R (catalog number RNR07250; Epicentre, USA) to remove linear RNAs for 20 min at 37°C
and purified by phenol-chloroform extraction. The RNase R-treated samples were then degraded with
ShortCut RNase Il (catalog number M0245L; New England BioLabs, Inc., Ipswich, MA, USA) according to the
manufacturer’s instructions. Treated RNA was used for cDNA synthesis and PCR amplification afterward. A
pair of junction-spanning divergent primers was designed to confirm the viral circular genome. PCR products
were cloned into the pMD 18-T vector (catalog number 6011; TaKaRa) and sequenced by Sanger sequencing.

Data availability. The raw sequence reads data are available at the NCBI Sequence Read Archive
(SRA) database under BioProject accession number PRINA798262. The complete genome sequences of
SsYkV1, SsFDV1, SsDFV3, and SsBV3 have been submitted to the GenBank database under accession
numbers MZ867703 and OK001446 to OK001451.
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