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Abstract: In this study, the diversity of putative mycoviruses present in 66 strains of binucleate Rhi-
zoctonia (BNR, including anastomosis group (AG)-A, AG-Fa, AG-K, and AG-W) and 192 strains of
multinucleate Rhizoctonia (MNR, including AG-1-IA, AG-2-1, AG-3 PT, AG-4HGI, AG-4HGII, AG-
4HGIII, and AG-5), which are the causal agents of potato stem canker or black scurf, was studied
using metatranscriptome sequencing. The number of contigs related to mycoviruses identified from
BNR and MNR was 173 and 485, respectively. On average, each strain of BNR accommodated 2.62 pu-
tative mycoviruses, while each strain of MNR accommodated 2.53 putative mycoviruses. Putative
mycoviruses detected in both BNR and MNR contained positive single-stranded RNA (+ssRNA),
double-stranded RNA (dsRNA), and negative single-stranded RNA (-ssRNA) genomes, with +ssRNA
genome being the prevalent nucleic acid type (82.08% in BNR and 75.46% in MNR). Except for 3 un-
classified, 170 putative mycoviruses found in BNR belonged to 13 families; excluding 33 unclassified,
452 putative mycoviruses found in MNR belonged to 19 families. Through genome organization,
multiple alignments, and phylogenetic analyses, 4 new parititviruses, 39 novel mitoviruses, and 4 new
hypoviruses with nearly whole genome were detected in the 258 strains of BNR and MNR.

Keywords: binucleate Rhizoctonia; multinucleate Rhizoctonia; metatranscriptome sequencing; mycoviral
diversity; positive single-stranded RNA

1. Introduction

Mycovirus, first reported in 1960 [1], was proven widely distributing in various fungi
and oomycetes [2–4]. Most mycoviruses infect latently, and a few of them could alter the
phenotype of fungal hosts [5,6]. Mycoviruses associated with hypervirulence could increase
the growth, sporulation capacity, and pathogenicity of their fungal hosts, such as Sclerotinia
sclerotiorum hypovirus 2 (SsHV2) [7], Phytophthora infestans RNA virus 2 (PiRV-2) [8],
and Colletotrichum higginsianum nonsegmented dsRNA virus 1 (ChNRV1) [9], which
enhances the growth rate of Monilinia fructicola [7], sporulation capacity of Phytophthora
infestans [8], and pathogenicity of Colletotrichum higginsianum [9], respectively. Conversely,
mycoviruses associated with hypovirulence could attenuate growth, sporulation capacity,
mycotoxin, and pathogenicity [10–12], which makes hypovirulent mycoviruses considered
a good candidate of biological control agent. The best example for hypovirulence is
the successful biological control of chestnut blight using the hypovirus Cryphonectria
hypovirus 1 (CHV1), which has inspired scientists to explore hypoviruses in more plant
fungal pathogens [13]. Moreover, it has been reported that spraying strain DT-8 containing
Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV1) at the early
flowering stage can decrease disease severity of rapeseed stem rot by 67.6% and increase
yield by 14.9% [14].
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It was documented that Rhizoctonia hosted more than 100 mycoviruses, and most
of them were isolated from multinucleate Rhizoctonia (MNR, whose nuclei per cell are
at least three) (including R. solani anastomosis group (AG)-1, AG-2, AG-3 PT, and AG-4)
and belonged to 8 families, namely Partitiviridae, Mitoviridae, Narnaviridae, Endornaviridae,
Hypoviridae, Totiviridae, Bunyaviridae and Fusariviridae, and a proposed family Bipartitiviri-
dae [3,15–20]. Only twelve mycoviruses were found in binucleate Rhizoctonia (BNR, whose
nuclei per cell are two) including AG-Ba (R. fumigate), AG-DI (R. cerealis), and AG-Bb
(R. oryzae-sativae), and belonged to four families (Partitiviridae, Megabirnaviridae, Endornaviri-
dae, and Mitoviridae) and a proposed family Bipartitiviridae [15,21–26].

However, the diversity of mycoviruses remains largely unknown and is greatly under-
valued [27–30]. To date, only three studies were focused on the diversity of mycoviruses
associated with Rhizoctonia [31–33]. The mycoviral diversity of 84 R. solani isolates (whose
anastomosis groups or subgroups were unknown) collected from the United States of Amer-
ica (USA) was investigated. Twenty-seven mycoviruses with positive single-stranded RNA
(+ssRNA), negative single-stranded RNA (-ssRNA), and double-stranded RNA (dsRNA)
genomes belonging to nine families (Ophioviridae, Bunyaviridae, Endornaviridae, Botourmi-
aviridae, Mitoviridae, Tymoviridae, Barnaviridae, Benyviridae, and Partitiviridae) were found [31].
Forty-seven partial or complete viral unique RNA dependent-RNA polymerase (RdRp)
sequences with a high prevalence of +ssRNA genome were obtained in eight strains of
R. solani AG-2-2LP, which belonged to seven families (Endornaviridae, Partitiviridae, Mi-
toviridae, Benyviridae, Deltaflexiviridae, Fusariviridae, and Hypoviridae) and five proposed
families (Basidionarnaviridae, Bipartitiviridae, Mycoalphaviridae, Mycophleboviridae,
and Phlegiviridae) [22]. Ten mycovirus-related contigs composing five mycoviruses were
identified in 43 R. solani AG-1-IA isolates causing rice sheath blight; among the five my-
coviruses, two mycoviruses were unclassified and three mycoviruses with dsRNA and
+ssRNA genomes belonged to the two families, Partitiviridae and Hypoviridae [33].

Potato stem canker or black scurf caused by Rhizoctonia is an economically important
disease all over the world, leading to marketable yield losses of up to 30% [34]. It is widely
known that R. solani AG-3 PT is the main and the most aggressive causal agent of stem
canker or black scurf on potatoes [35–39]. In addition to AG-3 PT, AG-1, AG-2, AG-4, AG-5,
AG-6, AG-7, AG-8, AG-9, AG-10, AG-11, AG-12, and AG-13 were also reported to cause
Rhizoctonia disease on potato [35,36,39–45]. In addition, BNR, used to protect potatoes
against MNR previously [46,47], was proven to cause slight symptoms of stem canker on
potatoes, such as AG-A, AG-F, AG-G, AG-I, AG-K, AG-U, and AG-W [48–52].

Up to now, there are no reports focused on the diversity of mycoviruses associated with
MNR causing potato Rhizoctonia diseases, to say nothing of the diversity of mycoviruses
associated with BNR causing Rhizoctonia diseases on potatoes. In the present study, the
diversity of mycoviruses present in 66 strains of BNR and 192 strains of MNR collected
across China, which were the causal agents of potato stem canker or black scurf, were
analyzed comprehensively and systematically by metatranscriptome sequencing. The
results obtained in this study will provide a theoretical basis and data support for the
genetic evolution of mycoviruses found in Rhizoctonia and the exploration of hypovirulent
mycoviruses as biological control resources for controlling Rhizoctonia diseases on potato.

2. Materials and Methods
2.1. Fungal Strains

Sixty-six strains of BNR (identified as AG-A, AG-Fa, AG-K, and AG-W) and 192 strains
of MNR (identified as AG-1-IB, AG-2-1, AG-3 PT, AG-4HGI, AG-4HGII, AG-4HGIII, and
AG-5) were used in this study (Table S1), which were the causal agents of potato stem
canker or black scurf. The 258 strains were collected from 18 provinces (Anhui, Fujian,
Gansu, Guangdong, Guizhou, Hebei, Heilongjiang, Henan, Hubei, Jiangsu, Jilin, Liaoning,
Qinghai, Shaanxi, Shanxi, Sichuan, Yunnan, and Zhejiang provinces), two municipalities
(Beijing and Chongqing municipalities), and four autonomous regions (Guangxi Zhuang,
Inner Mongolia, Ningxia Hui, and Xinjiang Uygur autonomous regions) across China
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(Figure 1). Among these 258 strains, 34 strains of BNR [48,53] and 95 strains of MNR [39]
were reported in our previous studies [39,48,53], while the remaining 32 strains of BNR and
the remaining 97 strains of MNR were identified in this study according to the methods
described previously [39,48,53]. All 258 strains were cultured on potato dextrose agar
(PDA) plates at 25 ◦C in the dark for five days prior to their use.
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Figure 1. Geographic origins where Rhizoctonia isolates were collected. The size of the red spots
represented the number of Rhizoctonia isolates collected from each province, municipality, or au-
tonomous region. Abbreviation and full name of provinces, municipalities, and autonomous regions
are as follows: AH, Anhui province; BJ, Beijing municipality; CQ, Chongqing municipality; FJ, Fujian
province; GD, Guangdong province; GS, Gansu province; GX, Guangxi Zhuang autonomous region;
GZ, Guizhou province; HeB, Hebei province; HeN, Henan province; HLJ, Heilongjiang province;
HuB, Hubei province; IM, Inner Mongolia autonomous region; JL, Jilin province; JS, Jiangsu province;
LN, Liaoning province; NX, Ningxia Hui autonomous region; QH, Qinghai province; SC, Sichuan
province; SN, Shaanxi province; SX, Shanxi province; XJ, Xinjiang Uygur autonomous region; YN,
Yunnan province; ZJ, Zhejiang province.

2.2. Extraction of Total RNA

For extracting total RNA, the 258 strains of BNR and MNR were cultured on PDA
plates covered with cellophane film membranes (PDA-CF) at 25 ◦C in the dark for five
days. Approximately 0.5 g of fresh mycelia were harvested from PDA-CF and ground to
fine powder in liquid nitrogen, and then total RNA was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. The concentra-
tions and quality of RNA samples were measured using an ultramicro spectrophotometer
(Nanodrop 2000, Thermo Scientific, Waltham, MA, USA). To confirm the RNA integrity,
1.0% (w/v) gel electrophoresis agarose was used. Finally, RNA samples were pooled to
have the same final concentration (~200 ng/µL), resulting in two pools which were from
BNR and MNR, respectively.

2.3. Metatranscriptome Sequencing

Metatranscriptome sequencing of the 258 strains of BNR and MNR was conducted
by Shanghai Biotechnology Corporation using an Illumina X-TEN instrument with paired-
end program. TruSeq Stranded Total RNA LT Sample Prep Kit (Illumina, San Diego,
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CA, USA) was used to establish sequencing libraries of strains of BNR and MNR from
rRNA-depleted total RNA. Library quality was checked using Qubit® 2.0 Fluorometer
(Invitrogen, Q32866) and Agilent Technologies 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). The low-quality reads were filtered out to obtain high-quality clean
reads. De novo sequence assembly was constructed using CLC Genomics Workbench
version 6.0.4 software. The resulting final sequences were subjected to National Center for
the Biotechnology Information (NCBI) non-redundant (NR) database and aligned using
BLASTx to confirm the mycovirus-like contigs and classification status, nucleic acid type,
and the virus best matched of these contigs.

2.4. Genome Organization and Phylogenetic Analysis

NCBI ORF finder program (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on
1 June 2022) was used to predict open reading frames (ORFs) of contigs related to my-
coviruses obtained from metatranscriptome sequencing based on standard genetic code or
fungal mitochondrial genetic code (whose number is 4). BLASTp and BLASTx were used
to search for homologous mycoviruses against NCBI NR database. When the e-value is less
than or equal to 1 × 10−5, the annotation result is considered reliable. Conserved Domain
Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on
1 June 2022), Protein Family (Pfam) database (http://pfam.sanger.ac.uk/, accessed on
1 June 2022), and PROSITE database (http://www.expasy.ch/, accessed on 1 June 2022)
were used to find conserved motifs of amino acid (aa) sequences of putative mycoviruses.
The aa sequences alignments were conducted by CLUSTAL_X [54]. Phylogenetic trees
based on aa sequences of RNA dependent RNA polymerase (RdRp), or polyprotein were
conducted by the maximum likelihood (ML) method in Jones–Taylor–Thornton (JTT) model
with 1000 bootstrap replicates using MEGA software version 6.0 [55].

2.5. Virus Names

The name of a novel putative mycovirus identified in this study for the first time is
named according to a previous reference [56], which consists of three parts: (I) the first
part of the name is the source of the virus; (II) the second part of the name shows the
virus taxonomical group; and (III) the third part of the name is a progressive number [57].
For example, “Rhizoctonia solani [part I] partitivirus [part II] 12 [part III]” presents a new
partitivirus and the twelfth partitivirus found in R. solani. A mycovirus previously reported,
which was also identified in this study, was labeled with “BNR” or “MNR” to indicate
its sources in this study. For example, “Rhizoctonia solani partitivirus 6-BNR” presents a
strain of Rhizoctonia solani partitivirus 6 reported previously [58] and is identified from a
strain of BNR in this study.

3. Results
3.1. Comparison of Mycoviral Diversity in BNR and MNR

Metatranscriptome sequencing was conducted based on the libraries of strains of BNR
and MNR, and 11.34 GB raw data and 11.22 GB raw data were obtained from the libraries of
strains of BNR and MNR, respectively. After filtering and de novo assembly, 99,951 contigs
and 112,939 contigs were acquired from strains of BNR and MNR, respectively (Table 1).
Homology of the contigs with more than 200 nt in length were conducted by screening
against GenBank NR database, the most detailed protein database currently used for protein
function and structure annotation. The best matches of these contigs were determined based
on the top hit (the highest identity and query cover to the available viral genomes in the NR
database) from BLASTx and e-values (≤1 × 10−5). As a result, a total of 658 contigs were
best matched with viral genomes, with 173 contigs and 485 contigs being found in BNR
and MNR, respectively. Annotation results showed that 472 (71.7%) out of these 658 contigs
had low identities (≤70%) of aa sequences with mycoviruses reported previously. Contig
ids, length, best match (most closely related viruses), query cover, amino acid identity, and
e-value were listed in Table S2.

https://www.ncbi.nlm.nih.gov/orffinder/
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://pfam.sanger.ac.uk/
http://www.expasy.ch/
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Table 1. Comparison of metatranscriptome sequencing data and their annotation results of binucleate
Rhizoctonia (BNR) and multinucleate Rhizoctonia (MNR).

Library Sample Number of
Contigs

Average Length
(Base Pair)

Annotation

Host Fungi Virus Not Found

BNR 99,951 473.87 82,400 (82.44%) 225 (0.23%) 17,326 (17.33%)
MNR 112,939 477.17 94,251 (83.45%) 571 (0.51%) 18,117 (16.04%)

The results of BLASTx analysis showed that three and 33 contigs related to viruses
obtained from BNR and MNR, respectively, were best matched with unclassified viruses
reported previously and considered as putative unclassified mycoviruses. For example,
First_Contig8786 with 1736 nt in length was most closely related to an unclassified virus,
soybean leaf-associated negative-stranded RNA virus 4. The remaining 170 putative
mycoviruses found in BNR and the remaining 452 putative mycoviruses found in MNR
belonged to 13 and 19 virus families, respectively. The 11 virus families found in both
BNR and MNR were Benyviridae, Botourmiaviridae, Endornaviridae, Fusariviridae, Hypoviridae,
Mitoviridae, Narnaviridae, Partitiviridae, Totiviridae, Mymonaviridae, and a proposed family
Bipartitiviridae. Moreover, the two families (Virgaviridae and Rhabdoviridae) were only
detected in BNR, while the eight families (Betaflexiviridae, Bunyaviridae, Deltaflexiviridae,
Gammaflexiviridae, Megabirnaviridae, Togaviridae, Tombusviridae, and Tymoviridae) were only
discovered in MNR (Table 2).

Table 2. Comparison of taxonomic status of putative mycoviruses found in binucleate Rhizoctonia
(BNR) and multinucleate Rhizoctonia (MNR).

Type of Nucleic Acid Virus Family
Number of Mycovirus Contigs

BNR MNR

Positive single-stranded RNA (+ssRNA)

Benyviridae 14 15
Botourmiaviridae 8 11
Endornaviridae 21 71
Fusariviridae 13 67
Hypoviridae 5 20
Mitoviridae 75 149

Narnaviridae 4 10
Betaflexiviridae - a 1
Deltaflexiviridae - a 1

Gammaflexiviridae - a 1
Tymoviridae - a 13
Togaviridae - a 3

Tombusviridae - a 1
Virgaviridae 1 - b

unclassified 1 5

Double-stranded RNA (dsRNA)

Bipartitiviridae 11 8
Partitiviridae 10 64

Totiviridae 3 11
Megabirnaviridae - a 2

Negative single-stranded RNA (-ssRNA)

Mymonaviridae 4 1
Bunyaviridae - a 3
Rhabdoviridae 1 - b

unclassified 2 28

Total 173 485

Note: “a” indicated that no virus belonging to the eight families Betaflexiviridae, Deltaflexiviridae, Gammaflexiviridae,
Tymoviridae, Togaviridae, Tombusviridae, Megabirnaviridae, and Bunyaviridae was detected in BNR; “b” indicated that
no virus belonging to the two families Virgaviridae and Rhabdoviridae was detected in MNR.
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Double-stranded RNA, +ssRNA, and -ssRNA is the main nucleic acid types assembling
the mycovirome of BNR and MNR. The proportion of these three nucleic acid types in
BNR and MNR was similar. The proportion of putative mycoviruses with +ssRNA genome
found in both BNR (142 putative mycoviruses, 82.08%) and MNR (366 putative mycoviruses,
75.46%) was the highest, followed by dsRNA putative mycoviruses (13.87% in BNR; 17.73%
in MNR), and -ssRNA putative mycoviruses (4.04% in BNR; 6.81% in MNR).

3.2. Genome Organization and Phylogenetic Analysis of Putative Members of the
Family Partitiviridae

Ten and sixty-four contigs related to mycoviruses belonging to the family Partitiviridae
were obtained in BNR and MNR, respectively. Among the seventy-four contigs, seven con-
tigs (two from BNR and five from MNR) whose lengths are longer than 1.8 kbp (Figure 2A)
were selected (Table 3) to perform genome organization and phylogenetic analysis. The con-
tig ids, best matches, names, and GenBank accession numbers of the seven partitiviruses
were listed in Table 3. Contig5377 and Contig47566, found in BNR, were most closely
related to the aa sequence of RdRp of Rhizoctonia solani partitivirus 6 (RsPV6, 99.08%) [58]
and Rhizoctonia solani partitivirus 2 (RsPV2, 99.66%) [56], respectively, which were named
RsPV6-BNR and RsPV2-BNR, respectively. Contig7211, found in MNR, were most closely
related to aa sequence of RdRp of RsPV2 (99.84%) [45] and named RsPV2-MNR. Con-
tig6469, Contig8296, Contig25890, and Contig59663, found in MNR, were most closely
related to the aa sequence of RdRp of Ceratobasidium partitivirus (56.03%) [59], Rhizoc-
tonia solani partitivirus 3 (53.51%) [60], Rhizoctonia fumigata partitivirus (62.68%) [24],
and Raphanus sativus cryptic virus 1 (56.57%) [61], respectively, which were designated
as Rhizoctonia solani partitivirus 12, 13, 14, and 15 (RsPV12–15), respectively. RsPV12–15
are new species of the family Partitiviridae according to the classification criteria of the
family Partitiviridae provided by International Committee on Taxonomy of Viruses (ICTV,
https://ictv.global/report/chapter/partitiviridae/partitiviridae, accessed on 1 June 2022).

Table 3. The information of two contigs found in binucleate Rhizoctonia (BNR) and five contigs found
in multinucleate Rhizoctonia (MNR) related to RNA dependent RNA polymerase of mycoviruses
associated with the family Partitiviridae.

Contig Size
(Amino Acid) Name Origin Best Match Identity Query

Cover E-Value Accession
Number

Contig5377 757 Rhizoctonia solani
partitivirus 6-BNR BNR Rhizoctonia solani

partitivirus 6 99% 93% 0 OM984418

Contig47566 595 Rhizoctonia solani
Partitivirus 2-BNR BNR Rhizoctonia solani

partitivirus 2 99% 96% 0 OM984419

Contig7211 623 Rhizoctonia solani
Partitivirus 2-MNR MNR Rhizoctonia solani

partitivirus 2 99% 95% 0 OM984420

Contig6469 a 575 Rhizoctonia solani
Partitivirus 12 MNR Ceratobasidium

partitivirus 56% 95% 0 OM984421

Contig8296 a 585 Rhizoctonia solani
Partitivirus 13 MNR Rhizoctonia solani

partitivirus 3 53% 92% 0 OM984422

Contig25890 a 620 Rhizoctonia solani
Partitivirus 14 MNR Rhizoctonia fumigata

partitivirus 62% 93% 0 OM984423

Contig59663 a 589 Rhizoctonia solani
Partitivirus 15 MNR Raphanus sativus

cryptic virus 1 56% 92% 0 OM984424

Note: “a” indicated novel partitiviruses found in MNR.

https://ictv.global/report/chapter/partitiviridae/partitiviridae
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Figure 2. The genome organization, multiple alignments of amino acid (aa) sequences, and phyloge-
netic analysis of partitiviruses found in binucleate Rhizcotonia (BNR) and multinucleate Rhizcotonia
(MNR). (A) Schematic diagrams of genome organization of the seven partitiviruses found in this study,
namely Rhizoctonia solani partitivirus 6-BNR (RsPV6-BNR), Rhizoctonia solani parititvirus 2-BNR
(RsPV2-BNR), RsPV2-MNR, Rhizoctonia solani partitivirus 12–15 (RsPV12–15), and the two reference
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partitiviruses reported previously, namely, Rhizoctonia solani partitivirus 6 (RsPV6) and Rhizoc-
tonia solani parititvirus 2 (RsPV2). Dotted lines represent the undetermined untranslated regions
(UTRs). The orange rectangles and the grey rectangles were used to represent the obtained ORFs
and undetermined 3’-ORFs in the schematic diagrams, respectively. Full name, abbreviation, and
GenBank accession number of the two reference viruses are as follows: Rhizoctonia solani parti-
tivirus 2 (RsPV2, NC_023684.1), Rhizoctonia solani partitivirus 6 (RsPV6, MK809397.1). (B) Multiple
alignments of aa sequences of RNA dependent RNA polymerase (RdRp) of partitiviruses found in
BNR, MNR, and three reference viruses. Asterisks, colons, and dots represent identical, conserved,
and semi-conserved aa residues, respectively. Red box indicates the highly conserved GDD tripep-
tide. Full name, abbreviation, and GenBank accession number of the three reference viruses are
as follows: White clover cryptic virus 1 (WCCV1, AAU14888.1), Red clover cryptic virus 1 (RccV1,
YP_008719882.1), Gaeumannomyces tritici partitivirus 2 (GtPV2, AZT88604.1). (C) Phylogenetic tree
based on aa sequences of RdRp of partitiviruses found in BNR, MNR, and reference viruses. Green
font indicates partitiviruses found in BNR and red font indicates partitiviruses found in MNR. Full
name and GenBank accession number of reference viruses are shown.

Multiple alignments of aa sequences of RdRp of these seven partitiviruses found in
BNR and MNR, and their homologous viruses were performed, and six conserved motifs
(motif III–VIII) were revealed in the viral RdRp domain. Furthermore, GDD tripeptide (the
hallmark of most viral RdRps) was found in motif VI (Figure 2B). Phylogenetic analysis
showed that RsPV6-BNR clustered together with members of the genus Betapartitivirus,
while RsPV2-BNR, RsPV2-MNR, and RsPV12–15 were most closely related to members of
the genus Alphapartitivirus (Figure 2C).

3.3. Genome Organization and Phylogenetic Analysis of Putative Members of the
Family Mitoviridae

The 78 and 149 contigs related to mycoviruses associated with the family Mitoviridae
were found in BNR and MNR, respectively. Among the 227 contigs, 54 contigs (26 contigs
found in BNR and 28 contigs found in MNR) whose lengths are longer than 3000 nt or
which can encode complete RdRp was chosen to predict open reading frame (ORF) and
perform multiple alignments. The contig ids, best matches, names, and GenBank accession
numbers of the 54 mitoviruses were listed in Table 4. The results showed that among
the 54 contigs, the lengths of aa sequences of 50 contigs (92.59%) were over 700 aa, and
the lengths of aa sequences of 21 contigs (38.89%) were over 900 aa. Since the lengths of
complete aa sequence of RdRp of most mitoviruses submitted to the NCBI NR database
(https://www.ncbi.nlm.nih.gov/protein, accessed on 1 June 2022) range from 500 aa to
900 aa, the lengths of aa sequences of RdRp of these 54 mitoviruses in this study are
relatively longer than that of most mitoviruses reported previously.

Among these fifty-four contigs, the length of aa sequence of four contigs (one from
BNR and three from MNR) was shorter than 700 aa, the length of aa sequence of nine
contigs (seven from BNR and two from MNR) ranged from 700 aa to 800 aa, the length
of aa sequence of twenty contigs (eight from BNR and 12 from MNR) ranged from 800 aa
to 900 aa, the length of aa sequence of twelve contigs (six from BNR and six from MNR)
ranged from 900 aa to 1000 aa, and the length of aa sequence of nine contigs (four from BNR
and five from MNR) were longer than 1000 aa. Ten contigs with these five length ranges
(five contigs from BNR and five contigs from MNR) were chosen (Table 4) and used for
genome organization and multiple alignments (Figure 3). All the ten mitoviruses contained
an ORF encoding RdRp (Figure 3A) based on mitochondrial codon usage. Through multiple
alignments of aa sequences of RdRp of these ten mitoviruses and their homologous viruses,
four conserved motifs (motif III–VIII) were found (Figure 3B) in the viral RdRp domain;
moreover, GDD tripeptide was found in motif IV (Figure 3B).

https://www.ncbi.nlm.nih.gov/protein
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Table 4. The information of 26 contigs found in binucleate Rhizoctonia (BNR) and 28 contigs found in multinucleate Rhizoctonia (MNR) related to RNA-dependent
RNA polymerase of mycoviruses associated with the family Mitoviridae.

Contig Size (Amino
Acid) Name Origin Best Match Identity Query

Cover E-Value Accession
Number

First_Contig100 a,b 767 Binucleate Rhizoctonia mitovirus 1 BNR Rhizoctonia solani mitovirus 15 43% 71% 0 OM984453
Contig385 a 857 Binucleate Rhizoctonia mitovirus 2 BNR Rhizoctonia solani mitovirus 78 52% 67% 0 OM984454
Contig462 a 959 Binucleate Rhizoctonia mitovirus 3 BNR Rhizoctonia solani mitovirus 51 72% 73% 0 OM984455
Contig463 966 Rhizoctonia solani mitovirus 51-BNR BNR Rhizoctonia solani mitovirus 51 97% 73% 0 OM984456
Contig824 946 Rhizoctonia solani mitovirus 50-BNR BNR Rhizoctonia solani mitovirus 50 96% 92% 0 OM984457

Contig2147 a 779 Binucleate Rhizoctonia mitovirus 4 BNR Rhizoctonia solani mitovirus 15 42% 72% 0 OM984458
First_Contig193 a 788 Binucleate Rhizoctonia mitovirus 5 BNR Grapevine-associated mitovirus 10 71% 70% 0 OM984459

Contig1318 a 792 Binucleate Rhizoctonia mitovirus 6 BNR Grapevine-associated mitovirus 10 71% 66% 0 OM984460
Contig1296 833 Rhizoctonia solani mitovirus 88-BNR BNR Rhizoctonia solani mitovirus 88 92% 66% 0 OM984461

First_Contig3 785 Rhizoctonia solani mitovirus 101-BNR BNR Rhizoctonia solani mitovirus 101 98% 77% 0 OM984462
Contig2865 a,b 835 Binucleate Rhizoctonia mitovirus 7 BNR Rhizoctonia solani mitovirus 15 47% 75% 0 OM984463

Contig109 a 927 Binucleate Rhizoctonia mitovirus 8 BNR Rhizoctonia solani mitovirus 42 83% 74% 0 OM984464
Contig377 844 Rhizoctonia cerealis mitovirus-BNR BNR Rhizoctonia cerealis mitovirus 93% 79% 0 OM984465

Contig2511 780 Rhizoctonia solani mitovirus 1-BNR BNR Rhizoctonia solani mitovirus 1 100% 92% 0 OM984466
Contig139 a 900 Binucleate Rhizoctonia mitovirus 9 BNR Rhizoctonia solani mitovirus 31 61% 74% 0 OM984467

First_Contig8 a,b 903 Binucleate Rhizoctonia mitovirus 10 BNR Rhizoctonia solani mitovirus 41 84% 74% 0 OM984468
Contig461 a 795 Binucleate Rhizoctonia mitovirus 11 BNR Rhizoctonia solani mitovirus 41 56% 73% 0 OM984469
Contig301 a 811 Binucleate Rhizoctonia mitovirus 12 BNR Rhizoctonia solani mitovirus 50 89% 93% 0 OM984470

Second_Contig95 842 Rhizoctonia solani mitovirus 40-BNR BNR Rhizoctonia solani mitovirus 40 97% 57% 0 OM984471
Contig643 a,b 568 Binucleate Rhizoctonia mitovirus 13 BNR Epicoccum nigrum mitovirus 1 72% 68% 0 OM984472
Contig1166 a 852 Binucleate Rhizoctonia mitovirus 14 BNR Rhizoctonia solani mitovirus 78 62% 68% 0 OM984473
Contig2240 a 856 Binucleate Rhizoctonia mitovirus 15 BNR Rhizoctonia solani mitovirus 78 55% 65% 0 OM984474
Contig333 a,b 1060 Binucleate Rhizoctonia mitovirus 16 BNR Rhizoctonia solani mitovirus 43 73% 79% 0 OM984475
Contig728 a 1054 Binucleate Rhizoctonia mitovirus 17 BNR Rhizoctonia solani mitovirus 64 52% 73% 0 OM984476
Contig2765 1047 Rhizoctonia solani mitovirus 64-BNR BNR Rhizoctonia solani mitovirus 64 91% 73% 0 OM984477
Contig132 a 1079 Binucleate Rhizoctonia mitovirus 18 BNR Rhizoctonia solani mitovirus 48 53% 64% 0 OM984478

Contig7624 a,b 1064 Rhizoctonia solani mitovirus 105 MNR Rhizoctonia solani mitovirus 48 50% 67% 0 OM984425
Contig787 a,b 995 Rhizoctonia solani mitovirus 106 MNR Rhizoctonia solani mitovirus 78 54% 60% 0 OM984426

Contig722 917 Rhizoctonia solani mitovirus 13-MNR MNR Rhizoctonia solani mitovirus 13 91% 67% 0 OM984427
Contig944 a 879 Rhizoctonia solani mitovirus 107 MNR Rhizoctonia solani mitovirus 54 64% 70% 0 OM984428

First_Contig217 a 1027 Rhizoctonia solani mitovirus 108 MNR Rhizoctonia solani mitovirus 48 86% 83% 0 OM984429
First_Contig20 864 Rhizoctonia solani mitovirus 87-MNR MNR Rhizoctonia solani mitovirus 87 97% 71% 0 OM984430

Contig665 a 865 Rhizoctonia solani mitovirus 109 MNR Rhizoctonia solani mitovirus 65 61% 66% 0 OM984431
Contig931 1029 Rhizoctonia solani mitovirus 95-MNR MNR Rhizoctonia solani mitovirus 95 96% 54% 0 OM984432
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Table 4. Cont.

Contig Size (Amino
Acid) Name Origin Best Match Identity Query

Cover E-Value Accession
Number

Contig201 a 858 Rhizoctonia solani mitovirus 110 MNR Rhizoctonia solani mitovirus 15 46% 52% 9 × 10−165 OM984433
Contig493 a 836 Rhizoctonia solani mitovirus 111 MNR Rhizoctonia solani mitovirus 88 85% 69% 0 OM984434

First_Contig34 a 862 Rhizoctonia solani mitovirus 112 MNR Rhizoctonia solani mitovirus 65 59% 65% 0 OM984435

Contig9722 a 1028 Rhizoctonia solani mitovirus 113 MNR Macrophomina phaseolina
mitovirus 3 86% 74% 0 OM984436

First_Contig4017 a,b 780 Rhizoctonia solani mitovirus 114 MNR Rhizoctonia solani mitovirus 73 50% 51% 0 OM984437
First_Contig23 782 Rhizoctonia solani mitovirus 75-MNR MNR Rhizoctonia solani mitovirus 75 96% 60% 0 OM984438

Contig451 961 Rhizoctonia solani mitovirus 15-MNR MNR Rhizoctonia solani mitovirus 15 99% 73% 0 OM984439
Contig999 a 939 Rhizoctonia solani mitovirus 115 MNR Clitocybe odora virus 39% 69% 7 × 10−160 OM984440
Contig1235 810 Rhizoctonia cerealis mitovirus-MNR MNR Rhizoctonia cerealis mitovirus 92% 81% 0 OM984441

Contig3325 b 855 Rhizoctonia solani mitovirus 63-MNR MNR Rhizoctonia solani mitovirus 63 90% 78% 0 OM984442
Contig2267 a 841 Rhizoctonia solani mitovirus 116 MNR Rhizoctonia solani mitovirus 31 45% 49% 2 × 10−175 OM984443
Contig1401 a 900 Rhizoctonia solani mitovirus 117 MNR Rhizoctonia solani mitovirus 31 60% 74% 0 OM984444

First_Contig722 a 845 Rhizoctonia solani mitovirus 118 MNR Rhizoctonia solani mitovirus 60 81% 75% 0 OM984445
Contig424 a 843 Rhizoctonia solani mitovirus 119 MNR Rhizoctonia solani mitovirus 78 80% 74% 0 OM984446

Contig2296 a 964 Rhizoctonia solani mitovirus 120 MNR Rhizoctonia solani mitovirus 93 64% 46% 0 OM984447
Contig5349 a 882 Rhizoctonia solani mitovirus 121 MNR Rhizoctonia solani mitovirus 84 88% 72% 0 OM984448

Second_Contig262 a 421 Rhizoctonia solani mitovirus 122 MNR Rhizoctonia solani mitovirus 43 74% 68% 0 OM984449
Contig1260 a 1000 Rhizoctonia solani mitovirus 123 MNR Rhizoctonia solani mitovirus 64 61% 95% 0 OM984450

First_Contig63 624 Rhizoctonia solani mitovirus 64-MNR MNR Rhizoctonia solani mitovirus 64 91% 91% 0 OM984451
Contig2497 a,b 648 Rhizoctonia solani mitovirus 124 MNR Rhizoctonia solani mitovirus 43 69% 77% 0 OM984452

Note: “a” indicated novel mitoviruses found in BNR or MNR; “b” indicated mycoviruses selected for genome organization and multiple alignment analyses.
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genome organization of the ten mitoviruses found in this study, namely Rhizoctonia solani mitovirus
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105, 106, 114, 124 (RsMV105, 106, 114, 124), Rhizoctonia solani mitovirus 63-MNR, Binucleate Rhi-
zoctonia mitovirus 1, 7, 10, 13, 16 (BRMV1,7,10, 13,16), and the two reference mitoviruses reported
previously, namely, Rhizoctonia solani mitovirus 1 (RsMV1) and Rhizoctonia solani mitovirus 63
(RsMV63). Dotted lines represent the undetermined untranslated regions (UTRs). Full name, ab-
breviation, and GenBank accession number of the two reference viruses are as follows: Rhizoctonia
solani mitovirus 1 (RsMV1, KC792591), Rhizoctonia solani mitovirus 63 (RsMV63, MZ043948.1).
(B) Multiple alignments of amino acid (aa) sequence of RNA-dependent RNA polymerase (RdRp) of
mitoviruses found in BNR, MNR, and two reference viruses. Asterisks, colons, and dots represent
identical, conserved, and semi-conserved aa residues, respectively. Red box indicates the highly
conserved GDD tripeptide. Full name, abbreviation, and GenBank accession number of reference the
two viruses are as follows: Rhizoctonia solani mitoviruses 38 (RsMV38, QDW65426), Rhizoctonia
solani mitoviruses 22 (RsMV22, QDW80890). (C) Phylogenetic analysis based on aa sequences of
RdRp of mitoviruses found in BNR and MNR. Green font indicates mitoviruses found in BNR and
red font indicates mitoviruses found in MNR. Full name and GenBank accession number of reference
viruses are shown.

Phylogenetic analysis based on the aa sequences of RdRp showed that these 54 putative
mycoviruses with nearly the whole genome found in BNR and MNR clustered into the
family Mitoviridae. Except for contig2511 (Rhizoctonia solani mitovirus 1-BNR) which was
clustered in clade I (Figure 3C), the remaining 53 contigs clustered together in clade II. Red
fonts and green fonts indicate the mitoviruses found in BNR and MNR, respectively. A
total of 38 (18 found in BNR and 20 found in MNR) out of the 54 mitoviruses discovered in
this study are new species of the family Mitoviridae (Table 4).

3.4. Genome Organization and Phylogenetic Analysis of Putative Members of the
Family Hypoviridae

One contig found in BNR and three contigs found in MNR with >8000 nt in length
or encoding complete ORF were most closely related to hypoviruses, which were named
Binucleate Rhizoctonia hypovirus 1 (BRHV1), Rhizoctonia solani hypovirus 9 (RsHV9),
Rhizoctonia solani hypovirus 10 (RsHV10), and Rhizoctonia solani hypovirus 11 (RsHV11),
respectively. The contig ids, best matches, names, and GenBank accession numbers of the
four hypoviruses were listed in Table 5.

Table 5. The information of one contig found in binucleate Rhizoctonia (BNR) and three contigs
found in multinucleate Rhizoctonia (MNR) related to polyprotein of mycoviruses associated with the
family Hypoviridae.

Contig
Size

(Amino
Acid)

Name Origin Best Match Identity Query
Cover E-Value Accession

Number

Contig11643 a 2650
Binucleate

Rhizoctonia
hypovirus 1

BNR Sclerotium rolfsii
hypovirus 8 37% 67% 0 OM984479

Second_Contig451 a 1776 Rhizoctonia solani
hypovirus 9 MNR Lentinula edodes

hypovirus 1 31% 62% 1 × 10−168 OM984480

First_Contig678 a 3611 Rhizoctonia solani
hypovirus 10 MNR Rhizoctonia solani

hypovirus 1 50% 81% 0 OM984481

Contig2151 a 2974 Rhizoctonia solani
hypovirus 11 MNR Mycosphaerella

hypovirus A 30% 59% 7 × 10−117 OM984482

Note: “a” indicated novel hypoviruses found in BNR or MNR.

Analysis of genome organization showed that these four hypoviruses all contained
one +ssRNA encoding polyprotein (Figure 4A). The polyprotein of RsHV9 contained RdRp
and RNA helicase (Hel) domains. The polyproteins of RsHV10 and BRHV1 contained one
and two Hel domains, respectively. The polyprotein of RsHV11 contained DUF4286 and
Hel domains. The Hel domain was found in the polyprotein of all the four hypoviruses,
while the RdRp, necessary for mycovirus replication, was only contained in polyprotein of
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RsHV9. The similar characteristic had been documented in other members of the family
Hypoviridae; for example, the RdRp domain was contained in polyprotein of Fusarium
graminearum hypovirus 2 (FgHV2) [21] but was not contained in polyprotein of Alternaria
alternata hypovirus 1 (AaHV1) [62]. Multiple alignment of aa sequences of Hel of the four
hypoviruses and their homologous viruses revealed that three conserved motifs (motif
I–III) (Figure 4B) were found in the Hel domain.
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Figure 4. Genome organization, multiple alignments, and phylogenetic analysis of hypoviruses found
in binucleate Rhizoctonia (BNR) and multinucleate Rhizoctonia (MNR). (A) Schematic diagrams of
genome organization of the four hypoviruses found in this study, namely Binucleate Rhizoctonia
hypovirus 1 (BRHV1), Rhizoctonia solani hypovirus 9–11 (RsHV9–11), and the two reference viruses,
namely Fusarium graminearum Hypovirus 2 (FgHV2) and Alternaria alternata hypovirus 1 (AaHV1).
Dotted lines represent the undetermined untranslated regions (UTRs). Full name, abbreviation, and
GenBank accession number of the two reference viruses are as follows: Fusarium graminearum Hy-
povirus 2 (FgHV2, YP_009130646), Alternaria alternata hypovirus 1 (AaHV1, QFR36339). (B) Multiple
alignments of amino acid (aa) of sequence of helicase (Hel) of hypoviruses found in BNR, MNR, and
two reference viruses. Asterisks, colons, and dots represent identical, conserved, and semi-conserved
aa residues, respectively. Full name, abbreviation, and GenBank accession number of the two reference
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viruses are as follows: Alternaria alternata hypovirus 1 (AaHV1, QFR36339), Fusarium graminearum
hypovirus 2 (FgHV2, YP_009130646). (C) Phylogenetic analysis based on the aa sequences of polypro-
tein of hypoviruses found in BNR, MNR, and reference viruses. Green font indicates hypoviruses
found in BNR and red font indicates hypoviruses found in MNR. Full name and GenBank accession
number of reference viruses are shown.

Phylogenetic analysis based on the aa sequences of polyprotein of the four hypoviruses
and their homologous viruses showed that RsHV10 clustered into the genus Gammahy-
povirus, and RsHV9 and RsHV11 clustered together with unclassified hypoviruses, such as
Sclerotium rolfsii hypovirus 3, 4, and 7 [63]. BRHV1 clustered into the family Hypoviridae,
but BRHV1 was relatively distinct from other hypoviruses within the family Hypoviridae
(Figure 4C).

4. Discussion

Our study represents in detail the first record of the putative mycoviruses associated
with strains of BNR and MNR causing potato stem canker or black scurf in China and per-
haps worldwide using metatranscriptome sequencing. In this study, putative mycoviruses
belonging to eight families (Benyviridae, Botourmiaviridae, Fusariviridae, Hypoviridae, My-
monaviridae, Rhabdoviridae, Totiviridae, and Virgaviridae) and seven families (Betaflexiviri-
dae, Botourmiaviridae, Deltaflexiviridae, Gammaflexiviridae, Mymonaviridae, Togaviridae, and
Tombusviridae) were firstly found in BNR and MNR, respectively.

Metatranscriptome sequencing is widely used to discover mycoviruses in different host
species and has supported the progress of research in virus pathogenesis and controlling of
related diseases [33]; however, the lengths of some contigs related to mycoviruses obtained
from metatranscriptome sequencing were less than 1000 nt, some of which might only
cover 1% of the whole genome of the corresponding mycoviruses. In this study, there were
60 endornaviruses (84.51%) with less than 1000 nt in length found in MNR, and the shortest
length of one endornavirus found in MNR is 209 nt, which indicated that most contigs
related to endornaviruses found in MNR could not be used to predict a complete ORF. This
might confuse our understanding of the diversity of mycoviruses associated with MNR.
To weaken this confusion, it is necessary to assess the optimal number of strains used to
establish sequencing libraries and thus ensure the integrity of sequencing results.

The family Partitiviridae contains five genera, namely Alphapartitivirus, Betapartitivirus,
Gammapartitivirus, Deltapartitivirus, and Cryspovirus [19,64]. Recently, more and more
unclassified partitiviruses previously were identified and proposed to be clustered into
two new genera, Epsilonpartitivirus and Zetapartitivirus. For instance, Hubei partiti-like
virus 11 [61], Hubei partiti-like virus 5 [61], and Hubei partiti-like virus 10 [61] belonged to
the proposed genus Epsilonpartitivirus; Colletotrichum acutatum RNA virus 1 [65] and
Aspergillus flavus partitivirus 1 [66] belonged to the proposed genus Zetapartitivirus. In
addition, three partitiviruses, Aspergillus fumigatus partitivirus 2 [67], Alternaria alternata
partitivirus 1 [68], and Delitschia confertaspora partitivirus 1 [69], were still unclassified.
All the studies mentioned above indicated the diversity of mycoviruses within the family
Partitiviridae was rich and evolutionary relationship between members of the family Parti-
tiviridae was complex. In this study, 10 and 64 putative partitiviruses were found in BNR
and MNR, respectively, accounting for 41.67% and 75.29% of putative dsRNA mycoviruses
found in BNR and MNR. Among them, two partitiviruses found in BNR and five parti-
tiviruses found in MNR had whole ORF and belonged to the two genera, Alphapartitivirus
(RsPV2-BNR, RsPV2-MNR, and RsPV12–15) and Betapartitivirus (RsPV6-BNR). Especially,
RsPV12–15 were new species of the genus Alphapartitivirus.

The family Mitoviridae was newly established according to the ICTV report 2019, which
contained a single +ssRNA genome with approximately 3000 nt in length, and could not
assemble virus particles [70,71]. Phylogenetic analysis showed that mitoviruses clustered
into three clades (clades I, II, and III), and most mitoviruses discovered in Rhizoctonia
clustered into clade II, such as Rhizoctonia solani mitovirus 2, Rhizoctonia solani mitovirus
11, Rhizoctonia solani mitovirus 22, Rhizoctonia solani mitovirus 34, and Rhizoctonia solani
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mitovirus 35. In this study, 26 and 28 mitoviruses whose lengths are longer than 3000 nt
or which can encode complete RdRp were found in BNR and MNR, respectively. Except
for Rhizoctonia solani mitovirus 1-BNR (Contig2511) which was clustered into clade I, the
remaining 53 putative mitoviruses were clustered into clade II. Collectively, mitoviruses
found in Rhizoctonia might evolve together with their host fungi, and thus major sequence
divergence in mitoviral genomes might not be induced [20,72].

The family Hypoviridae was proposed to contain three genera, namely Alphahypovirus,
Betahypovirus, and Gamahypovirus [73,74], and most hypoviruses could be classified into
these three proposed genera. However, some mycoviruses, such as Sclerotium rolfsii
hypovirus 3, Sclerotium rolfsii hypovirus 4, Sclerotium rolfsii hypovirus 7 [63], Fusar-
ium graminearum hypovirus 2 [22], and Fusarium poae hypovirus 1 [75], could not be
classified into any of these three proposed genera, which were clustered into three other
clades (Figure 4C) [62]. In the present study, four novel hypoviruses (BRHV1, RsHV9,
RsHV10, and RsHV11) were identified; among them, RsHV10 belongs to the proposed
genus Gammahypovirus, but the remaining three hypoviruses (BRHV1, RsHV9, and
RsHV11) cannot be clustered into any of the three proposed genera mentioned above.
RsHV9 and RsHV11 clustered into the same clade, and BRHV1 clustered into another clade
(Figure 4C). Therefore, three other new genera, such as “Deltahypovirus”, “Epsilonhypovi-
urs”, and “Zetahypovirus”, might be proposed to be established to accommodate these
newly discovered hypoviruses.

Many members of the family Hypoviridae could affect the phenotypes of hosts, espe-
cially for decreasing the virulence, which made hypoviruses be considered potential biocon-
trol agents [76–79]. Cryphonectria hypovirus 1 (CHV1) was the most successfully applied
hypovirus to control chestnut blight in Europe and USA [77]. Additionally, Cryphonec-
tria hypovirus 2 (CHV2), Cryphonectria hypovirus 3 (CHV3), Botrytis cinerea hypovirus
1 (BcHV1), Fusarium graminearum hypovirus 2 (FgHV2), and Sclerotinia sclerotiorum
hypovirus 2 (SsHV2) were proven to confer hypovirulence [21,73,74,77–79]. However, Cry-
phonectria hypovirus 4 (CHV4), Fusarium graminearum hypovirus 1 (FgHV1), Sclerotinia
sclerotiorum hypovirus 1/SZ150 (SsHV1/SZ150), and Valsa ceratosperma hypovirus 1
(VcHV1) were recorded to be latent infection [80–82]. Whether the four novel hypoviruses
(BRHV1, RsHV9, RsHV10, and RsHV11) found in this study can confer hypovirulence on
their host fungi or not needs to be further studied and analyzed.

Our study expands the acknowledgment of the diversity of mycoviruses present in
BNR and MNR and provides the resources for investigating the evolutionary relationship
of mycoviruses detected in BNR and MNR. The influence of mycoviruses found in this
study on their hosts, and the interactions of mycoviruses and their host fungi need to be
studied further.
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binucleate Rhizoctonia (BNR) and multinucleate Rhizoctonia (MNR) using metatranscriptome sequencing.

Author Contributions: Conceptualization, Y.L. and C.Z.; methodology, Y.L. and N.Y.; validation, Y.L.
and T.M.; formal analysis, Y.L., C.Z. and X.W.; writing—original draft preparation, Y.L.; writing—review
and editing, Y.L., C.Z. and X.W.; funding acquisition, X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (31671974).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/jof9020214/s1
https://www.mdpi.com/article/10.3390/jof9020214/s1


J. Fungi 2023, 9, 214 16 of 19

Data Availability Statement: The sequences reported in the present manuscript have been deposited
in the GenBank database under accession numbers OM984418, OM984419, OM984420, OM984421,
OM984422, OM984423, OM984424, OM984453, OM984454, OM984455, OM984456, OM984457,
OM984458, OM984459, OM984460, OM984461, OM984462, OM984463, OM984464, OM984465,
OM984466, OM984467, OM984468, OM984469, OM984470, OM984471, OM984472, OM984473,
OM984474, OM984475, OM984476, OM984477, OM984478, OM984425, OM984426, OM984427,
OM984428, OM984429, OM984430, OM984431, OM984432, OM984433, OM984434, OM984435,
OM984436, OM984437, OM984438, OM984439, OM984440, OM984441, OM984442, OM984443,
OM984444, OM984445, OM984446, OM984447, OM984448, OM984449, OM984450, OM984451,
OM984452, OM984479, OM984480, OM984481, and OM984482.

Acknowledgments: Mention of trade names or commercial products in this report is solely for the
purpose of providing specific information and does not imply recommendation or endorsement.

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

References
1. Gandy, D.G.A. Transmissible disease of cultivated mushrooms (‘watery stipe’). Ann. Appl. Biol. 1960, 48, 427–430. [CrossRef]
2. Ghabrial, S.A.; Suzuki, N. Viruses of plant pathogenic fungi. Annu. Rev. Phytopathol. 2009, 47, 353–384. [CrossRef] [PubMed]
3. Ghabrial, S.A.; Caston, J.R.; Jiang, D.H.; Nibert, M.L.; Suzuki, N. 50-plus years of fungal viruses. Virology 2015, 479, 356–368.

[CrossRef] [PubMed]
4. Adboulaye, A.H.; Foda, M.F.; Kotta-Loizou, I. Viruses infecting the plant pathogenic fungus Rhizoctonia solani. Viruses 2019, 11,

1113–1137.
5. Xie, J.T.; Jiang, D.H. New insights into mycoviruses and exploration for the biological control of crop fungal diseases. Annu. Rev.

Phytopathol. 2014, 52, 45–68. [CrossRef]
6. Kotta-Loizou, I. Mycoviruses and their role in fungal pathogenesis. Curr. Opin. Microbiol. 2021, 63, 10–18. [CrossRef]
7. Tran, T.T.; Li, H.; Nguyen, D.Q.; Jones, M.G.K.; Wylie, S.T. Co-infection with three mycoviruses stimulates growth of a Monilinia

fructicola isolate on nutrient medium, but does not induce hypervirulence in a natural host. Viruses 2019, 11, 89. [CrossRef]
8. Cai, G.H.; Hillman, B.I. Phytophthora viruses. Adv. Virus Res. 2013, 86, 327–350.
9. Olivé, M.; Campo, S. The dsRNA mycovirus ChNRV1 causes mild hypervirulence in the fungal phytopathogen Colletotrichum

higginsianum. Arch. Microbiol. 2021, 203, 241–249. [CrossRef]
10. Okada, R.; Ichinose, S.; Takeshita, K.; Urayama, S.; Fukuhara, T.; Komatsu, K.; Arie, T.; Ishihara, A.; Egusa, M.; Kodama, M.; et al.

Molecular characterization of a novel mycovirus in Alternaria alternata manifesting two-sided effects: Down-regulation of host
growth and up-regulation of host plant pathogenicity. Virology 2018, 519, 23–32. [CrossRef]

11. Sutela, S.; Poimala, A.; Vainio, E.J. Viruses of fungi and oomycetes in the soil environment. FEMS Microbiol. Ecol. 2019, 95, fiz119.
[CrossRef] [PubMed]

12. Yu, J.; Kim, K.H. Exploration of the interactions between mycoviruses and Fusarium graminearum. Adv. Virus Res. 2010, 106, 123–144.
13. Milgroom, M.G.; Cortesi, P. Biological control of chestnut blight with hypovirulence: A critical analysis. Annu. Rev. Phytopathol.

2004, 42, 311–338. [CrossRef] [PubMed]
14. Zhang, H.X.; Xie, J.T.; Fu, Y.P.; Cheng, J.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]

15. Abdoulaye, A.H.; Cheng, J.S.; Fu, Y.P.; Jiang, D.H.; Xie, J.T. Complete genome sequence of a novel mitovirus from the phy-
topathogenic fungus Rhizoctonia oryzae-sativae. Arch. Virol. 2017, 162, 1409–1412. [CrossRef]

16. Bartholomäus, A.; Wibberg, D.; Winkler, A.; Puhler, A.; Schluter, A.; Varrelmann, M. Deep sequencing analysis reveals the
mycoviral diversity of the virome of an avirulent isolate of Rhizoctonia solani AG-2-2 IV. PLoS ONE 2016, 11, e0165965. [CrossRef]

17. Andika, I.B.; Wei, S.; Cao, C.M.; Salaipeth, L.; Kondo, H.; Sun, L.Y. Phytopathogenic fungus hosts a plant virus: A naturally
occurring cross-kingdom viral infection. Proc. Natl. Acad. Sci. USA 2017, 114, 12267–12272. [CrossRef]

18. Das, S.; Falloon, R.E.; Stewart, A.; Pitman, A.R. Novel mitoviruses in Rhizoctonia solani AG-3PT infecting potato. Fungal Biol. 2016,
120, 338–350. [CrossRef]

19. Li, Y.T.; Li, S.W.; Liang, Z.J.; Cai, Q.N.; Zhou, T.; Zhao, C.; Wu, X.H. RNA-seq analysis of Rhizoctonia solani AG-4HGI strain BJ-1H
infected by a new viral strain of Rhizoctonia solani partitivirus 2 reveals a potential mechanism for hypovirulence. Phytopathology
2022, 112, 1373–1385. [CrossRef]

20. Li, Y.T.; Li, S.W.; Zhao, Y.M.; Zhou, T.; Wu, X.H.; Zhao, C. Six novel mycoviruses containing positive single-stranded RNA and
double-stranded RNA genomes co-infect a single strain of the Rhizoctonia solani AG-3 PT. Viruses 2022, 14, 813. [CrossRef]

21. Li, P.F.; Zhang, H.L.; Chen, X.G.; Qiu, D.W.; Guo, L.H. Molecular characterization of a novel hypovirus from the plant pathogenic
fungus Fusarium graminearum. Virology 2015, 481, 151–160. [CrossRef] [PubMed]

22. Zhang, T.; Li, W.; Chen, H.G.; Yu, H.S. Full genome sequence of a putative novel mitovirus isolated from Rhizoctonia cerealis. Arch.
Virol. 2015, 160, 1815–1818. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1744-7348.1960.tb03543.x
http://doi.org/10.1146/annurev-phyto-080508-081932
http://www.ncbi.nlm.nih.gov/pubmed/19400634
http://doi.org/10.1016/j.virol.2015.02.034
http://www.ncbi.nlm.nih.gov/pubmed/25771805
http://doi.org/10.1146/annurev-phyto-102313-050222
http://doi.org/10.1016/j.mib.2021.05.007
http://doi.org/10.3390/v11010089
http://doi.org/10.1007/s00203-020-02030-7
http://doi.org/10.1016/j.virol.2018.03.027
http://doi.org/10.1093/femsec/fiz119
http://www.ncbi.nlm.nih.gov/pubmed/31365065
http://doi.org/10.1146/annurev.phyto.42.040803.140325
http://www.ncbi.nlm.nih.gov/pubmed/15283669
http://doi.org/10.1016/j.molp.2020.08.016
http://doi.org/10.1007/s00705-017-3229-0
http://doi.org/10.1371/journal.pone.0165965
http://doi.org/10.1073/pnas.1714916114
http://doi.org/10.1016/j.funbio.2015.11.002
http://doi.org/10.1094/PHYTO-08-21-0349-R
http://doi.org/10.3390/v14040813
http://doi.org/10.1016/j.virol.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/25781585
http://doi.org/10.1007/s00705-015-2431-1
http://www.ncbi.nlm.nih.gov/pubmed/25916611


J. Fungi 2023, 9, 214 17 of 19

23. Li, W.; Zhang, T.; Sun, H.Y.; Deng, Y.Y.; Zhang, A.X.; Chen, H.G.; Wang, K.R. Complete genome sequence of a novel endornavirus
in the wheat sharp eyespot pathogen Rhizoctonia cerealis. Arch. Virol. 2014, 159, 1213–1216. [CrossRef] [PubMed]

24. Li, Y.Q.; Sun, Y.; Xu, P.; Zhang, L.F.; Chen, W.R.; Ren, Z.; Yang, G.H.; Mo, X.H. Complete nucleotide sequence of a novel mycovirus
infecting Rhizoctonia fumigata AG-Ba isolate C-314 Baishi. Arch. Virol. 2022, 167, 959–963. [CrossRef]

25. Li, Y.Q.; Sun, Y.; Xu, P.; Zhang, L.F.; Chen, Z.B.; Niu, Y.F.; Yang, G.H.; Mo, X.H. A novel alphapartitivirus from binucleate
Rhizoctonia fumigata AG-Ba isolate C-314 Baishi. Arch. Virol. 2022, 167, 255–259. [CrossRef]

26. Neang, S.; Bincader, S.; Rangsuwan, S.; Keawmanee, P.; Rin, S.; Salaipeth, L.; Das, S.; Kondo, H.; Suzuki, N.; Sato, I.; et al.
Omnipresence of partitiviruses in rice aggregate sheath spot symptom-associated fungal isolates from paddies in Thailand.
Viruses 2021, 13, 2269. [CrossRef]

27. Roossinck, M.J. Life styles of plant viruses. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365, 1899–1905. [CrossRef]
28. Roossinck, M.J. Plant virus metagenomics: Biodiversity and ecology. Annu. Rev. Genet. 2012, 46, 357–367. [CrossRef]
29. Roossinck, M.J. Metagenomics of plant and fungal viruses reveals an abundance of persistent lifestyles. Front. Microbiol. 2015, 5, 767.

[CrossRef]
30. Feldman, T.S.; Morsy, M.R.; Roossinck, M.J. Are communities of microbial symbionts more diverse than communities of microbial

hosts? Fungal Biol. 2012, 116, 465–477. [CrossRef]
31. Marzano, S.Y.L.; Nelson, B.D.; Ajayi-Oyetunde, O.; Bradley, C.A.; Hughes, T.J.; Hartman, G.L.; Eastburn, D.M.; Domier, L.L.

Identification of diverse mycoviruses through metatranscriptomics characterization of the viromes of five major fungal plant
pathogens. J. Virol. 2016, 90, 6846–6863. [CrossRef] [PubMed]

32. Picarelli, M.A.S.; Forgia, M.; Rivas, E.B.; Nerva, L.; Chiapello, M.; Turina, M.; Colariccio, A. Extreme diversity of mycoviruses
present in isolates of Rhizoctonia solani AG2-2 LP from Zoysia japonica from Brazil. Front. Cell Infect. Microbiol. 2019, 9, 224.
[CrossRef]

33. He, Z.R.; Huang, X.T.; Fan, Y.; Yang, M.; Zhou, E.X. Metatranscriptomic analysis reveals rich mycoviral diversity in three major
fungal pathogens of rice. Int. J. Mol. Sci. 2022, 23, 9192. [CrossRef] [PubMed]

34. Banville, G.J. Yield losses and damage to potato plants caused by Rhizoctonia solani Kühn. Am. Potato J. 1989, 66, 821–834.
[CrossRef]

35. Balali, G.R.; Neate, S.M.; Scott, E.S.; Whisson, D.L.; Wicks, T.J. Anastomosis group and pathogenicity of isolates of Rhizoctonia
solani from potato crops in South Australia. Plant Pathol. 1995, 44, 1050–1057. [CrossRef]

36. Woodhall, J.W.; Lee, A.K.; Edwards, S.G.; Jenkinson, P. Infection of potato by Rhizoctonia solani: Effect of anastomosis group. Plant
Pathol. 2008, 57, 897–905. [CrossRef]

37. Fiers, M.; Edel-Hermann, V.; Héraud, C.; Gautheron, N.; Chatot, C.; Le-Hingrat, Y.; Bouchek-Mechiche, K.; Steinberg, C. Genetic
diversity of Rhizoctonia solani associated with potato tubers in France. Mycologia 2011, 103, 1230–1244. [CrossRef]

38. Woodhall, J.W.; Adams, I.P.; Peters, J.C.; Harper, G.; Boonham, N. A new quantitative real-time PCR assay for Rhizoctonia solani
AG3-PT and the detection of AGs of Rhizoctonia solani associated with potato in soil and tuber samples in Great Britain. Eur. J.
Plant Pathol. 2013, 136, 273–280. [CrossRef]

39. Yang, Y.G.; Zhao, C.; Guo, Z.J.; Wu, X.H. Anastomosis group and pathogenictity of Rhizoctonia solani associated with stem canker
and black scurf of potato in China. Eur. J. Plant Pathol. 2015, 143, 99–111. [CrossRef]

40. Gush, S.; Muzhinji, N.; Turter, M.; van der Waals, J.E. First report of Rhizoctonia solani AG-2-2IIIB causing elephant hide on potato
tubers in South Africa. Plant Dis. 2019, 103, 1776. [CrossRef]

41. Murdock, M.R.; Woodhall, J.W.; Maggard, R.; Keith, S.; Harrington, M.; Oropeza, A.; Stokes, B.; Duellman, K.M. First report of
Rhizoctonia solani AG 2-1 causing stem canker of potato (Solanum tuberosum) in Idaho. Plant Dis. 2019, 103, 2130. [CrossRef]

42. Yang, S.; Kong, Y.; Min, F.; Zhang, J.; Wang, L.; Hu, L.; Wang, X. First report of Rhizoctonia solani AG-1-IB infecting potato with
stem canker in Heilongjiang province, China. Plant Dis. 2019, 103, 2126. [CrossRef]

43. Carling, D.E.; Brainard, K.A.; Virgen-Calleros, G.; Olalde-Portugal, V. First report of Rhizoctonia solani AG-7 on potato in Mexico.
Plant Dis. 1998, 82, 127. [CrossRef] [PubMed]

44. Truter, M.; Wehner, F.C. Anastomosis grouping of Rhizoctonia solani associated with black scurf and stem canker of potato in
South Africa. Plant Dis. 2004, 88, 83. [CrossRef] [PubMed]

45. Yanar, Y.; Yilmaz, G.; Cesmeli, I.; Coskun, S. Characterization of Rhizoctonia solani isolates from potatoes in Turkey and screening
potato cultivars for resistance to AG-3 isolates. Phytoparasitica 2005, 33, 370–376. [CrossRef]

46. Harris, A.R. Solid formulations of binucleate Rhizoctonia isolates suppress Rhizoctonia solani and Pythium ultimum in potting
medium. Microbiol. Res. 2000, 154, 333–337. [CrossRef] [PubMed]

47. Herr, L.J. Relationship of binucleate Rhizoctonia isolates used for biocontrol of Rhizoctonia crown rot of sugar beet to anastomosis
systems. Can. J. Microbiol. 1991, 37, 339–344. [CrossRef]

48. Yang, Y.G.; Zhao, C.; Guo, Z.J.; Wu, X.H. Anastomosis groups and pathogenicity of binucleate Rhizoctonia isolates associated with
stem canker of potato in China. Eur. J. Plant Pathol. 2014, 139, 535–544. [CrossRef]

49. Yang, Y.G.; Wu, X.H. First report of potato stem canker caused by binucleate Rhizoctonia AG-A in Jilin province, China. Plant Dis.
2013, 97, 1246. [CrossRef]

50. Muzhinji, N.; Truter, M.; Woodhall, J.W.; van der Waals, J.E. Anastomosis group and pathogenicity of Rhizoctonia solani and
binucleate Rhizoctonia from potato in South Africa. Plant Dis. 2015, 99, 1790–1802. [CrossRef]

http://doi.org/10.1007/s00705-013-1893-2
http://www.ncbi.nlm.nih.gov/pubmed/24197789
http://doi.org/10.1007/s00705-021-05269-7
http://doi.org/10.1007/s00705-021-05270-0
http://doi.org/10.3390/v13112269
http://doi.org/10.1098/rstb.2010.0057
http://doi.org/10.1146/annurev-genet-110711-155600
http://doi.org/10.3389/fmicb.2014.00767
http://doi.org/10.1016/j.funbio.2012.01.005
http://doi.org/10.1128/JVI.00357-16
http://www.ncbi.nlm.nih.gov/pubmed/27194764
http://doi.org/10.3389/fcimb.2019.00244
http://doi.org/10.3390/ijms23169192
http://www.ncbi.nlm.nih.gov/pubmed/36012458
http://doi.org/10.1007/BF02853963
http://doi.org/10.1111/j.1365-3059.1995.tb02664.x
http://doi.org/10.1111/j.1365-3059.2008.01889.x
http://doi.org/10.3852/10-231
http://doi.org/10.1007/s10658-012-0161-8
http://doi.org/10.1007/s10658-015-0668-x
http://doi.org/10.1094/PDIS-10-18-1850-PDN
http://doi.org/10.1094/PDIS-02-19-0364-PDN
http://doi.org/10.1094/PDIS-02-19-0390-PDN
http://doi.org/10.1094/PDIS.1998.82.1.127C
http://www.ncbi.nlm.nih.gov/pubmed/30857051
http://doi.org/10.1094/PDIS.2004.88.1.83B
http://www.ncbi.nlm.nih.gov/pubmed/30812463
http://doi.org/10.1007/BF02981304
http://doi.org/10.1016/S0944-5013(00)80007-5
http://www.ncbi.nlm.nih.gov/pubmed/10772155
http://doi.org/10.1139/m91-055
http://doi.org/10.1007/s10658-014-0409-6
http://doi.org/10.1094/PDIS-10-12-0912-PDN
http://doi.org/10.1094/PDIS-02-15-0236-RE


J. Fungi 2023, 9, 214 18 of 19

51. Escande, A.R.; Echandi, E. Protection of potato from Rhizoctonia canker with binucleate Rhizoctonia fungi. Plant Pathol. 1991, 40,
197–202. [CrossRef]

52. Yang, Y.G.; Zhao, C.; Guo, Z.J.; Wu, X.H. Potato stem canker caused by binucleate Rhizoctonia AG-G in China. J. Gen. Plant Pathol.
2015, 81, 287–290. [CrossRef]

53. Yang, Y.G.; Zhao, C.; Guo, Z.J.; Wu, X.H. Characterization of a new anastomosis group (AG-W) of binucleate Rhizoctonia, causal
agent for potato stem canker. Plant Dis. 2015, 99, 1757–1763. [CrossRef] [PubMed]

54. Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL_X windows interface: Flexible strategies
for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997, 25, 4876–4882. [CrossRef] [PubMed]

55. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef]

56. Zheng, L.; Zhang, M.L.; Chen, Q.G.; Zhu, M.H.; Zhou, E.X. A novel mycovirus closely related to viruses in the genus Alphaparti-
tivirus confers hypovirulence in the phytopathogenic fungus Rhizoctonia solani. Virology 2014, 456, 220–226. [CrossRef]

57. 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]

58. Chen, Y.; Gai, X.T.; Chen, R.X.; Li, C.X.; Zhao, G.K.; Xia, Z.Y.; Zou, C.M.; Zhong, J. Characterization of three novel betapartitiviruses
co-infecting the phytopathogenic fungus Rhizoctonia solani. Virus Res. 2019, 270, 197649. [CrossRef]

59. Ong, J.W.L.; Li, H.; Sivasithamparam, K.; Dixon, K.W.; Jones, M.G.K.; Wylie, S.J. The challenges of using high-throughput sequencing
to track multiple bipartite mycoviruses of wild orchid-fungus partnerships over consecutive years. Virology 2017, 510, 297–304.
[CrossRef]

60. Lyu, R.L.; Zhang, Y.; Tang, Q.; Li, Y.Y.; Cheng, J.S.; Fu, Y.P.; Chen, T.; Jiang, D.H.; Xie, J.T. Two alphapartitiviruses co-infecting a
single isolate of the plant pathogenic fungus Rhizoctonia solani. Arch Virol. 2018, 163, 515–520. [CrossRef]

61. Shi, M.; Lin, X.D.; Tian, J.H.; Chen, L.J.; Chen, X.; Li, C.X.; Qin, X.C.; Li, J.; Cao, J.P.; Eden, J.S.; et al. Redefining the invertebrate
RNA virosphere. Nature 2016, 540, 539–543. [CrossRef] [PubMed]

62. Li, H.; Bian, R.L.; Liu, Q.; Yang, L.; Pang, T.X.; Salaipeth, L.; Andika, I.B.; Kondo, H.; Sun, L.Y. Identification of a novel
hypovirulence-inducing hypovirus from Alternaria alternata. Front. Microbiol. 2019, 10, 1076. [CrossRef] [PubMed]

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

64. Vainio, E.J.; Chiba, S.; Ghabrial, S.A.; Maiss, E.; Roossinck, M.; Sabanadzovic, S.; Suzuki, N.; Xie, J.T.; Nibert, M. ICTV virus
taxonomy profile: Partitiviridae. J. Gen. Virol. 2018, 99, 17–18. [CrossRef] [PubMed]

65. Zhong, J.; Chen, D.; Lei, X.H.; Zhu, H.J.; Zhu, J.Z.; Gao, B.D. Detection and characterization of a novel gammapartitivirus in the
phytopathogenic fungus Colletotrichum acutatum strain HNZJ001. Virus Res. 2014, 190, 104–109. [CrossRef]

66. Jiang, D.H.; Ayllon, M.A.; Marzano, S.Y.L.; Lefkowitz, E.J.; Davison, A.J.; Siddell, S.G.; Sabanadzovic, S.; Simmonds, P.; Smith,
D.B.; Orton, R.J. ICTV virus taxonomy profile: Mymonaviridae. J. Gen. Virol. 2019, 100, 1343–1344. [CrossRef]

67. Zoll, J.; Verweij, P.E.; Melchers, W.J.G. Discovery and characterization of novel Aspergillus fumigatus mycoviruses. PLoS ONE 2018,
13, e0200511. [CrossRef]

68. Xavier, A.D.; de-Barros, A.P.O.; Godinho, M.T.; Zerbini, F.M.; Souza, F.D.; Bruckner, F.P.; Alfenas-Zerbini, P. A novel mycovirus
associated to Alternaria alternata comprises a distinct lineage in Partitiviridae. Virus Res. 2018, 244, 21–26. [CrossRef]

69. Gilbert, K.B.; Holcomb, E.E.; Allscheid, R.L.; Carrington, J.C. Hiding in plain sight: New virus genomes discovered via a
systematic analysis of fungal public transcriptomes. PLoS ONE 2019, 14, e0219207. [CrossRef]

70. Li, S.W.; Li, Y.T.; Hu, C.H.; Han, C.G.; Zhou, T.; Zhao, C.; Wu, X.H. Full genome sequence of a new mitovirus from the
phytopathogenic fungus Rhizoctonia solani. Arch. Virol. 2020, 165, 1719–1723. [CrossRef]

71. Mizutani, Y.; Uesaka, K.; Ota, A.; Calassanzio, M.; Ratti, C.; Suzuki, T.; Fujimori, F.; Chiba, S. De novo sequencing of novel
mycoviruses from Fusarium sambucinum: An attempt on direct RNA sequencing of viral dsRNAs. Front. Microbiol. 2021, 12, 641484.
[CrossRef] [PubMed]

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

73. Hu, Z.J.; Wu, S.S.; Cheng, J.S.; Fu, Y.P.; Jiang, D.H.; Xie, J.T. Molecular characterization of two positive-strand RNA viruses
co-infecting a hypovirulent strain of Sclerotinia sclerotiorum. Virology 2014, 464, 450–459. [CrossRef] [PubMed]

74. Khalifa, M.E.; Pearson, M.N. Characterisation of a novel hypovirus from Sclerotinia sclerotiorum potentially representing a new
genus within the Hypoviridae. Virology 2014, 464, 441–449. [CrossRef]

75. Osaki, H.; Sasaki, A.; Nomiyama, K.; Tomioka, K. Multiple virus infection in a single strain of Fusarium poae shown by deep
sequencing. Virus Genes 2016, 52, 835–847. [CrossRef]

76. Nuss, D.L. Hypovirulence: Mycoviruses at the fungal-plant interface. Nat. Rev. Microbiol. 2005, 3, 632–642. [CrossRef]
77. Hillman, B.I.; Halpern, B.T.; Brown, M.P. A viral dsRNA element of the chestnut blight fungus with a distinct genetic organization.

Virology 1994, 201, 241–250. [CrossRef]
78. Hao, F.M.; Ding, T.; Wu, M.D.; Zhang, J.; Yang, L.; Chen, W.D.; Li, G.Q. Two novel hypovirulence-associated mycoviruses in the

phytopathogenic fungus Botrytis cinerea: Molecular characterization and suppression of infection cushion formation. Viruses 2018,
10, 254. [CrossRef]

http://doi.org/10.1111/j.1365-3059.1991.tb02367.x
http://doi.org/10.1007/s10327-015-0594-y
http://doi.org/10.1094/PDIS-01-15-0036-RE
http://www.ncbi.nlm.nih.gov/pubmed/30699503
http://doi.org/10.1093/nar/25.24.4876
http://www.ncbi.nlm.nih.gov/pubmed/9396791
http://doi.org/10.1093/molbev/mst197
http://doi.org/10.1016/j.virol.2014.03.029
http://doi.org/10.1093/ve/veaa058
http://doi.org/10.1016/j.virusres.2019.197649
http://doi.org/10.1016/j.virol.2017.07.031
http://doi.org/10.1007/s00705-017-3627-3
http://doi.org/10.1038/nature20167
http://www.ncbi.nlm.nih.gov/pubmed/27880757
http://doi.org/10.3389/fmicb.2019.01076
http://www.ncbi.nlm.nih.gov/pubmed/31156589
http://doi.org/10.3389/fpls.2018.01738
http://www.ncbi.nlm.nih.gov/pubmed/30542362
http://doi.org/10.1099/jgv.0.000985
http://www.ncbi.nlm.nih.gov/pubmed/29214972
http://doi.org/10.1016/j.virusres.2014.05.028
http://doi.org/10.1099/jgv.0.001301
http://doi.org/10.1371/journal.pone.0200511
http://doi.org/10.1016/j.virusres.2017.10.007
http://doi.org/10.1371/journal.pone.0219207
http://doi.org/10.1007/s00705-020-04664-w
http://doi.org/10.3389/fmicb.2021.641484
http://www.ncbi.nlm.nih.gov/pubmed/33927702
http://doi.org/10.1016/j.virusres.2014.12.023
http://www.ncbi.nlm.nih.gov/pubmed/25550075
http://doi.org/10.1016/j.virol.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25104554
http://doi.org/10.1016/j.virol.2014.07.005
http://doi.org/10.1007/s11262-016-1379-x
http://doi.org/10.1038/nrmicro1206
http://doi.org/10.1006/viro.1994.1289
http://doi.org/10.3390/v10050254


J. Fungi 2023, 9, 214 19 of 19

79. Smart, C.D.; Yuan, W.; Foglia, R.; Nuss, D.L.; Fulbright, D.W.; Hillman, B.I. Cryphonectria hypovirus 3, a virus species in the
family Hypoviridae with a single open reading frame. Virology 1999, 265, 66–73. [CrossRef]

80. Yaegashi, H.; Kanematsu, S.; Ito, T. Molecular characterization of a new hypovirus infecting a phytopathogenic fungus, Valsa
ceratosperma. Virus Res. 2012, 165, 143–150. [CrossRef]

81. Linder-Basso, D.; Dynek, J.N.; Hillman, B.I. Genome analysis of Cryphonectria hypovirus 4, the most common hypovirus species
in North America. Virology 2005, 337, 192–203. [CrossRef] [PubMed]

82. Wang, S.C.; Kondo, H.; Liu, L.; Guo, L.H.; Qiu, D.W. A novel virus in the family Hypoviridae from the plant pathogenic fungus
Fusarium graminearum. Virus Res. 2013, 174, 69–77. [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.

http://doi.org/10.1006/viro.1999.0039
http://doi.org/10.1016/j.virusres.2012.02.008
http://doi.org/10.1016/j.virol.2005.03.038
http://www.ncbi.nlm.nih.gov/pubmed/15914232
http://doi.org/10.1016/j.virusres.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23499998

	Introduction 
	Materials and Methods 
	Fungal Strains 
	Extraction of Total RNA 
	Metatranscriptome Sequencing 
	Genome Organization and Phylogenetic Analysis 
	Virus Names 

	Results 
	Comparison of Mycoviral Diversity in BNR and MNR 
	Genome Organization and Phylogenetic Analysis of Putative Members of theFamily Partitiviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of theFamily Mitoviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of theFamily Hypoviridae 

	Discussion 
	References

