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Abstract: In the present study, sixteen novel RNA mycoviruses co-infecting a single strain of Rhi-
zoctonia zeae (strain D40) were identified and molecularly characterized using metatranscriptome
sequencing combined with a method for rapid amplification of cDNA ends. The fungal strain was
isolated from diseased seedlings of sugar beet with damping-off symptoms. Based on genome
analysis and phylogenetic analysis of amino acid sequences of RNA-dependent RNA polymerase,
the sixteen mycoviruses associated with strain D40 contained three genome types with nine distinct
lineages, including positive single-stranded RNA (Hypoviridae, Yadokariviridae, Botourmiaviridae, and
Gammaflexiviridae), double-stranded RNA (Phlegiviridae, Megabirnaviridae, Megatotiviridae, and
Yadonushiviridae), and negative single-stranded RNA (Tulasviridae), suggesting a complex composi-
tion of a mycoviral community in this single strain of R. zeae (strain D40). Full genome sequences of
six novel mycoviruses and the nearly full-length sequences of the remaining ten novel mycoviruses
were obtained. Furthermore, seven of these sixteen mycoviruses were confirmed to assemble virus
particles present in the R. zeae strain D40. To the best of our knowledge, this is the first detailed study
of mycoviruses infecting R. zeae.

Keywords: sixteen novel mycoviruses; co-infection; Rhizoctonia zeae; metatranscriptome; rapid
amplification of cDNA ends

1. Introduction

Mycoviruses are viruses infecting fungi and are widespread in major taxa of fungi [1].
After the discovery of the first mycovirus in the edible mushroom Agaricus bisporus
in 1962, numerous thorough studies were performed to explore the diversity of my-
coviruses in the kingdom of fungi, including phytopathogenic, medical, endophytic, ento-
mopathogenic, edible, and biocontrol fungi [2-6]. According to the latest ICTV taxonomy
report and accepted list of all mycoviruses in the ICTV Master Species List 2022 MSL38.v3
(https:/ /ictv.global /msl, accessed on 11 September 2023), there are 30 families and two
genera consisting of a total of 491 mycovirus species. The majority of mycoviruses reported
have RNA genomes, including twelve families (Alphaflexiviridae, Barnaviridae, Botourmi-
aviridae, Deltaflexiviridae, Endornaviridae, Fusariviridae, Gammflexiviridae, Hadakaviridae, Hy-
poviridae, Mitoviridae, Narnaviridae, and Yadokariviridae) with positive single-stranded RNA
(+ssRNA) genomes, ten families (Alternaviridae, Amalgaviridae, Chrysoviridae, Curvulaviridae,
Megabirnaviridae, Partitiviridae, Polymycoviridae, Quadriviridae, Spinareoviridae, and Totiviri-
dae) and one genus (Botybirnavirus) with double-stranded RNA (dsRNA) genomes, five
families (Discoviridae, Mymonaviridae, Phenuiviridae, Rhabdoviridae, and Tulasviridae) with
negative single-stranded RNA (—ssRNA) genomes, and two families (Metaviridae and
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Pseudoviridae) with reverse transcribing RNA (RT-RNA) genomes; one family with an ss-
DNA genome (Genomoviridae) and one genus with a dSDNA genome (Rhizidioivirus) have
also been reported to accommodate mycoviruses (https:/ /ictv.global /msl, accessed on
11 September 2023).

Co-infection or mixed infection (a single strain infected with two or more related or
unrelated viruses) is a common feature of mycovirus infection [7]. Metatranscriptome
sequencing is a possibly unbiased virus-hunting tool that can further explore +ssRNA,
dsRNA, —ssRNA, and ssDNA viruses in fungi [8,9]. Using the metatranscriptome sequence
method, the co-infection event was found to be common in diverse fungi [2,10-15]. For
example, nine mycoviruses were identified through metatranscriptome sequencing in a
single strain SX276 of Sclerotinia sclerotiorum and assigned to eight potential families [12];
sixteen mycoviruses were found by metatranscriptome sequencing from a single strain
MAFF 240,374 of Fusarium poae, harboring dsRNA, +ssRNA, and —ssRNA viruses assigned
to more than eight families [13]; and seventeen viral species within eight families were
discovered by metatranscriptome sequencing in an avirulent strain DC17 of Rhizoctonia
solani [2].

Rhizoctonia is a soil-borne plant pathogen with a wide host range and causes various
important crop diseases that result in significant economic losses, including diseases of rice
sheath blight, maize banded leaf and sheath blight, potato black scurf and stem canker, and
sugar beet seedling damping-off and root rot [16-20]. It is reported that Rhizoctonia hosts
a large range of viruses, but some of them are still unclassified [16]. The first mycovirus
in Rhizoctonia is reported by Butler and Castano [21]. Since then, numerous research
studies related to mycoviruses associated with Rhizoctonia and the virus diversity in this
pathogenic genus have been published [2,16]. To date, multiple mycoviruses have been
reported to infect Rhizoctonia; most of them have accommodated the +ssRNA genome,
followed by the dsRNA and —ssRNA genomes [16]. Among the mycoviruses associated
with Rhizoctonia, some of them belong to well-studied families, including Barnaviridae,
Botourmiaviridae, Deltaflexiviridae, Endornaviridae, Hypoviridae, Megabirnaviridae, Mitoviridae,
Narnaviridae, Fusariviridae, and Partitiviridae, while some of them belong to proposed
families or unclassified ones [16,22,23].

In this study, using the metatranscriptome sequencing method combined with rapid
amplification of cDNA ends (RACE) and Sanger sequencing, sixteen novel mycoviruses
(seven +ssRNA viruses, seven dsRNA viruses, and two —ssRNA viruses) were identified
and characterized to co-infect R. zeae strain D40. Full-length genomes of six (RzHV1,
RzOLV1, RzOLV2, RzRV1, RzRV2, and RzBYV1) of the 16 novel mycoviruses were obtained.
Moreover, the genomic and phylogenetic properties of the 16 new mycoviruses present in
R. zeae strain D40 were studied.

2. Materials and Methods
2.1. Extraction and Purification of RNA

Strain D40 was isolated from diseased seedlings of sugar beet with the symptom
of damping-off and identified to be R. zeae using previously reported method [19,20,24].
Samples were collected from Qiqihaer city, Heilongjiang province of China, in 2010. Mycelia
of D40 strain was cultured on potato dextrose agar (PDA) plates with cellophane film
membranes (PDA-CF) at 25 °C in the dark for five days before extracting total RNA and
dsRNA. Total RNA was extracted using RNAiso Plus (TaKaRa, Dalian, China) according
to the manufacturer’s instructions. DsRNA of strain D40 was extracted using the CF-11
cellulose (Sigma-Aldrich, St. Louis, MI, USA) chromatography method, as previously
described [25]. In order to remove polysaccharides and pigment from mycelia, addition
of Fruit-mate™ for RNA Purification (TaKaRa) and High-Salt Solution for Precipitation
(Plant) (TaKaRa) was conducted during extraction of both total RNA and dsRNA according
to the manufacturer’s instructions.
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2.2. Metatranscriptome Sequencing

Metatranscriptome sequencing of R. zeae strain D40 was carried out by Shanghai
Biotechnology Corporation using an Illumina NovaSeq 6000 platform for paired-end se-
quencing. Sequencing libraries were established from rRNA-depleted total RNA samples
of strain D40 using a Zymo-Seq RiboFree Total RNA Library Prep Kit (Zymo Research,
California, CA, USA). Library quality assessment was determined on a Qubit® 2.0 Flu-
orometer (Invitrogen, Carlsbad, CA, USA) and Agilent Technologies 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Low-quality reads and fungi mRNA se-
quences were filtered out from the resulting raw reads, and thus high-quality clean reads
were obtained. A de novo assembly of the primary unigenes was constructed using CLC
Genomics Workbench version 6.0.4 software. Final unigenes were assembled using CAP3
EST software. The resulting final unigenes were queried against the National Center for
the Biotechnology Information (NCBI) non-redundant (NR) database and aligned using
BLASTX to obtain homologous sequences of mycoviruses. The unmatched contigs, both
with size of nucleotides over 1.5 kb and number of reads over 1000, were kept [26].

2.3. Validation of Mycoviruses in Strain D40

To verify the presence of putative mycoviruses in strain D40, reverse transcription poly-
merase chain reaction (RT-PCR) was performed using specific primers (listed in Table S1)
designed according to the results of metatranscriptome sequencing. To confirm the viral
sequences, especially for the less assembled region with obscure N bases and/or frag-
ments/gaps from certain viral contigs, amplification using specific primers (listed in
Table S2) designed based on the de novo assembled sequences was conducted. Total
RNA of strain D40 was reversely amplified to synthesize first-strand complementary DNA
(cDNA) using Moloney murine leukemia virus (M-MLV) reverse-transcriptase and ran-
dom primer pd(N)¢ (TaKaRa) according to the manufacturer’s instructions. The amplified
products were used as a template in subsequent RT-PCR amplifications. The PCR was
performed in a total volume of 25 pL, containing 12.5 uL 2x Power Tag PCR MasterMix
(0.1 U/uL DNA polymerase, 3 mM Mg?* plus buffer, and 500 uM dNTP) (Beijing Tiany-
ihuiyuan Co., Ltd., Beijing, China), 9.5 pL deionized water, 1 pL of primer pair (10 uM),
and 1 pL cDNA template. RT-PCR was performed in an Eppendorf Mastercycler gradient
thermal cycler (Eppendorf, Hamburg, Germany) using the following program: initial
denaturation at 95 °C for 3 min, followed by 35 cycles of denaturing at 95 °C for 30 s,
annealing at temperature of the primer pairs (listed in Tables S1 and S2) for 30 s, extension
at 72 °C for 1 min, and a final extension at 72 °C for 10 min. After examination of amplified
product with 1% agarose gel electrophoresis, target bands were cut and purified using
a gel extraction kit (Aidlab Biotechnologies, Beijing, China). All the amplified products
mentioned above were cloned into pClone007 Versatile Simple Vector (TsingKe, Beijing,
China) and transformed into Escherichia coli Trelief™ 5« cells (TsingKe) and sequenced
by Sanger sequencing (TsingKe). The amplicons were sequenced and compared with the
metatranscriptome-derived sequences.

2.4. Determination of Full-Length cDNAs of Putative Mycoviruses

The 5'- and 3’-terminal sequences of the putative mycoviruses were determined by
RACE method using a SMARTer RACE 5’ /3’ Kit (TaKaRa). The 5'-RACE was performed
using the SMARTer RACE 5’ /3’ Kit as instructed. The 3'-RACE was performed through
addition of a polyA tail to the RNA fragments using the polyA polymerase (TaKaRa)
followed by an oligo-dT-adapter primer. A series of nested PCR amplifications were then
performed using gene-specific primers (GSPs) and Universal Primer Mix (UPM). GSPs
used to amplify 5’- and 3'-terminal sequences are listed in Table S3. The amplified products
were cloned into pClone007 Versatile Simple Vector (TsingKe) and transformed into E. coli
Trelief™ 5« cells (TsingKe) and sequenced by Sanger sequencing (TsingKe). The identity of
each base was determined using at least three independent clones that were sequenced in
both directions.
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2.5. Sequence Analysis and Phylogenetic Analysis

The complete cDNA sequence of each mycovirus was assembled by combining the
metatranscriptome sequences with gap sequences and/or terminal sequences using DNA-
MAN software 7.0 (Lynnon Biosoft, CA, USA). The confirmed complete genome sequences
of six mycoviruses and partial genome sequences of ten mycoviruses were submitted
to NCBI database. Viral sequences of each virus assembled from the metatranscrip-
tome data, gap sequences, and terminal sequences were used as queries to search the
NCBI non-redundant protein database of GenBank using BLASTx. ORF predictions were
performed using OREF finder (https://www.ncbinlm.nih.gov/orffinder/, accessed on
11 September 2023) from NCBI, and predictions were made by selecting the “standard”
genetic code for all viral contigs. The molecular mass of protein encoded by each ORF was
predicted by DNAMAN software 7.0. The predicted amino acid (aa) sequences were ana-
lyzed through a BLASTp search with standard settings. The putative function of ORF was
predicted based on the result of BLASTp best match. Conserved domains were identified
using the conserved domain database (https://www.ncbi.nlm.nih.gov/cdd/, accessed on
11 September 2023).

CLUSTAL_X was used to perform multiple alignments of aa sequences of RdRp or
helicase domains [27]. The maximum likelihood (ML) phylogenetic trees were constructed
using the IQ-TREE version 2.2.2.6 software with 1000 ultrafast bootstrap replicates, and
the best-fit amino acid substitution models were identified using ModelFinder [28-30].
Phylogenetic trees were visualized in FigTree version 1.4.4 software (http://tree.bio.ed.ac.
uk/software/figtree/, accessed on 11 September 2023).

2.6. Extraction of Virions and Confirmation of Mycoviruses That Assemble Virions

R. zeae strain D40 was cultured on PDA-CF plates for five days in the dark at 25 °C.
Approximately 10 g of fresh mycelia were collected and ground to a fine powder in liquid
nitrogen. The mycelial powder was then used to extract virus particles as previously
described [23]. The obtained virus particles were suspended in 100 uL phosphate-buffered
saline (PBS, 0.01 M, pH 7.2), stained with 2% (w/v) uranyl acetate, and observed with a
transmission electron microscope (TEM) (HT7800, HITACHI, Tokyo, Japan).

To confirm which virus was responsible for assembling virions, total RNA was ex-
tracted from the virion suspension using TRIzol Reagent (Aidlab Biotechnologies) to
synthesize first-strand cDNA according to the methods described in Section 2.3. The result-
ing PCR product was then used as a template for RT-PCR. RT-PCR was conducted using
specific primers (listed in Table S1) designed based on the viral contigs.

3. Results
3.1. Identification of Mycoviruses Present in R. zeae Strain D40

Multiple bands of dsRNA extracted from R. zeae strain D40 were visualized via
electrophoresis, indicating the presence of multiple dsSRNA mycoviruses and/or replicative
intermediates of ssSRNA mycoviruses (Figure S1). Metatranscriptome sequencing on an
[lumina NovaSeq 6000 platform was conducted to characterize the mycovirome associated
with R. zeae strain D40, resulting in a total of 53,737,284 raw reads with 8.06 Gb sequence
information. After filtering out 3.7% of raw reads, the resulting clean reads were de novo
assembled into 30,032 contigs with length >200 nt. Raw data were deposited into the
Sequence Read Archive (SRA) under the accession number SAMN33386006. After filtering,
contigs, both with a size of nucleotides over 1.5 kb and a number of reads over 1000, were
kept, and sixteen viral sequences were further assembled and confirmed to be present in R.
zeae strain D40 by RT-PCR (Figure 1).

Complete or partial genomic sequences were obtained by metatranscriptome sequenc-
ing, completed by Sanger sequencing of gaps, when possible, as well as by determination
of RNA ends. Based on the results of virus validation, sixteen mycoviruses putatively
identified to be present in strain D40 belonged to nine taxonomic lineages, namely Hypoviri-
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dae, Yadokariviridae, Botourmiaviridae, Gammaflexiviridae, Phlegiviridae, Megabirnaviridae,
Megatotiviridae, Yadonushiviridae, and Tulasviridae (Table 1).

1000 bp—
750 bp—

500 bp—

250 bp—
100 bp—

Figure 1. Identification of mycoviruses associated with Rhizoctonia zeae strain D40. Confirmation of
mycoviruses present in strain D40 by reverse transcription polymerase chain reaction (RT-PCR). Prod-
ucts amplified by RT-PCR were visualized by 1% agarose gel electrophoresis. M: DNA marker DL2000.

Table 1. The information of the sixteen mycoviruses (Rhizoctonia zeae hypovirus 1, Rhizoctonia zeae
hypovirus 2, Rhizoctonia zeae yadokarivirus 1, Rhizoctonia zeae yadokarivirus 2, Rhizoctonia zeae
ourmia-like virus 1, Rhizoctonia zeae ourmia-like virus 2, Rhizoctonia zeae gammaflexivirus 1, Rhi-
zoctonia zeae dsRNA virus 1, Rhizoctonia zeae dsRNA virus 2, Rhizoctonia zeae megabirnavirus 1,
Rhizoctonia zeae megatotivirus 1, Rhizoctonia zeae megatotivirus 2, Rhizoctonia zeae yadonushiv-
irus 1, Rhizoctonia zeae yadonushivirus 2, Rhizoctonia zeae bunyavirus 1, and Rhizoctonia zeae
bunyavirus 2) present in Rhizoctonia zeae strain D40.

Virus name Accession Length BLASTx Best Match Identloty of aa E-Value Genome Family/Order
Number (nt) (%) Type
Rhizoctonia zeae 559646 12,558 Mycosphaerella 31.50 3x 107170 1ssRNA Hypoviridae
hypovirus 1 hypovirus A
Rhizoctonia zeae 55967 13,543 Ceratobasidium 46.14 0 +ssSRNA Hypoviridae
hypovirus 2 hypovirus A
Rhizoctonia zeae Aspergillus
adokariviras 1 00Q559673 6755 homomorphus 45.16 2 x 10715 +ssRNA Yadokariviridae
¥ yadokarivirus 1
Rhizoctonia zeae Aspergillus
adokarivirus 2 0Q559674 7116 homomorphus 47.04 2 x 107177 +ssRNA Yadokariviridae
¥ yadokarivirus 1
Rhizoctonia zeae 550647 2959 Leucocoprinus 44.95 2x10%  4ssRNA  Botourmiaviridae
ourmia-like virus 1 ourmiavirus B
Rhizoctonia zeae 0Q559668 4221 Agaricus bisporus 43.17 1x 10749  4+ssRNA  Botourmiaviridae
ourmia-like virus 2 virus 15
gﬁfggﬁztiﬁizel 0Q559675 6971 Botrytis virus F 34.44 3 x 10712 +ssRNA Gammaflexiviridae
Rhizoctonia zeae Rhizoctonia solani proposed
RNA virus 1 0Q559669 12,529 dsRNA virus 18 4252 0 dsRNA Phlegiviridae
Rhizoctonia zeae Rhizoctonia solani proposed
RNA virus 2 0Q559670 10,448 dsRNA virus 18 4243 0 dsRNA Phlegiviridae
Rhizoctonia zeae 55967 7933 Rhizoctonia solani 37.44 1x1073  dsRNA  Megabirnaviridae

megabirnavirus 1

megabirnavirus 2
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Table 1. Cont.

Virus name Accession Length BLASTx Best Match Identloty of aa E-Value Genome Family/Order
Number (nt) (%) Type
Rhlzoctoplfa zeae 0Q559677 5909 Roselhma. necatrix 4419 0 dsRNA propc.)s.ec:.l
megatotivirus 1 megatotivirus 1 Megatotiviridae
Rhizoctonia zeae 55967 12,923 Rosellinia necatrix 41.08 0 dsRNA proposed
megatotivirus 2 megatotivirus 1 Megatotiviridae
Rhizoctonia zeae Ceratobasidium proposed
yadonushi virus 1 0Q559679 4421 virus A 48.28 0 dsRNA Yadonushiviridae
Rhizoctonia zeae Ceratobasidium proposed
yadonushi virus 2 0Q359680 4463 virus A 48.48 0 dsRNA Yadonushiviridae
R}gzocma Z09¢ 0Qss9e71 13,355 Agrocybe praecox 32.08 7x107119  —ssRNA Tulasviridae
unyavirus 1 tulasvirus 1
Rhizoctonia zeae - 0550681 12,043 Tulasnella 3141 8x 107101 —ssRNA Tulasviridae

bunyavirus 2 bunyavirales-like 1

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

Sequences of contig201 and contig1743 assembled from metatranscriptome data were
identified to be two new members of the family Hypoviridae, which were named Rhizoctonia
zeae hypovirus 1 (RzHV1) and Rhizoctonia zeae hypovirus 2 (RzHV2), respectively. The
whole genome sequence of RzHV1, whose full genome was 12,588 nt in size with a 51.7%
G+C content (GenBank accession no. 0OQ559666), excluding a polyA tail, was obtained
using the data of metatranscriptome sequencing combined with the RACE method. The
5'- and 3/-UTRs of RzHV1 were 136 nt and 332 nt in length, respectively. RzHV1 con-
tains four predicted ORFs (Figure 2A): ORF1 (137-1531 nt), ORF2 (1733-6109 nt), ORF3
(6188-10,090 nt), and ORF4 (10,373-12,226 nt). ORF1 encodes a putative protein of 464
aa (molecular mass: 52.708 kDa) in length, ORF2 encodes RdRp of 1458 aa (molecular
mass: 162.997 kDa) in length with a conserved domain of ps-ssRNAv_Hypoviridae_RdRp
(cd23170,2.23 x 10~17), and ORF3 and ORF4 encode putative proteins of 1300 aa (molecular
mass: 146.728 kDa) and 617 aa (molecular mass: 68.582 kDa) in length, respectively.

RzHV2 was identified from metatranscriptome sequencing with a near full-length
genome of 13,525 nt (GenBank accession no. 0Q559672) excluding the polyA tail, which
contains four predicted ORFs (Figure 2A): ORF1 (605-5257 nt), ORF2 (6040-9906 nt),
ORF3 (10,400-11,965 nt), and ORF4 (12,148-13,299 nt). ORF1 encodes a putative pro-
tein of 1550 aa (molecular mass: 171.462 kDa) in length; ORF2 encodes a polyprotein of
1288 aa (molecular mass: 167.771 kDa) in length with three conserved domains, namely
ps-ssRNAv_Hypoviridae_RdRp (cd23170, 1.46 x 10~17), DEAD/DEAH box helicase (Hell)
(pfam00270, 1.89 x 10’03), and SF2_C_RHA: C-terminal helicase domain of the RNA
helicase A (Hel2) (cd18791, 6.05 x 1071%); and ORF3 and ORF4 encode putative pro-
teins of 521 aa (molecular mass: 58.649 kDa) and 383 aa (molecular mass: 43.028 kDa) in
length, respectively.

A homology search with BLASTp showed that the complete aa sequence of RdRp
encoded by ORF2 of RzHV1 and RzHV2 were the most closely related to that of RdRp of
Mycosphaerella hypovirus A (31.50% identity) and Ceratobasidium hypovirus A (46.14%
identity), respectively. However, ORF1 and ORF4 of RzHV1 or ORF3 and ORF4 of RzHV2
showed no significant sequence identity with proteins in the database of NCBI using a
BLASTYp search. The RdRp domain of RzZHV1 and RzHV2 contains eight conserved motifs
(I-VII) with a GDD tripeptide within motif VI (Figure S2A). The Hel domains (Hell and
Hel2) of RzHV2 contain six conserved motifs (I-VI) with a DEAH tetrapeptide within motif
III (Figure S2B).
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QKW91274.1 Botrytis cinerea hypovirus 5
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10 QED42897.1 Mycosphaerella hypovirus A New Genus?

L‘: Rhizoctonia zeae hypovirus 2 Y
AOX47536.1 Ceratobasidium hypovirus A
BAVS56305.1 Fusarium poae hypovirus 1
YP_010799233.1 Agaricus bisporus virus 2
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NP_613266.1 Cryphonectria hypovirus 2
ALD89099.1 ina phaseolina hypovirus 1
AZT88611.1 Fusarium graminearum hypovirus 1 Alphahypovirus
YP_009342443.1 Wuhan insect virus 14
QFR36339.1 Alternaria alternata hypovirus 1

Epsilonhypovirus

Figure 2. Genome organization of Rhizoctonia zeae hypovirus 1 (RzHV1) and Rhizoctonia zeae
hypovirus 2 (RzHV2) and maximum likelihood tree depicting the relationships of the predicted
amino acid (aa) sequences of RNA-dependent RNA polymerase (RARp) of assembled sequences with
identities to members of the family Hypoviridae. (A) Genome organizations of RzZHV1 and RzHV2.
Open reading frames (ORFs) are shown as boxes. Three conserved domains in RdRp, DEAD/DEAH
box helicase (Hell (DEAD)), and SF2_C_RHA (Hel2) are shown in blue box, borrow box, and red box,
respectively. (B) Maximum likelihood phylogenetic tree was constructed based on the aa sequences
of RdRp of RzHV1, RzHV2, along with 26 representative hypoviruses using IQ-TREE with the best-fit
model “VT+F+R5”. Numbers on the branches indicate the percentage of bootstrap support from
1000 replicates. The red stars indicate the position of RzHV1 and RzHV2.

To understand the phylogenetic relationships among RzHV1, RzHV2, and 26 other
related viruses, phylogenetic analysis based on the aa sequences of RdRp of hypoviruses
was performed (Figure 2B). These 28 hypoviruses were classified into nine groups, in-
cluding eight genera (Alphahypovirus, Betahyovirus, Gammahypovirus, Deltahypovirus, Ep-
silonhypovirus, Zetahypovirus, Thetahypovirus, and Etahypovirus) of the family Hypoviridae
(Figure 2B). RzHV1 and RzHV?2 are distant from these eight genera mentioned above and
form an independent phylogenetic group. RzHV1 and RzHV?2 clustered with red-mite-
associated hypovirus 1, Mycosphaerella hypovirus A, and Ceratobasidium hypovirus A.
Taken together, on the basis of the unique genome organization of four ORFs, low identities
of BLASTp, and phylogenetic position, one new genus was proposed to be established in
the family Hypoviridae to accommodate RzHV1, RzHV2, and other related hypoviruses.

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

Contig764 and contig351 were identified from metatranscriptome sequencing with
homologies of yadokariviruses, which were designated as Rhizoctonia zeae yadokarivirus 1
(RzYkV1) and Rhizoctonia zeae yadokarivirus 2 (RzYkV2), respectively. The near full-length
genome sequences of RzYkV1 and RzYkV2 are 6775 nt (GenBank accession no. OQ559673)
and 7116 nt (GenBank accession no. 0Q559674) in length, respectively. Genomes of both
RzYkV1 and RzYkV2 are composed of a single ORF, which encodes a protein of 1478 aa
(molecular mass: 167.652 kDa) and a protein of 1718 aa (molecular mass: 194.131 kDa),
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with a conserved domain of RNA_dep_RNAP (cd01699, 9.72 x 1017 and 1.05 x 10715,
respectively), respectively (Figure 3A). The results of a BLASTp search indicated that the
complete aa sequences of RdRp of RzYkV1 and RzYkV2 shared the highest identities with
that of Aspergillus homomorphus yadokarivirus 1 of 45.16% and 47.04%, respectively.
Seven conserved motifs (A-G) with a GDD tripeptide within motif C were found in RdRp
of RzYkV1 and RzYkV2 (Figure S3A). In addition, 2A-like motifs were discovered in
RzYkV1 (GDVHPNPGP, 888-896 aa) and RzYkV2 (GDVHPNPGP, 1043-1051 aa), which
are conserved in yadokariviruses (Figure S3B) [31].
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Figure 3. Genome organization of Rhizoctonia zeae yadokarivirus 1 (RzYkV1) and Rhizoctonia zeae
yadokarivirus 2 (RzYkV2) and maximum likelihood tree depicting the relationships of the predicted
amino acid (aa) sequences of RNA-dependent RNA polymerase (RdRp) of assembled sequences
with identities to members of the family Yadokariviridae. (A) Genome organizations of RzYkV1 and
RzYkV2. Open reading frames (ORFs) are shown as boxes. One conserved domain in RdRp is shown
in blue box. (B) Maximum likelihood phylogenetic tree was constructed based on the aa sequences
of RdRp of RzYkV1, RzYkV2, and 12 other representative yadokariviruses using IQ-TREE with the
best-fit model “VT+F+R4”. Numbers on the branches indicate the percent bootstrap support from
1000 replicates. The red stars indicate the position of RzZYKV1 and RzZYKV2.

To understand phylogenetic relationships among RzYkV1, RzYkV2, and 12 other
related viruses, phylogenetic analysis based on aa sequences of RdARp of yadokariviruses
was performed (Figure 3B). Selected yadokariviruses within the family Yadokariviridae were
divided into two distinct clades, Alphayadokarivirus and Betayadoakarivirus. RzYkV1 and
RzYkV2 were closely clustered with Rhizoctonia solani mycovirus 1 in the subclade of
betayadokariviruses.

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

Two contigs (contig69 and contig132) obtained from metatranscriptome sequencing
were identified to show homologies with botourmiaviruses using BLASTX, representing
two new members of the family Botourmiarviridae and were named Rhizoctonia zeae ourmia-
like virus 1 (RzOLV1) and Rhizoctonia zeae ourmia-like virus 2 (RzOLV2), respectively. The
full-length genomes of RzZOLV1 and RzOLV2 were amplified through serial RT-PCR ampli-
fication with specific primers (Table S2) to confirm the accuracy of the assembled sequences.
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RzOLV1 was identified with a full genome size of 2959 nt with a G+C content of 55.1%
(GenBank accession no. 0Q559667). The 5’- and 3’-UTRs of RzOLV1 were 465 nt and 553 nt
in length, respectively. ORF prediction reveals that RzZOLV1 consists of a single ORF of 1941
nt (466-2406 nt), which encodes a protein of 646 aa (molecular mass: 111.151 kDa) in length
with a conserved domain of ps-ssRNAv_Botourmiaviridae_RdRp (cd23183, 2.15 x 10746)
(Figure 4A). The termini of RzZOLV1 harbored a G-pentamer (GGGGG) at the 5'-terminus
and a C-pentamer (CCCCC) at the 3'-terminus, which are also found in another ourmi-
avirus [32]. The full-length genome of RzOLV2 was 4221 nt with a 55.7% G+C content
(GenBank accession no. 0Q559668), which contained a single ORF of 2985 nt (11794163 nt)
encoding a protein of 994 aa (molecular mass: 72.463 kDa) in length with a conserved
domain of ps-ssRNAv_Botourmiaviridae_RdRp (cd23183, 1.39 x 10~1) (Figure 4A). The
5'- and 3’-UTRs of RzOLV2 were 1178 nt and 58 nt in length, respectively.
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Figure 4. Genome organization of Rhizoctonia zeae ourmia-like virus 1 (RzOLV1) and Rhizoctonia
zeae ourmia-like virus 2 (RzOLV2) and maximum likelihood tree depicting the relationships of
the predicted amino acid (aa) sequences of RNA-dependent RNA polymerase (RdRp) of assem-
bled sequences with identities to members of the three families, Botourmiaviridae, Mitoviridae, and
Narnaviridae. (A) Genome organizations of RzZOLV1 and RzOLV2. Open reading frames (ORFs)
are shown as boxes. One conserved domain in ps-ssRNAv_Botourmiaviridae_RdRp is shown in
blue box. (B) Maximum likelihood phylogenetic tree was constructed based on the aa sequences of
RdRp of RzOLV1, RzOLV2, and 63 other representative viruses of the three families, Botourmiaviridae,
Mitoviridae, and Narnaviridae, using IQ-TREE with the best-fit model “VT+F+R6”. Numbers on the
branches indicate the percent bootstrap support from 1000 replicates. The red stars indicate the
position of RzZOLV1 and RzOLV2.

A homology search with BLASTp showed that the complete aa sequence of single
ORF of RzOLV1 was the most closely (44.95% identity) related to that of RdRp of Leuco-
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coprinus ourmiavirus B, while the complete aa sequence of single ORF of RzOLV2 was
the most closely (43.65% identity) related to that of RdRp of Agaricus bisporus virus 15.
Multiple alignments of the aa sequences of RzOLV1, RzOLV2, and seven other represen-
tative members in the family Botourmiaviridae showed that eight motifs (I-VIII) with a
GDD tripeptide within motif VI were identified from RzOLV1 and RzOLV2 (Figure 54). A
phylogenetic tree constructed based on aa sequences of RARp of members within the three
families, Botourmiaviridae, Mitoviridae, and Narnaviridae, showed that botourmiaviruses
were divided into 12 major clades belonging to 12 classified genera (Figure 4B). RzOLV2
clustered with members of the genus Rhizoulivirus, while RZOLV1 clustered with members
of the genus Magoulivirus.

3.5. Genome Organization and Phylogenetic Analysis of Putative Members of the
Family Gammaflexiviridae

Contig797, assembled from metatranscriptome data, was identified to be a new member
of the family Gammaflexiviridae, which was named Rhizoctonia zeae gammaflexivirus 1
(RzGFV1). The near full-length genome of RzGFV1 is 6971 nt (GenBank accession no.
0Q559675), excluding the polyA tail. Three ORFs, ORF1 (157-3945 nt), ORF2 (3186-5918 nt),
and ORF3 (6159-6857 nt), were predicted from RzGFV1 (Figure 5A), with ORF1 being
overlapped with ORF2. ORF1 encodes a protein of 1262 aa (molecular mass: 135.275 kDa)
in length, which contains one conserved domain of Vmethyltransf: viral methltransferase
(Met) (pfam01660, 4.34 x 10~38); ORF2 encodes a polyprotein of 910 aa (molecular mass:
101.623 kDa) in length, which contains two conserved domains, including viral_helicasel
(Hel) (pfam01443, 1.64 x 10~%°) and RdRp_2 (pfam00978, 5.66 x 10~%%); and ORF3 encodes
a protein of 232 aa in length (molecular mass: 25.666 kDa) with an unknown function.
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Figure 5. Genome organization of Rhizoctonia zeae gammaflexivirus 1 (RzGFV1) and maximum
likelihood tree depicting the relationships of the predicted amino acid (aa) sequences of RNA-
dependent RNA polymerase (RdRp) of assembled sequences with identities to members of the
order Tymovirales. (A) Genome organization of RZGFV1. Open reading frames (ORFs) are shown as
boxes. Three conserved domains in viral methltransferase (Met), viral_helicasel (Hel), and RdRp_2
(RdRp) are shown in green box, orange box, and blue box, respectively. (B) Maximum likelihood
phylogenetic tree was constructed based on the aa sequences of the core conserved domain of RARp
of RzGFV1 and 23 other representative viruses of the order Tymovirales using IQ-TREE with the
best-fit model “Q.pfam+I1+G4”. Numbers on the branches indicate the percent bootstrap support
from 1000 replicates. The red star indicates the position of RzGFV1.
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Results of a BLASTp search showed that the complete aa sequence of ORF1 of RzGFV1
shared the highest identities (28.95%) with that of the replicase of Sclerotinia sclerotiorum
gammaflexivirus 1, and the complete aa sequence of ORF2 of RzGFV1 was closest (34.77%
identity) with that of the replicase of Botrytis virus F. However, ORF3 of RzGFV1 had no
significant sequence identity with proteins in the database of NCBI using a BLASTp search.
Multiple alignments of the aa sequences of RARp of RzGFV1 and other gammaflexiviruses
showed that eight motifs (I-VIII) with a GDD tripeptide within motif VI were identified
from RzGFV1 (Figure S5). A phylogenetic tree constructed based on the aa sequences of
RdRp of RzGFV1 and 23 other viruses within the order Tymovirales indicated that RzGFV1
clustered with members of the family Gammaflexiviridae in a separate subclade (Figure 5B).

3.6. Genome Organization and Phylogenetic Analysis of Putative Members of the Order Ghabrivirales

Nine contigs (contig75, contig620, contig7030, contig9453, contig4186, contig6273,
contig496, contig3587, and contig3588) related to members of the order Ghabrivirales were
identified from the metatranscriptome data.

Contig75 and contig620 were identified to be phylogenetically related to the members
of the proposed family Phlegiviridae, which were named Rhizoctonia zeae RNA virus
1 (RzRV1) and Rhizoctonia zeae RNA virus 2 (RzRV2), respectively. The full length of
RzRV1 is 12,529 nt with a G+C content of 53.6% (GenBank accession no. OQ559669). The
5'- and 3’-UTRs of RzRV1 were 1524 nt and 962 nt in length, respectively. Two ORFs, ORF1
(1525-7656 nt) and ORF2 (7878-11,567 nt), were predicted from RzRV1 (Figure 6A). ORF1
encodes a protein of 2043 aa (molecular mass: 222.141 kDa) in length; ORF2 encodes a
protein of 1229 aa (molecular mass: 135.887 kDa) in length, which contains a conserved
domain of RdRp_4 (pfam02123, 1.55 x 10~19). The full length of RzZRV2 is 10,448 nt with
54.4% G+C content (GenBank accession no. OQ559670). The 5'- and 3’-UTRs of RzRV2
are 350 nt and 55 nt in length, respectively. Two ORFs, ORF1 (351-6482 nt) and ORF2
(6704-10,393 nt), were predicted from RzRV2. ORF1 encodes a protein of 2043 aa (molec-
ular mass: 222.213 kDa) in length, which contains a conserved domain of SMC_pork_B
(TIGR02168, 7.41 x 10~%); ORF2 encodes a protein of 1229 aa (molecular mass: 135.981 kDa)
in length. Moreover, the ORF2 of these two viruses both contain a conserved domain of
RdRp_4 (pfam02123, 1.34 x 10~ !8). Based on a BLASTp search, the complete aa sequences
of ORF2 of both RzRV1 and RzRV2 shared the highest identities with that of RdRp of
Rhizoctonia solani dsRNA virus 18 at 42.52% and 42.43%, respectively.

Contig7030, contig9453, and contig4186 were subjected to a BLASTx search, and the
results indicated that these three contigs all exhibited homologies with megabirnaviruses.
The gaps between contig7030, contig9453, and contig4186 were filled by RT-PCR with
specific primers (listed in Table S2) designed based on the three contigs, which were
assembled as a single viral sequence with the size of 7933 nt. We nominated this viral
sequence of Rhizoctonia zeae megabirnavirus 1 (RzMBV1) and its near full-length genome
and deposited them into NCBI (GenBank accession no. 0Q559676). RzZMBV1 contains two
predicted ORFs (Figure 6A), ORF1 (51-4334 nt) and ORF2 (4349-7861 nt), with an intergenic
region of 15 nt between the two ORFs. ORF1 is predicted to be 1427 aa (molecular mass:
153.632 kDa) long and has the highest identity of 28.02% to the hypothetical protein of
Rhizoctonia solani megabirnavirus 2 using a BLASTp search; ORF2 encodes a protein of
1170 aa (molecular mass: 130.127 kDa) in length, which is the most closely (37.97% identity)
related to RdRp of Pleosporales megabirnavirus 1.
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Figure 6. Genome organization of Rhizoctonia zeae megabirnavirus 1 (RzMBV1), Rhizoctonia zeae
RNA virus 1 (RzRV1), Rhizoctonia zeae RNA virus 2 (RzRV2), Rhizoctonia zeae megatotivirus 1
(RzMTV1), Rhizoctonia zeae megatotivirus 2 (RzMTV2), Rhizoctonia zeae yadonushivirus 1 (RzYnV1),
and Rhizoctonia zeae yadonushivirus 2 (RzZYnV2) and maximum likelihood tree depicting the
relationships of the predicted amino acid (aa) sequences of RNA-dependent RNA polymerase
(RdRp) of assembled sequences with identities of members of the family Megabirnaviridae and three
proposed families: Phlegiviridae, Megatotiviridae, and Yadonushiviridae. (A) Genome organizations
of RzMBV1, RzRV1, RzZRV2, RzMTV1, RzMTV2, RzMTV1, and RzZMTV2. Open reading frames (ORFs)
are shown as boxes. Two conserved domains in RdRp and SMC_pork_B (SMC) care are shown in blue
box and gray box, respectively. (B) Maximum likelihood phylogenetic tree was constructed based on
the aa sequences of RdRp of RzMBV1, RzRV1, RzRV2, RzMTV1, RzZMTV2, RzZYnV1, and RzYnV2
and six megabirnaviruses, five phlegiviruses, two megatotiviruses, and four yadonushiviruses using
IQ-TREE with the best-fit model “Q.pfam+F+R4”. Numbers on the branches indicate the percent
of bootstrap support from 1000 replicates. The red stars indicate the position of RzZMBV1, RzRV1,
RzRV2, RzMTV1, RzMTV2, RzYnV1, and RzZYnV2.

Two contigs (contig6273 and contig496) were identified to share homologies with
the members of the proposed family Megatotiviridae, which were designated as Rhizoc-
tonia zeae megatotivirus 1 (RzMTV1) and Rhizoctonia zeae megatotivirus 2 (RzMTV2),
respectively. The near full-length genome of RzMTV1 is 5909 nt (GenBank accession
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no. 0Q559677), with two ORFs (ORF1 and ORF2) separated by an intergenic region
(2086-2354 nt) (Figure 6A). ORF1 (142-2085 nt) encodes a protein of 647 aa (molecular
mass: 72.243 kDa) in length; ORF2 (2355-5816 nt) encodes a protein of 1153 aa (molecular
mass: 132.406 kDa) in length, which contains a conserved domain of RdRp_4 (pfam02123,
1.40 x 10~%). The near full-length genome of RzZMTV2 is 12,923 nt (GenBank accession
no. 0Q559678) in length with two ORFs (ORF1 and ORF2) separated by an intergenic
region (8989-9164 nt) (Figure 6A). ORF1 (76-8988 nt) encodes a protein of 2970 aa (molec-
ular mass: 328.789 kDa) in length; ORF2 (9165-12,770 nt) encodes a protein of 1201 aa
(molecular mass: 138.633 kDa) in length, which contains a conserved domain of RdRp_4
(pfam02123, 3.72 x 10~'1). A homology search with BLASTp showed that the complete
aa sequences of ORF1 of RzZMTV1 and RzMTV2 were the most closely related to that of
coat protein (CP) of Rosellinia necatrix megatotivirus 1 (31.20% and 27.68% identities,
respectively), and the complete aa sequences of ORF2 of RzMTV1 and RzMTV2 were the
most closely related to that of RARp of Rosellinia necatrix megatotivirus 1 (45.05% and
41.68% identities, respectively).

Two contigs (contig3587 and contig3588) with high pairwise identity (86.56%) with
each other were identified from metatranscriptome data and had the highest homologies
with yadonushiviruses, which were tentatively named Rhizoctonia zeae yadonushivirus
1 (RzYnV1) and Rhizoctonia zeae yadonushivirus 2 (RzYnV2), respectively. Attempts
to amplify the full sequences of complete ORF encoding CP of these two viruses were
unsuccessful. Both of the partial sequences of RzYnV1 and RzYnV2 were predicted to
contain one complete ORF encoding RdRp (Figure 6A). The partial sequence of RzZYnV1 is
4421 nt (GenBank accession no. 0Q559679) in length. One ORF (831-3911 nt) of 1026 aa
(molecular mass: 116.961 kDa) is predicted from a partial sequence of RzYnV1, which
contains a conserved domain of RdRp_4 (pfam02123, 1.80 x 10~%). The partial sequence
of RzYnV2 is 4463 nt (GenBank accession no. 0OQ559680) in length. One ORF (902-3982 nt)
of 1026 aa (molecular mass: 116.961 kDa) is predicted from a partial sequence of RzZYnV2,
which also contains a conserved domain of RdRp_4 (pfam02123, 1.72 x 10-%). A homology
search with BLASTp showed that the complete aa sequences of ORF of RzZYnV1 and RzYnV2
were the most closely related to that of RdRp of Ceratobasidium virus A with 49.41% and
49.62% identities, respectively.

Multiple alignments of aa sequences of RdRp of the seven dsRNA viruses (RzRV1,
RzRV2, RzMBV1, RzMTV1, RzMTV2, RzYnV1, and RzYnV2) within the order Ghabrivirales
showed that there were eight conserved motifs (I-VIII), seven of which had a tripeptide
GDD in the motif VI (Figure S6). To identify the phylogenetic status of the seven my-
coviruses related to the order Ghabrivirales, a phylogenetic tree was constructed based on
the complete aa sequences of RdRp of these seven mycoviruses and 17 other ghabriviruses
(Figure 6B). As a result, RzZRV1 and RzRV2 clustered with members in the proposed family
Phlegiviridae in a separate subclade; RZMBV1 clustered with Pleosporales megabirnavirus
1, Rosellinia necatrix megabirnavirus 1/W?779, Sclerotinia sclerotiorum megabirnavirus
1, and Rosellinia necatrix megabirnavirus 2-W8 in a separate subclade; RzMTV1 and
RzMTV2 clustered with Rosellinia necatrix megatotivirus 1 and Picoa juniperi megato-
tivirus 1 in a clade; and RzZYnV1 and RzYnV2 clustered with four other yadonushiviruses
in a separated subclade.

3.7. Genome Organization and Phylogenetic Analysis of Putative Members of the Proposed
Family Tulasviridae

Contig900 and contig3951, related to two novel mycoviruses, were obtained from
metatranscriptome data, which were tentatively designated as Rhizoctonia zeae bunyavirus
1 (RzBYV1) and Rhizoctonia zeae bunyavirus 2 (RzBYV2), respectively. The complete
genome sequence of RzBYV1, whose full length was 13,355 nt with a 34.7% G+C content
(GenBank accession no. OQ559671), was obtained using the RACE method. The 5'- and
3’-UTRs of RzBYV1 were 292 nt and 922 nt in length, respectively. One ORF of 4046 aa
(molecular mass: 453.726 kDa) is predicted from the genome sequence of RzBYV1 and
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contains a conserved domain of Bunya_RdRp (pfam04196, 6.28 x 10~°) (Figure 7A). The
near full length of RzBYV2 is 12,043 nt (GenBank accession no. 0Q559681). One single ORF
of 3887 aa (molecular mass: 469.866 kDa) is predicted from the sequence of RzBYV2 and also
contains the conserved domain of RzBYV1 of Bunya_RdRp (pfam04196, 1.10 x 10~°). The
genome organization of RzBYV1 and RzBYV?2 is similar to that of Sclerotinia sclerotiorum
bunyavirus 1, Sclerotinia sclerotiorum bunyavirus 2, Sclerotinia sclerotiorum bunyavirus 3,
Sclerotinia sclerotiorum bunyavirus 4, Tulasnella bunyavirales-like virus 1, Botrytis cinerea
orthobunya-like virus 1, and Phytophthora condilina negative-stranded RNA virus 2, all of
which belong to the family Tulasviridae [11].
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Figure 7. Genome organization of Rhizoctonia zeae bunyavirus 1 (RzBYV1) and Rhizoctonia zeae
bunyavirus 2 (RzBYV2) and maximum likelihood tree depicting the relationships of the predicted
amino acid (aa) sequences of RNA-dependent RNA polymerase (RARp) of assembled sequences with
similarities to members of the two orders (Bunyavirales and Mononegavirales). (A) Genome organi-
zations of RzBYV1 and RzBYV2. Open reading frames (ORFs) are shown as boxes. One conserved
domain in Bunya_RdRp (RdRp) is shown in blue boxes. (B) Maximum likelihood phylogenetic
tree was constructed based on the aa sequences of the core conserved domain of RdRp of RzBYV1,
RzBYV2, and 52 other representative viruses of the two orders (Bunyavirales and Mononegavirales)
using IQ-TREE with the best-fit model “VT+F+R5”. Numbers on the branches indicate the percent
bootstrap support from 1000 replicates. The red stars indicate the position of RzZBYV1 and RzBYV2.

A BLASTp search showed that the complete aa sequence of ORF of RzBYV1 shared
the closest identity (31.86%) with that of RdRp of Agrocybe praecox tulasvirus 1, and the
complete aa sequence of ORF of RzBYV2 shared the highest identity (31.65%) with that
of RdRp of Tulasnella bunyavirales-like 1. Multiple alignments of the aa sequences of
RdRp of RzBYV1, RzBYV2, and ten other related members showed that seven conserved
motifs (A-F and H) with an SDD tripeptide within motif C were found (Figure S7), which
is the same as the characteristics of members within the family Tulasviridae. A phylogenetic
tree was constructed based on the core region of the putative RdRp protein of RzBYV1,
RzBYV2, and 52 other mycoviruses within the two orders, Bunyavirales and Mononegavirales,
indicating that RzBYV1 and RzBYV2 clustered with the members of the family Tulasviridae
in a separate clade (Figure 7B).
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3.8. Confirmation of Mycoviruses Contributing to the Assembly of Virus Particles in D40 and
Observations of Virus Particles

RT-PCR was conducted to confirm the viruses from the extracted virion suspension
contributing to the assembly of virus particles. As a result, RzZYnV1, RzYnV2, RzMTV]1,
RzMTV2, RzRV1, RzRV2, and RzYkV2 present in strain D40 were identified to be respon-
sible for assembling virions, while sequence evidence for the nine other mycoviruses
(RzYkV1, RzHV1, RzHV2, RzOLV1, RzOLV2, RzGFV1, RzBYV2, RzBYV1, and RzZMBV1)
was not obtained from extracted virion suspension (Figure S8).

Further confirmation of viral infection was obtained through observation of virions.
Spherical or pleomorphic particles around 80 nm in diameter and pleomorphic particles
around 50 nm in diameter were observed (Figure S9A,B). For RzZYnV1 and RzYnV2, a type
of spherical particle of approximately 40 nm in diameter was observed, as expected for
yadonushiviruses (Figure S9B,C) [33].

4. Discussion

In this study, sixteen novel mycoviruses co-infecting R. zeae strain D40 were identi-
fied and molecularly characterized. Moreover, full genome sequences of six mycoviruses
(RzHV1, RzOLV1, RzOLV2, RzRV1, RzRV2, and RzBYV1) were obtained. Among these six-
teen mycoviruses, seven mycoviruses (RzHV1 and RzHV2 within the family Hypoviri-dae,
RzYkV1 and RzYkV2 within the family Yadokariviridae, RzZOLV1 and RzOLV2 within the fam-
ily Botourmiaviridae, and RzGFV1 within the family Gammaflexiviridae) contained +ssRNA
genome, seven mycoviruses (RzRV1, RzRV2, RzMBV1, RzMTV1, RzMTV2, RzYnV1, and
RzYnV2) within the order Ghabrivirales contained dsRNA genome, and two mycoviruses
(RzBYV1 and RzBYV2) within the family Tulasviridae contained —ssRNA genome. Accord-
ing to the classification criteria designated by ICTV, RzHV1, RzHV2, RzYkV1, RzYkV2,
RzOLV1, and RzOLV2 were identified to be novel species. Due to species demarcation
criteria, they were not applicable on the website of ICTV. Based on genome organization,
aa sequence identity, and phylogenetic analysis, the ten other mycoviruses were also spec-
ulated to be novel species. To the best of our knowledge, it is the first detailed study of
mycoviruses infecting R. zeae.

Metatranscriptome sequencing combined with RT-PCR has revealed the genome
structures of many mycoviruses and has helped to provide a better understanding of
the co-infection of mycoviruses [8,26,34]. As the virosphere in fungi is tremendous and
needs more exploration, new species of mycoviruses can possibly be discovered using
metatranscriptome sequencing. However, the limitation of metatranscriptome sequencing
methods utilized in this study is that only viral sequences containing the conserved domains
previously known to be associated with virus genomes can be retrieved, which may
overlook mycovirus sequences related to the putative multipartite fragments and sequences
lacking conserved region compared with discovered mycoviruses [35,36].

Co-infection of mycoviruses in a single strain is common in diverse fungi [7]. There
are many reports documenting a single strain co-infected by +ssRNA viruses only or by
both +ssRNA viruses and dsRNA viruses simultaneously [2,23,37-39]. The mixed infection
of mycoviruses containing +ssRNA, dsRNA, and —ssRNA genome types in a single strain
is rarely reported [12]. In the present study, it is the first report of mycoviruses containing
three genome types (+ssRNA, dsRNA, and —ssRNA) that co-infect a single strain of
Rhizoctonia. Co-infection patterns of viruses in fungi are various, indicating the complexity
of mycovirosphere in a single strain. Furthermore, co-infection of mycoviruses in fungi
will provide a platform for discoveries of virus—virus interactions, including synergistic,
antagonistic, and mutualistic interactions between unrelated viruses [40].

Reported members of the family Hypoviridae possess one or two ORFs [41]. However,
in our study, two hypoviruses (RzHV1 and RzHV2) were identified to possess four discon-
tinuous ORFs. With the exception of RdRp, no other conserved domains were found in
RzHV1, while three conserved domains, including one RdRp domain and two Hel domains
(DEAD (Hell) and SF2_C_RHA (Hel2)), were identified in RzHV2. The phenomenon of
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two helicases co-existing in a single virus has been reported in fusariviruses, deltaflex-
iviruses, and some plant viruses [12,23]. Recent studies reported that two helicase domains
located in the same mycovirus might indicate the horizontal gene transfer event or gene
duplication [11,12]. However, more studies are needed to confirm whether a recombination
genome or gene duplication event happened in RzHV2 or not. Interestingly, conserved
catalytic motif GDD was conserved in both RzZHV1 and RzHV2. However, in most hy-
poviruses, GDD was substituted with SDD [42,43]. Based on the results of phylogenetic
analysis, it is worth noting that RzHV1 and RzHV2 do not belong to the established genera
in the family Hypoviridae. Moreover, the genome organization of RzZHV1 and RzHV2 is
significantly different from previously reported hypoviruses. Therefore, we propose to
establish one new genus in the family Hypoviridae to accommodate RzHV1, RzHV2, and
other related members. Further studies on the exploitation of novel hypoviruses are needed
to describe the molecular properties of viruses in the family Hypoviridae in more detail.

Yadokariviridae is a newly approved family containing +ssRNA genome by ICTV, which
received approval on December 2022 (https:/ /ictv.global /report/chapter/yadokariviridae/
yadokariviridae, accessed on 28 March 2023) [44]. The first yadokarivirus, namely YKV1,
was discovered from the fungus Rosellinia necatrix, co-infecting with YnV1 [33]. Since
then, several yadokariviruses were identified from Sclerotinia sclerotiorum, Picoa juniperi,
Plasmopara veticola, Penicillium aurantiogriseum, and Aspergillus homomorphus [45-49]. In
addition to the RARp domain located in the central region of the single polyprotein of
yadokariviruses, a 2A-like peptide motif (DXEXNPG | P, where ‘x’ = any aa and ‘]’ indicates
the cleavage site) is present in the C-proximal region, which is considered to be involved
in ‘ribosome skip’ [31,50]. Using multiple alignments of aa sequences, a 2A-like motif
was identified in RzZYkV1, RzYkV2, and other yadokariviruses. The phylogenetic analysis
indicated that RzZYkV1 and RzYkV2 clustered with betayadokariviruses. The species
demarcation criteria of new yadokariviruses from ICTV involve both phylogenetic position
and nucleotide or aa sequence identity. Taken together, based on the analysis of genome
organization, low homology identity (BLASTp identities of 45.16% and 47.04% for RzYkV1
and RzYkV2, respectively), and phylogenetic analysis, RzZYkV1 and RzYkV2 are recognized
to be new members of the genus Betayadokarivirus within the family Yadokariviridae.

The family Botourmiaviridae accommodates 12 genera, namely Ourmiavirus, Botoulivirus,
Magoulivirus, Scleroulivirus, Penoulivirus, Betabotoulivirus, Betarhizolivirus, Betascleroulivirus,
Deltascleroulivirus, Epsilonscleroulivirus, Gammascleroulivirus, and Rhizoulivirus [51]. We
identified two novel ourmia-like mycoviruses (RzOLV1 and RzOLV2) in strain D40, both of
which contained a single ORF with a conserved RdRp domain. The genome of RzZOLV1 is
specific in the termini of the G tract and its complementary structure, which may inhibit
the digestive activity of exonucleases from helping viruses escape from antiviral defenses,
and similar terminal structures have been found in the genome of some mitoviruses,
narnaviruses, and ourmiaviruses [32,52-54]. RzOLV1 clustered with the members of the
genus Magoulivirus within the family Botourmiaviridae. RzOLV2 clustered with members
of the genus Rhizoulivirus, which was generated from the host Rhizoctonia and harbored
most botoumiaviruses identified from Rhizoctonia, in accord with the presumption of
co-evolution with host [14]. Complete aa sequence identities of putative RdRp proteins
between different viruses in the genus Rhizoulivirus are less than 90%. Based on the highest
identities (BLASTp identities of 43.65% and 44.95%, respectively, for RzZOLV1 and RzOLV2)
of the complete aa sequences of RdRp and phylogenetic analysis, RzOLV1 and RzOLV2 are
proposed to be new members of the family Botourmiaviridae.

The family Gammaflexiviridae, as well as four other families, namely Tymoviridae, Al-
phaflexiviridae, Betaflexiviridae, and Gammaflexiviridae, belongs to the order Tymovirales (the
ninth report of the ICTV: https:/ /ictv.global/report_9th, accessed on 28 March 2023).
The host range of members in the order Tymovirales includes plants and fungi, but gam-
maflexiviruses have only been found to infect filamentous fungi [36]. Previously discov-
ered members of the family Gammaflexiviridae contain one single segment with two or
three ORFs encoding RdRp, CP, HP, or MP. Except for Pistacia-associated flexivirus 1, the
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genomes of other gammaflexiviruses, including Entoleuca gammaflexivirus 1, Entoleuca
gammaflexivirus 2, and Botrytis virus F, contain discontinuous ORFs. The genome of
RzGFV1 consists of a single segment with three ORFs. Among them, ORF1 and ORF2 over-
lapped, and there was a discontinuous pattern between ORF2 and ORF3. Additionally, a
viral methyltransferase-conserved domain was identified in ORF1, and the helicase domain
and RdRp domain were identified in ORF2, while ORF3 was relatively short with unknown
function. Previous reports indicated that the presence of methyltransferase domain might
suggest the capping of the 5'-end of the genomic RNA [55]. The species demarcation criteria
from ICTV to identify new members of the family Gammaflexiviridae are not applicable.
However, based on genome organization, complete aa sequence identity of RARp (BLASTp
highest identity of 34.77%), and phylogenetic analysis, RzZGFV1 was proposed to be a new
member of the family Gammaflexiviridae.

Ghabrivirales is an order hosting seven families containing the dsRNA genome, in-
cluding Megabirnaviridae, Yadonushiviridae, Megatotiviridae, Chrysoviridae, Quadriviridae,
Totiviridae, and Fusagraviridae [49]. In the present study, members of the three families,
Megabirnaviridae, Yadonushiviridae, and Megatotiviridae, belonging to the order Ghabrivi-
rales and the proposed family Phlegiviridae closely related to the order Ghabrivirales were
identified from strain D40. The genomes of RzRV1, RzRV2, RzMBV1, RzMTV1, RzMTV2,
RzYnV1, and RzYnV2 identified from the order Ghabrivirales in this study consist of one
single segment containing two discontinuous ORFs, encoding CP and RdRp, respectively.

Phlegiviridae was proposed by Picarelli et al. in 2019 [14]. A conserved domain of
SMC was found in RzRV2 and was named chromosome segregation ATPase or structural
maintenance of chromosomes domain, which is considered to play central roles in regulat-
ing order chromosome dynamics from bacteria to humans [56,57]. In addition, this unique
domain was also found in Corynespora cassiicola fusarivirus 1, Fusarium graminearum hy-
povirus 2, and Rhizoctonia solani dsRNA virus 11 (phlegivirus) [57-59]. The phylogenetic
analysis of members of the order Ghabrivirales indicated that phlegiviruses were closely
related to megabirnaviruses in a separate clade. Previous reports have revealed the phylo-
genetic correspondence of phlegivirus, megabirnavirus, and totivirus [14,57,60]. Based on
similar genomic characteristics, phylogenetic analysis, and multiple alignments of seven
mycoviruses and members of the four families (Phlegiviridae, Megabirnaviridae, Megato-
tiviridae, and Yadonushiviridae), the members of the proposed family Phlegiviridae were
closely related to the members in the order Ghabrivirales, inferring that this family might be
a member of the order Ghabrivirales. Phlegiviridae is a newly proposed family without suf-
ficient properties to be referred to. Two novel phlegiviruses with full-length genomes were
identified in this study, which will further help classify the proposed family Phlegiviridae.

Megabirnaviridae is a member of the order Ghabrivirales. Most megabirnaviruses
have two dsRNA segments, and the larger segment contains two ORFs with a ribosomal
frameshifting mechanism (a shifty heptamer) [61]. However, the genome of Rhizoctonia
solani RNA virus HN008 (a member closely related to megabirnaviruses) and RzZMBV1
do not contain shifty heptamer but contain two discontinuous ORFs [57,62]. However,
the species demarcation criteria of the family Megabirnaviridae from ICTV have not been
defined. Taken together, based on the unique organization of RzZMBV1, low BLASTp iden-
tity of complete aa sequence of RdRp (the highest of 37.97%), and phylogenetic analysis,
RzMBV1 is proposed to be a new member of the family Megabirnaviridae.

Megatotiviridae is a member of the order Ghabrivirales as well and was proposed by
Arjona-Lopez et al. in 2018 [10]. To date, two mycoviruses, Picoa juniperi megatotivirus
1 (PjMTV1) and Rosellinia necatrix megatotivirus 1 (RnMTV1), have been reported to be
members of the proposed family Megatotiviridae. In our study, there are two members
(RzMTV1 and RzMTV2) belonging to the proposed family Megatotiviridae. The genome
length of RzMTV2 with complete ORFs is 12,984 nt, which is similar to the genome of
PjMTV1 (13,313 nt in length) and RnMTV1 (12,430 nt in length). However, the genome
length of RzMTV1 with complete ORFs is 5909 nt, being significantly different from these
three megatotiviruses. The identification of RZMTV1 and RzMTV2 enriched the members of
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the family Megatotiviridae. Taken together, based on genome organization, low homology
identity (the highest BLASTp identities of 45.05% and 41.68% for complete aa sequences of
RdRp of RzMTV1 and RzMTV2, respectively), and phylogenetic analysis, RzZMTV1 and
RzMTV2 are speculated to be novel members of the proposed family Megatotiviridae.

Yadonushiviridae is another member of the order Ghabrivirales. We failed, however, to
determine the complete ORF encoding CP of RzZYnV1 and RzYnV2, which may be due to
the low titer of the two mycoviruses. However, the results of the confirmation of these two
mycovirus-assembling virions, which can be observed under TEM, further confirmed the
presence of RzZYnV1 and RzYnV2. Additionally, the size of spherical particles of RzYnV1
and RzYnV2 were around 40 nm in diameter, which were expected to be similar to the size
of virions of yadonushiviruses [33].

Up to now, reports on particle morphologies of RzZRV1, RzRV2, RzMTV1, and RzMTV2
are still absent. In this study, the particles of 40 nm, 50 nm, and 80 nm in diameter were
possibly the morphology of these four viruses. However, more evidence is needed to
support this presumption. The species demarcation criteria of the four families (Phlegiviri-
dae, Megabirnaviridae, Yadonushiviridae, and Megatotiviridae) were not defined. Based on
the results of genome organization and phylogenetic analysis, RzZRV1, RzRV2, RzMTV1,
RzMTV2, RzYnV1, RzYnV2, and RzMBV1 are proposed to be new members of these
four families.

Bunyavirales is a large virus order consisting of fourteen families recognized by ICTV
(https:/ /ictv.global /taxonomy, accessed on 28 March 2023). However, recent studies ex-
panded the taxonomy of members within the order Bunyavirales, including Mycophenuiviri-
dae, Rhisobunyaviridae, etc. [34]. In our study, two viruses (RzBYV1 and RzBYV2) related
to bunyaviruses shared the highest complete aa sequence identities with that of RdRp
of Agrocybe praecox tulasvirus 1 (31.86%) and Tulasnella bunyavirales-like 1 (31.65%),
respectively. Seven motifs found in RzBYV1 and RzBYV2 are in correspondence with the
conserved motifs found in the members within the two families (Mycophenuiviridae and
Tulasviridae) [11]. Collectively, based on genome organization, multiple alignment analysis,
and phylogenetic analysis, RzBYV1 and RzBYV2 are proposed to be new members of the
family Tulasviridae.

In this study, we described the molecular properties of sixteen novel RNA mycoviruses
co-infecting a single strain of R. zeae strain D40 and obtained full-length genomes of six
novel mycoviruses. To the best of our knowledge, no gammaflexiviruses, megatotiviruses,
or tulasviruses have previously been reported from Rhizoctonia, and thus, this study ex-
pands the diversity of mycoviruses present in Rhizoctonia. Moreover, proposals of newly
discovered viruses are raised in this study, including the proposal of one new genus in the
family Hypoviridae, which further enriches the diversity of mycovirus taxonomy. In conclu-
sion, our findings shed light on the variations of mycovirus diversity in Rhizoctonia and
provide new insights into viral taxonomy and evolution and the co-infection of different
mycoviruses. However, the virus—virus interactions in D40 and virus-host interactions are
still unclear and need further experimental verification in the future.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jof10010030/s1. Figure S1: The double-stranded RNA (dsRNA)
extracted from myecelia of Rhizoctonia zeae strain D40 was stained with ethidium bromide and per-
formed in 1.5% agarose gel electrophoresis. M: 250 bp DNA Ladder; D40: dsRNA extracted from
R. zeae strain D40. Figure S2: Multiple alignments of amino acid (aa) sequences of RNA-dependent
RNA polymerase (RdRp) of Rhizoctonia zeae hypovirus 1 (RzHV1) and Rhizoctonia zeae hypovirus
2 (RzHV2) and helicase (Hel) of RzHV2. (A) Multiple aa alignments of RdRp of RzHV1, RzHV2, and
five representative hypoviruses, in which eight conserved motifs (I-VIII) are indicated. (B) Multiple
aa alignments of Hel of RzZHV2 and six other representative hypoviruses, in which six conserved
motifs (I-VI) are indicated. “*” indicates identical amino acids, “:” indicates highly chemically similar
amino acids, and “.” indicates less chemically similar amino acids. Sequence information for all
viruses selected is listed in Table S4. Figure S3: Amino acid (aa) sequence properties of RzZYkV1
and RzYkV2. (A) Multiple alignments of aa sequences of RNA-dependent RNA polymerase (RdRp)
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encoded by RzYkV1, RzYkV2, and eleven other representative yadokariviruses, in which seven
motifs (A-G) are indicated. (B) Multiple alignments of aa sequences of 2A-like motifs in the members
of the family Yadokariviridae. “*” indicates identical amino acids, “:” indicates highly chemically
similar amino acids, and “.” indicates less chemically similar amino acids. Sequence information for
all viruses selected is listed in Table S4. Figure S4: Multiple alignments of amino acid (aa) sequences
of RNA-dependent RNA polymerase (RdRp) encoded by RzOLV1, RzOLV2, and seven other repre-
sentative botourmiaviruses, in which eight motifs (I-VIII) are indicated. “*” indicates identical amino
acids, “:” indicates highly chemically similar amino acids, and “.” indicates less chemically similar
amino acids. Sequence information for all viruses selected is listed in Table S4. Figure S5: Multiple
alignments of amino acid (aa) sequences of RNA-dependent RNA polymerase (RdRp) encoded by
RzGFV1 and five other representative gammaflexiviruses, in which eight motifs (I-VIII) are indicated.
“*” indicates identical amino acids, indicates highly chemically similar amino acids, and “.” in-
dicates less chemically similar amino acids. Sequence information for all viruses selected is listed
in Table S4. Figure S6: Multiple alignments of amino acid (aa) sequences of RNA-dependent RNA
polymerase (RdRp) encoded by RzRV1, RzRV2, RzMTV1, RzMTV2, RzYnV1, RzYnV2, RzMBV1, and
eight other representative ghabriviruses, in which eight motifs (I-VIII) are indicated. “*” indicates
identical amino acids, “:” indicates highly chemically similar amino acids, and “.” indicates less
chemically similar amino acids. Sequence information for all viruses selected is listed in Table S4.
Figure S7: Multiple alignments of amino acid (aa) sequences of RNA-dependent RNA polymerase
(RdRp) encoded by RzBYV1, RzBYV2, and ten other representative bunyaviruses, in which seven
motifs (A-F, H) are indicated. “*” indicates identical amino acids, “:” indicates highly chemically
similar amino acids, and “.” indicates less chemically similar amino acids. Sequence information

“,r

for all selected viruses is listed in Table S4. Figure S8: Products amplified by reverse transcription
polymerase chain reaction (RT-PCR) using primers designed based on nucleotide sequences of each
mycovirus and visualized using 1% agarose gel electrophoresis analysis to confirm the mycoviruses
contributing to the assembly of virions. Figure S9: Observation of virions with transmission electron
microscope (TEM). (A) Blue arrows point to the virus particles with about 50 nm in diameter, and
purple arrows point to the virus particles with about 80 nm in diameter. (B) The purple arrow points
to the virus particles with about 80 nm in diameter, and the red arrow points to the virus particles
with about 40 nm in diameter. (C) The red arrow points to the virus particles that are about 40 nm in
diameter. Table S1: Primer pairs used to identify the sixteen mycoviruses (Rhizoctonia zeae hypovirus
1, Rhizoctonia zeae hypovirus 2, Rhizoctonia zeae yadokarivirus 1, Rhizoctonia zeae yadokarivirus
2, Rhizoctonia zeae ourmia-like virus 1, Rhizoctonia zeae ourmia-like virus 2, Rhizoctonia zeae
gammaflexivirus 1, Rhizoctonia zeae dsRNA virus 1, Rhizoctonia zeae dsRNA virus 2, Rhizoctonia
zeae megabirnavirus 1, Rhizoctonia zeae megatotivirus 1, Rhizoctonia zeae megatotivirus 2, Rhi-
zoctonia zeae yadonushivirus 1, Rhizoctonia zeae yadonushivirus 2, Rhizoctonia zeae bunyavirus
1, and Rhizoctonia zeae bunyavirus 2) present in Rhizoctonia zeae strain D40 and to confirm the
mycoviruses that assemble into virions by reverse transcript polymerase chain reaction (RT-PCR).
Table S2: Primer pairs designed based on the results from metatranscriptome sequencing to validate
less assembled regions with obscure N bases and/or fragments/gaps of the sixteen mycoviruses
(Rhizoctonia zeae hypovirus 1, Rhizoctonia zeae hypovirus 2, Rhizoctonia zeae yadokarivirus 1,
Rhizoctonia zeae yadokarivirus 2, Rhizoctonia zeae ourmia-like virus 1, Rhizoctonia zeae ourmia-like
virus 2, Rhizoctonia zeae gammaflexivirus 1, Rhizoctonia zeae dsRNA virus 1, Rhizoctonia zeae
dsRNA virus 2, Rhizoctonia zeae megabirnavirus 1, Rhizoctonia zeae megatotivirus 1, Rhizoctonia
zeae megatotivirus 2, Rhizoctonia zeae yadonushivirus 1, Rhizoctonia zeae yadonushivirus 2, Rhi-
zoctonia zeae bunyavirus 1, and Rhizoctonia zeae bunyavirus 2) present in Rhizoctonia zeae strain
D40 by reverse transcript polymerase chain reaction (RT-PCR). Table S3: Primers used to determine
the untranslated regions (UTR) of the six mycoviruses (Rhizoctonia zeae hypovirus 1, Rhizoctonia
zeae ourmia-like virus 1, Rhizoctonia zeae ourmia-like virus 2, Rhizoctonia zeae dsRNA virus 1,
Rhizoctonia zeae dsRNA virus 2, and Rhizoctonia zeae bunyavirus 1) present in Rhizoctonia zeae strain
D40. Table S4: The information on reference viruses retrieved from GenBank database (National
Center for the Biotechnology Information) and used to conduct multiple alignments.

Author Contributions: Conceptualization, X.W. and S.L.; methodology, S.L. and Z.M.; software, Z.M.,
X.Z. and Y.C,; validation, S.L., ZM. and X.Z.; formal analysis, X.W., S.L. and Z.M.; investigation,
XW.,, S.L. and Z.M; resources, C.H. and X.W,; data curation, S.L. and Z.M.; writing—original draft
preparation, S.L.; writing—review and editing, X.W.; visualization, X.W. and S.L.; supervision, X.W.;



J. Fungi 2024, 10, 30 20 of 22

project administration, X.W.; funding acquisition, X.W. and C.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the earmarked fund for China Agriculture Research System
(CARS-170304).

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

Data Availability Statement: The sequences reported in the present manuscript have been deposited
in the GenBank database under accession numbers OQ559666, OQ559667, OQ559668, OQ559669,
0Q559670, 0Q559671, 0Q559672, OQ559673, 0Q559674, OQ559675, OQ559676, OQ559677, OQ559678,
00559679, OQ559680, and OQ559681. Raw data of the metatranscriptome sequencing have been
deposited in the Sequence Read Archive (SRA) database under the accession number SAMN33386006.

Acknowledgments: We thank Professor Wong Sek Man (National University of Singapore) for
providing a critical review of the manuscript. 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 that they have no conflicts of interest.

References

1. Son, M.; Yu, J.; Kim, K.H. Five questions about mycoviruses. PLoS Pathog. 2015, 11, €1005172. [CrossRef] [PubMed]

2. Bartholomadus, A.; Wibberg, D.; Winkler, A.; Piihler, A.; Schliiter, 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]
[PubMed]

3. Chun, J.; Na, B.; Kim, D.H. Characterization of a novel dsSRNA mycovirus of Trichoderma atroviride NFCF377 reveals a member of
“Fusagraviridae” with changes in antifungal activity of the host fungus. J. Microbiol. 2020, 58, 1046-1053. [CrossRef] [PubMed]

4. Hollings, M. Viruses associated with a die-back disease of cultivated mushroom. Nature 1962, 196, 963-965. [CrossRef]

5. Herrero, N.; Zabalgogeazcoa, I. Mycoviruses infecting the endophytic and entomopathogenic fungus Tolypocladium cylindrosporum.
Virus Res. 2011, 160, 409—413. [CrossRef] [PubMed]

6. Kotta-Loizou, I.; Coutts, R.H.A. Mycoviruses in Aspergilli: A comprehensive review. Front. Microbiol. 2017, 8, 1699. [CrossRef]
[PubMed]

7. Das,S.; Suzuki, N. Yado-kari virus 1 and Yado-nushi virus 1. In Encyclopedia of Virology, 4th ed.; Bamford, D., Zuckerman, M.,
Eds.; Elsevier: Oxford, UK, 2021; Volume 4, pp. 658—-663.

8.  Kondo, H.; Botella, L.; Suzuki, N. Mycovirus diversity and evolution revealed/inferred from recent studies. Annu. Rev.
Phytopathol. 2022, 60, 307-336. [CrossRef]

9. Xie, ].T,; Jiang, D.H. Mixed infections of mycoviruses in phytopathogenic fungus Sclerotinia sclerotiorum. In Encyclopedia of Virology,
4th ed.; Bamford, D., Zuckerman, M., Eds.; Elsevier: Oxford, UK, 2021; Volume 4, pp. 461-467.

10. Arjona-Lopez, ] M.; Telengech, P,; Jamal, A.; Hisano, S.; Kondo, H.; Yelin, M.D.; Arjona-Girona, I.; Kanematsu, S.; Lopez-Herrera,
C.J.; Suzuki, N. Novel, diverse RNA viruses from Mediterranean isolates of the phytopathogenic fungus, Rosellinia necatrix:
Insights into evolutionary biology of fungal viruses. Environ. Microbiol. 2018, 20, 1464-1483. [CrossRef]

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

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

13. 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] [PubMed]

14. Picarelli, M.A.S.C.; 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, 244.
[CrossRef] [PubMed]

15. Xie, EL.; Zhou, X.Y,; Xiao, R.; Zhang, C.J.; Zhong, ].; Zhou, Q.; Liu, F; Zhu, H.]. Discovery and exploration of widespread infection
of mycoviruses in Phomopsis vexans, the causal agent of phomopsis blight of eggplant in China. Front. Plant Sci. 2022, 13, 996862.
[CrossRef] [PubMed]

16. Abdoulaye, A.H.; Foda, M.F; Kotta-Loizou, I. Viruses infecting the plant pathogenic fungus Rhizoctonia solani. Viruses 2019, 11,
1113. [CrossRef] [PubMed]

17. Li,D.Y,; Li, S.; Wei, S.H.; Sun, W.X. Strategies to manage rice sheath blight: Lessons from interactions between rice and Rhizoctonia

solani. Rice 2021, 14, 21. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.ppat.1005172
https://www.ncbi.nlm.nih.gov/pubmed/26539725
https://doi.org/10.1371/journal.pone.0165965
https://www.ncbi.nlm.nih.gov/pubmed/27814394
https://doi.org/10.1007/s12275-020-0380-1
https://www.ncbi.nlm.nih.gov/pubmed/33095387
https://doi.org/10.1038/196962a0
https://doi.org/10.1016/j.virusres.2011.06.015
https://www.ncbi.nlm.nih.gov/pubmed/21736906
https://doi.org/10.3389/fmicb.2017.01699
https://www.ncbi.nlm.nih.gov/pubmed/28932216
https://doi.org/10.1146/annurev-phyto-021621-122122
https://doi.org/10.1111/1462-2920.14065
https://doi.org/10.1093/ve/veab032
https://doi.org/10.1371/journal.ppat.1009823
https://doi.org/10.1007/s11262-016-1379-x
https://www.ncbi.nlm.nih.gov/pubmed/27550368
https://doi.org/10.3389/fcimb.2019.00244
https://www.ncbi.nlm.nih.gov/pubmed/31355150
https://doi.org/10.3389/fpls.2022.996862
https://www.ncbi.nlm.nih.gov/pubmed/36438156
https://doi.org/10.3390/v11121113
https://www.ncbi.nlm.nih.gov/pubmed/31801308
https://doi.org/10.1186/s12284-021-00466-z
https://www.ncbi.nlm.nih.gov/pubmed/33630178

J. Fungi 2024, 10, 30 21 of 22

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Shi, X.J.; Zhang, X.F.; Wu, L.Y.; Mi, Y.R.; Wu, X.H.; Li, Z.H. Anastomosis groups and pathogenicity of Rhizoctonia isolates causing
banded leaf and sheath blight on maize in Shanxi province of China. . Plant. Pathol. 2021, 103, 1275-1281. [CrossRef]

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

Zhao, C; Li, Y.T.; Wu, S.Y.; Wang, PP; Han, C.G.; Wu, X.H. Anastomosis group and pathogenicity of Rhizoctonia spp. associated
with seedling damping-off of sugar beet in China. Eur. |. Plant Pathol. 2019, 153, 869-878. [CrossRef]

Castanho, B.; Butler, E.E.; Shepherd, R.J. The association of double-stranded RNA with Rhizoctonia decline. Phytopathology 1978,
68, 1515-1519. [CrossRef]

Li, SW,; Li, Y.T.; Hu, CH.; 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]

Li, Y.T,; Li, SW.; 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]
[PubMed]

Yang, Y.G.; Zhao, C.; Guo, Z.].; 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]

Morris, T.]J.; Dodds, J.A. Isolation and analysis of double-stranded RNA from virus-infected plant and fungal tissue. Phytopathology
1979, 69, 854-858. [CrossRef]

Crucitti, D.; Chiapello, M.; Oliva, D.; Forgia, M.; Turina, M.; Carimi, F; La Bella, F.; Pacifico, D. Identification and molecular
characterization of novel mycoviruses in Saccharomyces and non-Saccharomyces yeasts of oenological interest. Viruses 2021, 14, 52.
[CrossRef] [PubMed]

Thompson, ].D.; Gibson, T.].; Plewniak, E; 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]
Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.E; Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat Methods 2017, 14, 587-589. [CrossRef] [PubMed]

Nguyen, L.; Schmidt, H.A.; Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum
likelihood phylogenies. Mol Biol Evol 2015, 32, 268-274. [CrossRef]

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

Hisano, S.; Zhang, R.; Faruk, M.I; Kondo, H.; Suzuki, N. A neo-virus lifestyle exhibited by a (+)ssRNA virus hosted in an
unrelated dsRNA virus: Taxonomic and evolutionary considerations. Virus Res. 2018, 244, 75-83. [CrossRef]

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

Zhang, R.; Hisano, S.; Tani, A.; Kondo, H.; Kanematsu, S.; Suzuki, N. A capsidless ssRNA virus hosted by an unrelated dsRNA
virus. Nat. Microbiol. 2016, 1, 15001. [CrossRef] [PubMed]

Ayllén, M.A.; Vainio, E.J. Mycoviruses as a part of the global virome: Diversity, evolutionary links and lifestyle. Adv Virus Res.
2023, 115, 1-86. [PubMed]

Marzano, S.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]

Mokili, J.L.; Rohwer, E; Dutilh, B.E. Metagenomics and future perspectives in virus discovery. Curr. Opin. Virol. 2012, 2, 63-77.
[CrossRef] [PubMed]

Hai, D.; Li, J.C.; Lan, S.S.; Wu, T.; Li, Y,; Cheng, ].S.; Fu, Y.P; Lin, Y,; Jiang, D.H.; Wang, M.H.; et al. Discovery and evolution of
six positive-sense RNA viruses co-infecting the hypovirulent strain SCH733 of Sclerotinia sclerotiorum. Phytopathology 2022, 112,
2449-2461. [CrossRef] [PubMed]

Liu, Y;; Zhang, L.Y.; Esmael, A.; Duan, J.; Bian, X.E; Jia, ].C.; Xie, ].T.; Cheng, ]J.S.; Fu, Y.P; Jiang, D.H.; et al. Four novel
botourmiaviruses co-infecting an isolate of the rice blast fungus Magnaporthe oryzae. Viruses 2020, 12, 1383. [CrossRef]

Mu, F; Xie, ].T.; Cheng, S.F; You, M.P.; Barbetti, M.].; Jia, ].C.; Wang, Q.Q.; Cheng, ].S.; Fu, Y,; Chen, T.; et al. Virome
characterization of a collection of Sclerotinia sclerotiorum from Australia. Front. Microbiol. 2018, 8, 2540. [CrossRef]

Hillman, B.I; Annisa, A.; Suzuki, N. Chapter five-Viruses of plant-interacting fungi. In Advances in Virus Research; Kielian, M.,
Mettenleiter, T.C., Roossinck, M.]., Eds.; Academic Press: Cambridge, MA, USA, 2018; Volume 100, pp. 99-116.

Chiba, S.A.; Velasco, L.; Ayllon, M.A.; Suzuki, N.; Lee-Marzano, S.Y.; Sun, L.; Sabanadzovic, S.; Turina, M. ICTV virus taxonomy
profile: Hypoviridae 2023. ]. Gen. Virol. 2023, 104, 001848. [CrossRef]

Abdoulaye, A.H.; Hai, D.; Tang, Q.; Jiang, D.H.; Fu, Y.P; Cheng, ].S.; Lin, Y.; Li, B.; Kotta-Loizou, I; Xie, ].T. Two distant helicases
in one mycovirus: Evidence of horizontal gene transfer between mycoviruses, coronaviruses and other nidoviruses. Virus Evol.
2021, 7, veab043. [CrossRef]

Hu, Z].; Wu, S.S.; Cheng, ].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, 464-465, 450-459. [CrossRef]

Sato, Y.; Das, S.; Velasco, L.; Turina, M.; Osaki, H.; Kotta-Loizou, I.; Coutts, R H.A.; Kondo, H.; Sabanadzovic, S.; Suzuki, N. ICTV
virus taxonomy profile: Yadokariviridae 2023. ]. Gen. Virol. 2023, 104, 001826. [CrossRef] [PubMed]


https://doi.org/10.1007/s42161-021-00920-3
https://doi.org/10.1007/s10658-015-0668-x
https://doi.org/10.1007/s10658-018-1603-8
https://doi.org/10.1094/Phyto-68-1515
https://doi.org/10.1007/s00705-020-04664-w
https://doi.org/10.3390/v14040813
https://www.ncbi.nlm.nih.gov/pubmed/35458543
https://doi.org/10.1007/s10658-014-0409-6
https://doi.org/10.1094/Phyto-69-854
https://doi.org/10.3390/v14010052
https://www.ncbi.nlm.nih.gov/pubmed/35062256
https://doi.org/10.1093/nar/25.24.4876
https://www.ncbi.nlm.nih.gov/pubmed/9396791
https://doi.org/10.1038/nmeth.4285
https://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1016/j.virusres.2017.11.006
https://doi.org/10.3389/fmicb.2020.00379
https://doi.org/10.1038/nmicrobiol.2015.1
https://www.ncbi.nlm.nih.gov/pubmed/27571749
https://www.ncbi.nlm.nih.gov/pubmed/37173063
https://doi.org/10.1128/JVI.00357-16
https://www.ncbi.nlm.nih.gov/pubmed/27194764
https://doi.org/10.1016/j.coviro.2011.12.004
https://www.ncbi.nlm.nih.gov/pubmed/22440968
https://doi.org/10.1094/PHYTO-05-22-0148-R
https://www.ncbi.nlm.nih.gov/pubmed/35793152
https://doi.org/10.3390/v12121383
https://doi.org/10.3389/fmicb.2017.02540
https://doi.org/10.1099/jgv.0.001848
https://doi.org/10.1093/ve/veab043
https://doi.org/10.1016/j.virol.2014.07.007
https://doi.org/10.1099/jgv.0.001826
https://www.ncbi.nlm.nih.gov/pubmed/36748548

J. Fungi 2024, 10, 30 22 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chiapello, M.; Rodriguez-Romero, J.; Aylléon, M.A.; Turina, M. Analysis of the virome associated to grapevine downy mildew
lesions reveals new mycovirus lineages. Virus Evol. 2020, 6, veaa058. [CrossRef] [PubMed]

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, €0219207. [CrossRef] [PubMed]

Jia, J.C.; Mu, E; Fu, Y.P; Cheng, ].S,; Lin, Y.; Li, B.; Jiang, D.H.; Xie, ].T. A capsidless virus is trans-encapsidated by a bisegmented
botybirnavirus. J. Virol. 2022, 96, €0029622. [CrossRef] [PubMed]

Sahin, E.; Keskin, E.; Akata, I. Novel and diverse mycoviruses co-inhabiting the hypogeous ectomycorrhizal fungus Picoa juniperi.
Virology 2021, 552, 10-19. [CrossRef] [PubMed]

Sato, Y.; Hisano, S.; Lopez-Herrera, C.J.; Kondo, H.; Suzuki, N. Three-layered complex interactions among capsidless (+)ssRNA
yadokariviruses, dsRNA viruses, and a fungus. mBio 2022, 13, €0168522. [CrossRef] [PubMed]

Luke, G.A.; de Felipe, P.; Lukashev, A.; Kallioinen, S.E.; Bruno, E.A.; Ryan, M.D. Occurrence, function and evolutionary origins of
2A-like’ sequences in virus genomes. . Gen. Virol. 2008, 89, 1036-1042. [CrossRef]

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

Donaire, L.; Rozas, ]J.; Ayllon, M.A. Molecular characterization of Botrytis ourmia-like virus, a mycovirus close to the plant
pathogenic genus Ourmiavirus. Virology 2016, 489, 158-164. [CrossRef]

Khalifa, M.E.; Pearson, M.N. Molecular characterisation of novel mitoviruses associated with Sclerotinia sclerotiorum. Arch. Virol.
2014, 159, 3157-3160. [CrossRef]

Rodriguez-Cousifio, N.; Esteban, L.M.; Esteban, R. Molecular cloning and characterization of W double-stranded RNA, a linear
molecule present in Saccharomyces cerevisiae. Identification of its single-stranded RNA form as 20 S RNA. J. Biol. Chem. 1991, 266,
12772-12778. [CrossRef] [PubMed]

Mizutani, Y.; Abraham, A.; Uesaka, K.; Kondo, H.; Suga, H.; Suzuki, N.; Chiba, S. Novel mitoviruses and a unique tymo-like
virus in hypovirulent and virulent strains of the Fusarium head blight fungus, Fusarium boothii. Viruses 2018, 10, 584. [CrossRef]
[PubMed]

Hirano, M.; Hirano, T. Hinge-mediated dimerization of SMC protein is essential for its dynamic interaction with DNA. EMBO ].
2002, 21, 5733-5744. [CrossRef] [PubMed]

Sun, Y,; Li, Y.G.; Dong, W.H.; Sun, A.L.; Chen, N.W.; Zhao, Z.F; Li, Y.Q.; Li, C.Y.; Yang, G.H. Molecular characterization of a novel
mycovirus isolated from Rhizoctonia solani AG-1 IA strain 9-11. Arch. Virol. 2021, 166, 3229-3232. [CrossRef]

Li, PE; 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]

Liu, M.M,; Liu, X.T.; Zhao, H.; Ni, Y.X,; Jia, M.; Hu, P.L.; Liu, H.Y.; Tian, B.M. Complete genome sequence of a novel fusarivirus
from the phytopathogenic fungus Corynespora cassiicola. Arch. Virol. 2022, 167, 1375-1379. [CrossRef]

Li, Y.Q.; Xu, P; Zhang, L.F; Xia, Z.Y,; Qin, X.Y.; Yang, G.H.; Mo, X.H. Molecular characterization of a novel mycovirus from
Rhizoctonia fumigata AG-Ba isolate C-314 Baishi. Arch. Virol. 2015, 160, 2371-2374. [CrossRef]

Sato, Y.; Miyazaki, N.; Kanematsu, S.; Xie, J.T.; Ghabrial, S.A.; Hillman, B.I.; Suzuki, N. ICTV virus taxonomy profile: Megabir-
naviridae. J. Gen. Virol. 2019, 100, 1269-1270. [CrossRef]

Zhong, J.; Chen, C.Y.; Gao, B.D. Genome sequence of a novel mycovirus of Rhizoctonia solani, a plant pathogenic fungus. Virus
Genes 2015, 51, 167-170. [CrossRef]

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


https://doi.org/10.1093/ve/veaa058
https://www.ncbi.nlm.nih.gov/pubmed/33324489
https://doi.org/10.1371/journal.pone.0219207
https://www.ncbi.nlm.nih.gov/pubmed/31339899
https://doi.org/10.1128/jvi.00296-22
https://www.ncbi.nlm.nih.gov/pubmed/35446143
https://doi.org/10.1016/j.virol.2020.09.009
https://www.ncbi.nlm.nih.gov/pubmed/33032032
https://doi.org/10.1128/mbio.01685-22
https://www.ncbi.nlm.nih.gov/pubmed/36040032
https://doi.org/10.1099/vir.0.83428-0
https://doi.org/10.1099/jgv.0.001409
https://doi.org/10.1016/j.virol.2015.11.027
https://doi.org/10.1007/s00705-014-2171-7
https://doi.org/10.1016/S0021-9258(18)98966-0
https://www.ncbi.nlm.nih.gov/pubmed/2061340
https://doi.org/10.3390/v10110584
https://www.ncbi.nlm.nih.gov/pubmed/30373133
https://doi.org/10.1093/emboj/cdf575
https://www.ncbi.nlm.nih.gov/pubmed/12411491
https://doi.org/10.1007/s00705-021-05219-3
https://doi.org/10.1016/j.virol.2015.02.047
https://doi.org/10.1007/s00705-022-05428-4
https://doi.org/10.1007/s00705-015-2483-2
https://doi.org/10.1099/jgv.0.001297
https://doi.org/10.1007/s11262-015-1219-4

	Introduction 
	Materials and Methods 
	Extraction and Purification of RNA 
	Metatranscriptome Sequencing 
	Validation of Mycoviruses in Strain D40 
	Determination of Full-Length cDNAs of Putative Mycoviruses 
	Sequence Analysis and Phylogenetic Analysis 
	Extraction of Virions and Confirmation of Mycoviruses That Assemble Virions 

	Results 
	Identification of Mycoviruses Present in R. zeae Strain D40 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Family Hypoviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Family Yadokariviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Family Botourmiaviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Family Gammaflexiviridae 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Order Ghabrivirales 
	Genome Organization and Phylogenetic Analysis of Putative Members of the Proposed Family Tulasviridae 
	Confirmation of Mycoviruses Contributing to the Assembly of Virus Particles in D40 and Observations of Virus Particles 

	Discussion 
	References

