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Abstract

Macrophomina phaseolina is an important necrotrophic phytopathogenic fungus and cause extensive damage in many oilseed
crops. Twelve M.phaseolina isolates with diverse biological phenotypes were selected for a high-throughput sequencing-
based metatranscriptomic and bioinformatics analysis to identify viruses infecting M.phaseolina. The analysis identified 40
partial or nearly complete viral genome segments, 31 of which were novel viruses. Among these viral sequences, 43% of the
viral genomes were double-stranded RNA (dsRNA), 47% were positive single-stranded RNA (ssRNA+), and the remaining
10% were negative sense-stranded RNA (ssRNA-). The 40 viruses showed affinity to 13 distinct viral lineages, including
Bunyavirales (four viruses), Totiviridae (three viruses), Chrysoviridae (five viruses), Partitiviridae (four viruses), Hypoviridae
(one virus), Endornaviridae (two viruses), Tombusviridae (three viruses), Narnaviridae (one virus), Potyviridae (one virus),
Bromoviridae (one virus), Virgaviridae (six viruses), ‘Fusagraviridae’ (five viruses), and Ourmiavirus (four viruses). Two vi-
ruses are closely related to two families, Potyviridae and Bromoviridae, which previously contained no mycovirus species.
Moreover, nine novel viruses associated with M.phaseolina were identified in the family Totiviridae, Endornaviridae, and
Partitiviridae. Coinfection with multiple viruses is prevalent in M.phaseolina, with each isolate harboring different numbers
of viruses, ranging from three to eighteen. Furthermore, the effects of the viruses on the fungal host were analyzed
according to the biological characteristics of each isolate. The results suggested that M.phaseolina hypovirus 2,
M.phaseolina fusagravirus virus 1-5 (MpFV1-5), M.phaseolina endornavirus 1-2 (MpEV1-2), M.phaseolina ourmia-like virus
1-3 (MpOLV1-3), M.phaseolina mitovirus 4 (MpMV4), and M.phaseolina mycobunyavirus 1-4 (MpMBV1-4) were only detected
in hypovirulent isolates. Those viruses associated with hypovirulence might be used as biological control agents as an
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environmentally friendly alternative to chemical fungicides. These findings considerably expand our understanding of
mycoviruses in M.phaseolina and unvailed the presence of a huge difference among viruses in isolates from different
hosts in distant geographical regions. Together, the present study provides new knowledge about viral evolution and

fungus-virus coevolution.
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1. Introduction

Macrophomina phaseolina is a destructive Ascomycota fungus be-
longing to the family Botryosphaeriaceae, which is capable of
infecting more than 500 species of plants and causing large
losses on a large-scale of oilseed crops throughout the world, in-
cluding assoybean (Glycine max) and sesame (Sesame indicum)
(Wyllie 1988; Kaur et al. 2012). M.phaseolina is primarily soil-
borne in nature and is able to survive for up to 2years as a sap-
rophyte in soybean root residue (Baird, Watson, and Scruggs
2003) and for approximately 15years as the microsclerotia un-
der stress condition (Short, Wyllie, and Bristow 1980). It has
been documented in infected seeds that M.phaseolina is seed-
borne and undergoes seed-to-seedling transmission (Pun,
Sabitha, and Valluvaparidasan 1998). The typical symptom of
soybean infected by M.phaseolina is known as charcoal rot,
forming spindle-shaped lesions with a dark border, a light gray
center covered with black pinhead-sized pycnidia and micro-
sclerotia (Ammon, Wyllie, and Brown 1974). In the USA, the
annual yield of soybean loss due to charcoal rot was estimated
to be 1.98, 0.28, and 0.49 million metric tons in 2003, 2004, and
2005, respectively (Wrather and Koenning 2006). In China, the
annual yield loss due to sesame charcoal rot was 10-20%, and
oil content was reduced by 4.2-12.6% (Li 1989). In addition,
M.phaseolina has the potential to infect immunocompromised
patients and can be treated by prophylactic antifungal therapy
(Srinivasan et al. 2009).

Mycoviruses are viruses that infect fungi and replicate in
their host cells. Most mycovirus genomes consist of double-
stranded RNA (dsRNA) or positive single-stranded RNA
(ssRNA+) (Ghabrial et al. 2015). Moreover, single-stranded circu-
lar DNA virus and negative-stranded RNA viruses were recently
reported in filamentous fungi (Yu et al. 2010; Liu et al. 2014;
Donaire, Pagan, and Ayllén 2016; Varsani and Krupovic 2017;
Wang et al. 2018; Li et al. 2020). Most mycoviruses are transmit-
ted horizontally through hyphal anastomosis and vertically
through sexual or asexual spores. However, a gemycircularvirus
Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1
(SsHADV-1) was discovered to be transmitted extracellularly
through a mycophagous insect (Liu et al. 2016). The develop-
ment of deep sequencing technology (metagenomics) has
greatly promoted the discovery of new viruses. Increasing
research has supported that mycoviruses are ubiquitous in the
kingdom fungi, including medical, endophytic, entomopatho-
genic, and phytopathogenic fungi (Liu et al. 2009; Nedveckyte,
Peciulyte, and Buda 2014; Xie and Jiang 2014; Rosseto et al.
2016). The discovery of novel viruses by high throughput se-
quencing has revealed a remarkable diversity (Mokili, Rohwer,
and Dutilh 2012; Roossinck 2014; Shi et al. 2016; Garcia-Pedrajas
et al. 2019). Furthermore, a single fungal isolate infected by mul-
tiple viruses or different dsRNA elements has frequently been
reported, such as in S.sclerotiorum, Rosellinia necatrix, Botrytis
cinerea, and Rhizoctonia solani (Xie and Ghabrial 2012; Kondo,
Kanematsu, and Suzuki 2013; Bartholomé&us, Wibberg, and
Winkler 2016; Hao et al. 2018).

Mycoviruses are prevalent in fungus, and they usually
remain latent and seldom induce symptoms in the host
(Pearson et al. 2009). Some viruses have negative effects on
hosts, including an abnormal colony morphology, growth re-
duction, and altered pigmentation and sexual reproduction
(iang, Fu, and Ghabrial 2013; Ghabrial et al. 2015). Notably,
some viruses are responsible for hypovirulence in phytopatho-
genic fungi and used as potential biological control resources
(Nuss 2005; Xie and Jiang 2014). Cryphonectria hypovirus 1
(CHV1) was successfully utilized to control the disastrous chest-
nut blight disease in Europe (Milgroom and Cortesi 2004).
Moreover, S.sclerotiorum hypovirulence-associated DNA virus 1
(SsHADV1) and R.necatrix megabirnavirus 1 (RnMBV1) have been
confirmed to effectively control plant pathogenic fungal dis-
eases under field and greenhouse conditions, respectively
(Chiba et al. 2009; Yu et al. 2013). Therefore, the application of
viruses to control fungal diseases has great potential as biologi-
cal control strategies, prompting researchers to prioritize the
hypovirulence-associated viruses as candidates (Ghabrial and
Suzuki, 2009; Xie and Jiang 2014; Ghabrial et al. 2015; Garcia-
Pedrajas et al. 2019).

It has been previously reported that approximately 21.7% of
M.phaseolina strains isolated from cluster bean (Cyamopsis tetra-
gonoloba) harbor diverse dsRNA elements, but their sequence
dates were not obtained (Arora, Dilbaghi, and Chaudhury 2012).
A high-throughput-sequencing-based metatranscriptomics ap-
proach was utilized to detect viral sequences from 48
M.phaseolina isolates from soybeans (G.max), and 11 novel
viruses with partial or complete genome segments were
identified. Those viruses were grouped into six distinct
lineages: Bunyavirales, Hypoviridae, Narnaviridae, Virgaviridae,
Tombusviridae, and Chrysoviridae (Marzano et al. 2016). Here, we
report a metatransciptomic virus survey of M.phaseolina strains
isolated from sesame (S.indicum) in different geographical
regions of China. We describe thirty-one novel RNA viruses rep-
resenting twelve distinct virus lineages and confirm their pres-
ence in each isolate using reverse transcription PCR (RT-PCR). In
a previous study, the complete genome sequences of the novel
viruses M.phaseolina victorivirus 1 and M.phaseolina fusagravirus
1 were reported (Wang et al. 2019, 2020). In the present study,
the virus diversity of M.phaseolina strains isolated from sesame
were analyzed and illustrated that viruses associated with
hypovirulence might serve as biological control resources.

2. Materials and methods

2.1 Fungal isolates and culture conditions

For obtaining the field isolates of the M.phaseolina strains, the
diseased stems of sesames were cut into 0.5 cm? samples and
soaked for 30s in 75% ethanol. Then, they were rinsed three
times with sterilized water, dried on sterilized absorbent paper,
and finally placed in the center of potato dextrose agar (PDA)
and cultured at 30°C in the dark for 2days. A small amount of
mycelia was scraped into a centrifuge tube (2ml), followed by



the addition of two sterilized steel balls and 500 ul sterilized wa-
ter, and ground by the tissue homogenizer (Retsch MM301) for
30s at 30 times/s. Then, 200l of the hyphal suspension was
spread on a fresh PDA plate and incubated overnight at 30°C.
The next day, a single colony was selected and recultured on a
new PDA plate, and the new colony was considered to be a puri-
fied isolate. Next, overnight cultures of the purified isolates
were stocked on PDA slants at 4°C. All M.phaseolina isolates
were grown on PDA at 28-30°C.

2.2 Biological properties and microscopic observation of
fungal isolates

Mycelial growth and colony morphology were evaluated accord-
ing to the procedures described by Wu et al. (2007). The mor-
phology of hyphal tips and fresh weight of the mycelia were
recorded following the procedures of Liu et al. (2014).

2.2.1 Pathogenicity assay.

Seedlings of sesame (S.indicum, Cultivar Yuzhi No.13) were used
for the pathogenicity tests of M.phaseolina isolates. Seeds were
disinfected with sodium hypochlorite for 20min, followed by
rinsing three times with sterilized water and air-drying. Ten
seeds were sown in one bowl (10 x 7 x 9 cm, top width x bottom
width x height) and then cultured at 30°C under fluorescent
light (16 h light/8 h darkness) for 5 weeks until the six-leaf stage.
Finally, three seedlings in one bowl with same growth status
were selected to test the virulence of M.phaseolina strains. The
cut-stem inoculation method was performed with minor modi-
fications (Twizeyimana et al. 2012). The linear extent of stem
necrosis (mm) was recorded every two days, four times in total.
The significant differences (P <0.05) in relative area under the
disease progress curve (RAUDPC) among the twelve isolates
were calculated. The assay treatments were repeated three
times with three seedlings each.

2.3 Total RNA extraction and RNA sequencing

Mycelial agar plugs of twelve isolates of M.phaseolina were inoc-
ulated on a PDA plate cover with cellophane membranes and
cultured at 30°C in the dark for 2-4 days. Mycelial in each dish
were harvested using a medicine spoon and stored at —70°C un-
til use. Subsequently, total RNA was extracted from 1.0 g of my-
celium using an RNAiso kit (TaKaRa, Dalian, China). Total RNA
of twelve isolates was mixed into one sample and sent to
Shanghai Bohao Biotechnology Co., Ltd. for high-throughput se-
quencing on an Illumina HiSeq 2500 platform. The rRNA was
depleted using a Ribo-Zero™ rRNA Removal Kit (llumina, CA,
USA).

A sequencing library was prepared from rRNA-depleted total
RNA of twelve M.phaseolina isolates. The raw reads were filtered
based on default parameters, and clean reads were then
matched against genome sequences of M.phaseolina using
Bowtie (1.0) software. Now these clean reads were assembled de
novo in CLC Genomics Workbench (version: 6.0.4) with scaffold-
ing contig algorithm, word-size=45, and minimum contig
length >200. Primary UniGenes were obtained and then CAP3
EST used to splice it to construct the final unigenes. The final
UniGenes that annotated with ‘virus’ or ‘viral’ were retrieved
and compared to the non-redundant protein sequences (nr)
database using BLASTX (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?’PROGRAM=Dblastx&PAGE_TYPE=BlastSearch&LINK_LOC=
blasthome). Contigs that were identical or complementary to
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the viral genomic sequence were extracted and identified as po-
tential viral sequences (Wang et al. 2019).

2.4 RT-PCR detection and RACE

The ¢cDNA of M.phaseolina isolates was synthesized following
the instructions supplied with the PrimerScriptll™ 1st Strand
cDNA Synthesis Kit (TaKaRa, Dalian, China). To confirm the
presence of the newly discovered viruses in each isolate, the
virus-specific primers were used (Designed by Primer Premier
5.0) (Supplementary Table S1) for RT-PCR to detect specific
amplicons of each virus. The amplicons included part of the
RdRp gene. RT-PCR was performed in a total volume of 25ul,
containing 9.5pl deionized water, 12.5pl Premix Taq (TaKaRa
Taq Version 2.0), 1l of 100 mM reverse and forward primer of
each contig, and 1pl cDNA template. The annealing tempera-
ture and extension time was based on each primer and product
size. The RT-PCR products were subjected to agarose gel electro-
phoresis. Products showing the target band were sent to Sangon
Biotech for sequencing and verification. To complete the
sequences of the M.phaseolina hypovirus 1 (MpHV1) and
M.phaseolina ilar-like virus (MpILV) genomes, the 5- and 3'-ter-
minal sequences were determined using a SMARTer RACE
c¢DNA Amplification Kit (Clontech, CA). The gene-specific pri-
mers (GSPs) GSP-215F1 (5'-GCCACGGGTTGAAACGCCTAA-3')
and GSP-215F2 (5-GTTGCGTTATGATGGGCATGTACC-3') were
used for 5'-RACE of MpILV as outer and inner primers based on
the number of sequences, respectively. The GSPs GSP-215R3 (5'-
ACCGACGCATAGTCTCCGCCG-3') and GSP-215R4 (5-
AGTCTCCGCCGTAGAATCAT-3') were used for 3'-RACE of MpILV
as outer and inner primers, respectively. For MpHV1, GSP-216R2
(5'-ATGTTTCAGATGCGAGTAGGC-3) and GSP-216R4  (5'-
CGAAGTTTCAACACATCATT-3') were used for 5'-RACE as outer
and inner primers based on the number of sequences,
respectively.

2.5 Sequence and phylogenetic analyses

The assembled 40 contigs were compared to the NCBI non-
redundant database by BLASTX and BLASTn analyses based on
the translated amino sequences and nucleotide sequences, re-
spectively (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences
were aligned using the CLUSTALX program (Version 2.1), and
phylogenetic trees were constructed using the neighbor-joining
method with a bootstrap value of 1,000 replicates through the
MEGA program (Version 7). Some contigs had incomplete
sequences or incomplete RdRp sequences and could not be
used for phylogenetic analysis, so the relationships were ana-
lyzed based on the BLASTn results. The selected viruses and
their accession numbers for phylogenetic analysis in this study
are listed in Supplementary Table S2.

2.6 Statistical analysis

Data for the growth rate and RAUDPC of each isolate were sub-
jected to statistical analysis of significant variance among repli-
cates using SAS Version 8.0 (SAS Institute, Cary, NC, 1999).
Treatment means for each of these parameters for the tested
isolates were compared using the least-significant-difference
test at P <0.05.
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3. Results

3.1 Metatranscriptomic identification of mycoviruses
infecting isolates of M.phaseolina

Twelve M.phaseolina isolates from the main sesame planting
areas of China, including Henan province, Anhui province,
Hubei province, and Jiangxi province were screened using a
metatranscriptomic approach (Supplementary Table S3). After
filtering unqualified reads, 7.6 x 10’ paired-end reads with
lengths >20nt were obtained. After, these reads were assem-
bled into longer contigs and blasted against the NCBI nonredun-
dant database. Forty-one putative viral sequences were
identified that represented partial or complete genome seg-
ments. The provisional names and most similar viruses are
listed in Table 1. RT-PCR amplification further confirmed that
these putative viruses were originated from ten isolates, while
two isolates harbored no viruses (Fig. 1). More than three viruses
have been found to infect a single isolate, whereas none of the
isolates were infected by only a single virus. The forty putative
viral sequences had identities ranging from 26% to 99% to previ-
ously reported viruses. Interestingly, thirty-one putative viral
sequences among them were novel viruses, rather than known
viruses reported in M.phaseolina isolates from North America
(Supplementary Table S4). The majority (47%) of the putative vi-
ruses were predicted to present ssSRNA+ genomes and to be re-
lated to the viruses in Hypoviridae (one novel virus sequence),
Endornaviridae (two novel virus sequences), Virgaviridae (seven
virus sequences), Narnaviridae (one novel virus sequence),
Potyviridae (one novel virus sequence), Bromoviridae (one novel
virus sequence), Ourmiavirus (four novel virus sequences), and
Tombusviridae (three novel virus sequences). Additionally, 43%
of the total viruses were predicted to have dsRNA genomes and
related to the viruses in Totiviridae (three novel virus sequences),
Chrysoviridae (five novel virus sequences), Partitiviridae (four
novel virus sequences), and ‘Fusagraviridae’ (five novel sequen-
ces); 10% of the total viruses were predicted to have ssRNA—
genomes and related to the viruses in order Bunyavirales (four
novel virus sequences) (Table 1). Among the 31 putative viral
sequences, two showed affiliations to two families (Potyviridae
and Bromoviridae) that previously contained no mycovirus
species.

3.2 Predicted four viruses characterized in the order
Bunyavirales

Four sequences, contig 598, contig 80, contig 156, and contig
2249, showed similarity to ssRNA- viruses in the order
Bunyavirales, which contains twelve families of viral genome
with three unique molecules. Contig 598 was identified from
strain 2012-161, and the other three contigs were identified
form isolate 2012-019 by RT-PCR amplification (Fig. 1). The as-
sembled sequences ranged in lengths from 2,143 to 10,651nt,
and all of them contained one large open reading frame (ORF).
The genomes of contig 598 and contig 80 were nearly com-
plete and longer than the most similar viruses in the NCBI data-
base. Contig 598 consisted of 9,889nt and had a large ORF
encoding putative RNA-dependent RNA polymerase (RdRp) of
3,277 aa, and this RdRp included domains for Bunya_RdRp
(pfam04196). Blastp analysis revealed the putative protein
encoded by contig 598 was similar to the RdRp of B.cinerea
negative-stranded RNA virus 1 with 29% identity (Table 1).
Contig 80 was 10,651 nt and had a large ORF encoding a putative
RdRp of 3,525 aa. The Blastp analysis results showed that this
putative protein of contig 80 was similar to the RdRp of

M.phaseolina negative-stranded RNA virus 1 with 92% identity
(Table 1). The other two viral sequences, contig 156 and contig
2249, were 2,143nt and 3,034nt and showed similarity to
B.cinerea negative-stranded RNA virus 1 and M.phaseolina
negative-stranded RNA virus 1 with 35% and 98% identity, re-
spectively (Table 1). Moreover, these two contigs had one in-
complete ORF encoding a putative RdRp that all included the
domain Bunya_RdRp (pfam04196). Both BCNSRV1 and MpNSRV1
were phylogenetically related to members of the order
Bunyavirales (Donaire, Pagan, and Aylléon 2016; Marzano et al.
2016). These results suggest that contig 598, contigl56, contig
80, and contig 2249 likely represented novel viruses in the order
Bunyavirales, which we named M.phaseolina mycobunyvirus 1
(MpMBV1), M.phaseolina mycobunyvirus 2 (MpMBV2),
M.phaseolina mycobunyvirus 3 (MpMBV3), and M.phaseolina
mycobunyvirus 4 (MpMBV4), respectively. The MpMBV#4 likely
represent one isolate of MpNSRV1. Furthermore, a phylogenetic
analysis of the conserved RdRp domain among MpMBV1,
MpMBV2, MpMBV3, MpMBV4, and other selected nsRNA viruses,
was conducted, and a phylogenetic tree was constructed (Fig. 2).
The tree suggested that MpMBV1-3 was a new virus in the order
Bunyavirales. Furthermore, Picarelli et al. (2019) proposed a new
family name ‘Mycobunyaviridae’ that included mycoviruses
B.cinerea negative-stranded RNA virus and M.phaseolina
negative-stranded RNA virus. According to phylogenetic analy-
sis the mycoviruses MpMBV1-4 also belong to this family
‘Mycobunyaviridae’.

3.3 One novel virus in the family Hypoviridae

Viruses in the family Hypoviridae typically have positive single-
stranded RNA genomes of 9-13kb with one or two ORFs (Suzuki
et al. 2018). One hypovirus has been reported in M.phaseolina
named M.phaseolina hypovirus 1 (MpHV1; KP900893; 12,468 nt)
(Marzano et al. 2016). In this study, one viral genome sequence
was similar to the members of the family Hypoviridae. Contig
216 was identified in isolate 2012-022 (Fig. 1). Contig 216
(13,324 nt) contained one large ORF (551-12,886 nt) encoding a
RdRp of 4,111 aa and a 5-UTR and 3'-UTR of 550nt and 438nt,
respectively. The predicted amino acid sequence of RdRp was
most similar to the RdRp of the MpHVi1with 89% identity
(Table 1). Both contig 216 and MpHV1 contained domains
DUF3525 (pfam12039) and DEXDc (smart00487). In addition, con-
tig216 also included domains for DEXHc_RE_I_III_res (cd18032),
Reslll (pfam04851), DEAH_box HrpB (TIGR1970), and SSL2
(COG1061). According to the species demarcation criteria of
ICTV that two species share less than 60% aa sequence identity
(Suzuki et al. 2018). Contig 216 represents strain of MpHV1 origi-
nally reported from North America. However, contig 216 also
contains four different domains which MpHV1 does not. Thus,
contig 216 might represented a novel virus in the family
Hypoviridae, and we named this contig M.phaseolina hypovirus 2
(MpHV2). The phylogenetic tree of the MpHV2 and other related
hypoviruses were constructed, and the results showed that
MpHV2 was a novel virus in the family Hypoviridae (Fig. 3).

3.4 Four novel viruses characterized in the family
Chrysoviridae

The family Chrysoviridae contained only one genus, Chrysovirus,
of which the typical characteristic is inclusion in the genome of
four unrelated linear, separately encapsidated dsRNA segments
of approximately 2.4-3.6 kb in size. The largest segment dsRNA-
1 of chrysovirus encodes a virion-associated RNA polymerase
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Figure 1. The reverse transcription (RT)-PCR detection of mycovirus contigs in Macrophomina phaseolina strains with primer pairs and predicted sizes of amplicons are
listed in Supplementary Table S1. Lane M, DL2000 DNA Marker (Takara Bio Inc., Japan); Lane 1 to 12, 12 M.phaseolina strains tested in this study (see Supplementary

Table S1 for details); abbreviates of viruses are on the far right side of the lane.

and dsRNA-2 encodes major coat protein (CP), but dsRNA-3 and
dsRNA-4 encode unknown functional protein (Ghabrial et al.
2015). Previously, a chrysovirus has been discovered in
M.phaseolina that was named as M.phaseolina chrysovirus 1
(MpChrV1) (Marzano et al. 2016). In this study, five viral sequen-
ces contig 11, contig 2622, contig 566, contig 1222, and contig 3,
showed similarity to members of the family Chrysoviridae.
Contig 11 (3,780 nt) contained a large ORF predicted to encoded
a RdRp of 1,128 aa and that had 48% identity to the RdRp
encoded by Aspergillus fumigatus chrysovirus 1. Moreover,
Contigll also showed 26% identity to the RdRp encoded
by MpChrVl. This putative RdRp contained the RdRp_4
(pfam02123) domain, and we named this novel virus
M.phaseolina chrysovirus 2 RNA1 (MpChrV2RNA1). Contig 2622
(1,463 nt) contained an incomplete ORF encoding a putative pro-
tein of 407 aa and showed similarly to the protein of Aspergillus
thermomutatus chrysovirus 1 with 42% identity (Table 1). Thus,
we named it M.phaseolina chrysovirus3 (MpChrV3). Contig 566
(1,682nt) contained an incomplete ORF encoding a putative
RdRp of 317 aa, which contained the RdRp_4 domain. Blastp
analysis showed that the putative protein was similar to that of
Colletotrichum fructicola chrysovirus 1 with 45% identity (Table 1).
Contig 566 was similar to the RdRp of MpChrV1 with 31% iden-
tity match. We named it M.phaseolina chrysovirus 4 RNA1
(MpChrV4RNA1). The putative viral sequence of contig 1222
(458 nt) was not complete but showed 35% identity to a hypo-
thetical protein encoded by Botryosphaeria dothidea chrysovirus 1
(Table 1), and we named it M.phaseolina chrysovirus 4 RNA2
(MpChrV4RNA?2). Contig 3 (2,271nt) contained one large ORF

encoding a hypothetical protein of 666 aa. The predicted amino
sequence of protein was 27% identical to the protein encoded
by Coniothyrium diplodiella chrysovirus 1 (Table 1), and we named
it M.phaseolina chrysovirus 2 RNA2 (MpChrV2RNA2).

Using RT-PCR amplification to detect the four viruses in
each isolate, we showed that MpChrV2 was harbored in isolate
2012-022; MpChrV3 was in isolate 2012-161; MpChrV4 was in
isolate 2012-022, 2012-161, 2014-017, and 2012-051 (Fig. 1).
A comprehensive and phylogenetic analysis also confirmed
that MpChrV2 and MpChrV3 are new virus species in the genus
Chrysovirus, family Chrysoviridae (Fig. 4).

3.5 Two novel viruses characterized in the family
Totiviridae

The family Totiviridae contains four genera of viruses with
double-stranded RNA genomes of 4.6-7.0 kbp. The two large
ORFs of Totiviridae viruses were usually overlapping, and the 5'-
proximal ORF encoded the major CP, while the 3'-proximal ORF
encoded RdRp (Wickner, 2012). Two viral sequences, contig 634
(5,194 nt) and contig 3764 (515nt), were similar to members of
the family Totiviridae. RT-PCR results suggested that contig 634
was harbored in isolate 2012-019 and 2012-022, and contig 3764
was harbored in isolate 2014-017 (Fig. 1). Contig 634 had two
complete ORFs and overlapped at the tetranucleotide AUGA,;
those ORFs encoded CP and RdRp of 766 aa and 826 aa, respec-
tively. Both CP and RdRp showed similarly to those encoded
by Sphaeropsis sapinea RNA virus 2, with 78% and 68% identity,
respectively (Table 1). Furthermore, the putative CP contained


https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa095#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa095#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa095#supplementary-data
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Figure 2. Genome organizations and phylogenetic analysis of the putative negative-stranded RNA virus genomes detected from Macrophomina phaseolina. (A)
Comparison of the organizations of putative negative-stranded RNA viruses M.phaseolina mycobunyavirus 1 (MpMBV1) and M.phaseolina mycobunyavirus 3 (MpMBV3)
to Botrytis cinerea negative-stranded RNA virus 1 (BcNSRV1), and M.phaseolina negative-stranded RNA virus 1 (MpNSRV1), respectively. Open reading frame (ORF) is
shown as colored box. The horizontal line represent conserved domain. The numbers in the dotted line represent identity between viruses. (B) Neighbor joining tree
depicting the relationships of the predicted RdRp amino acid sequences were aligned with CLUSTALX, and trees were inferred using MEGA-X. The viruses marked with

red dot are found in M.phaseolina.
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Figure 3. Genome organizations and phylogenetic analysis of the putative viruses in family Endornaviridae and Hypoviridae. (A) Comparison of the organizations of puta-
tive viruses Macrophomina phaseolina endornavirus 1 (MpEV1) and M.phaseolina endornavirus 2 (MpEV2) to Hordeum vulgare endornavirus (HvEV1), and M.phaseolina
Hypovirus 2 (MpHV2) to M.phaseolina Hypovirus 1 (MpHV1). (B) Predicted RdRp amino acid sequences of endornaviruses and hypovirus were aligned and phylogenetic
tree were constructed as described in Fig. 1. The viruses marked with red dot or red diamonds are found in M.phaseolina.

the Totivirus_coat (pfam05518) domain, and the putative
RdRp contained the RdRp_4 domain. Contig 634 represented
a novel victorivirus that we named M.phaseolina victorivirus
2 (MpV2).

Because the putative viral sequence of contig3764 was
incomplete and only 515nt, Blastp analysis showed a predicted
protein similar to that of Alternaria arborescens victorivirus 1
with 70% identity (Table 1). The predicted protein contained a

Totivirus_coat domain. Thus, we named it M.phaseolina victori-
virus 3 (MpV3).

Furthermore, M.phaseolina victorivirus 1 was also identified
in isolate 2012-019 (Wang et al. 2020). We performed pairwise
comparisons and phylogenic analysis of RARp among MpV2,
MpV1 and other selected viruses and constructed a phyloge-
netic tree (Fig. 5B).The tree highlighted that MpV2 was a new
victorivirus in the family Totiviridae.
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Figure 4. Genome organizations and phylogenetic analysis of the putative viruses in family Chrysoviridae detected from Macrophomina phaseolina. (A) Comparison of the
organizations of putative viruses M.phaseolina chrysovirus 2 (MpChrV2), M.phaseolina chrysovirus 3 (MpChrV3), and M.phaseolina chrysovirus 4 (MpChrV4) to Aspergillus
fumigatus chrysoviurs, Aspergillus thermomutatus chrysoviurs 1, and Colletotrichum fructicola chrysoviurs 1, respectively. (B) Predicted RdRp amino acid sequences of chrys-
ovirus were aligned and phylogenetic tree were constructed as described in Fig. 1. The viruses marked with red dot were found in M.phaseolina.

3.6 Three novel viruses characterized in the family
Partitiviridae

The is

family Partitiviridae divided into five genera,
Alphacryptovirus, Betacruptovirus, Gammapartitivirus,
Deltapartitivirus, and Cryspovirus. The members of the

Partitiviridae have two linear dsRNA segments ranging from 1.4
to 2.4 kbp in size; the larger dsRNA segment (dsRNA 1) usually
encodes virion-associated RNA polymerase, whereas the
smaller one (dsRNA 2) encodes CP. In this study, four contigs
were predicted to encode a single protein related to the struc-
tural or nonstructural proteins of viruses in the family
Partitiviridae (Table 1). Contig 168 was 1,650 nt, with one com-
plete ORF encoding a RdRp of 512 aa. The Blastp analysis
showed that the putative RdRp was similar to RdRp of
Ustilaginoidea virens partitivirus 3 with 69% identity (Fig. 5A).
Contig 382 was 1,367 nt, with a complete ORF encoding a 374 aa
hypothetical protein. Blastp analysis suggested that this hypo-
thetical protein was similar to the hypothetical protein of
Ustilaginoidea virens partitivirus 2 with 60% identity (Fig. 5A).

Furthermore, contigl68 and contig 382 were identified in iso-
lates 2012-161 and 2013-037 (Fig. 1). The results showed that
contigs 168 and 382 represented two new partitiviruses, and we
designated them M.phaseolina partitivirus 1 RNA 1 (MpPV1RNA1)
and M.phaseolina partitivirus 1 RNA 2 (MpPV1RNA2),
respectively.

Contig 397 was 1,741 nt, with a large ORF encoding an RdRp
of 542 aa. The predicted amino acid sequence of RdRp showed
55% identical to the RdRp of Fusarium solani virus 1 (Fig. 5A). This
RdRp contained the RdRp_1 (pfam00680) domain. Contig 2423
was 1,636 nt, with one complete ORF encoding a CP of 435 aa.
This predicted CP was 50% identical to the CP of Verticillium albo-
atrum partitivirus-1 (Fig. 5A). Furthermore, contig 397 and contig
2423 were identified in isolate 2015-003 (Fig. 1). The results sug-
gested that contig 397 and contig 2423 represented two new par-
titiviruses of M.phaseolina, and we named them M.phaseolina
partitivirus 2 RNA 1 (MpPV2RNA1) and M.phaseolina partitivirus
2 RNA 2 (MpPV2RNA2), respectively.

The results suggested that M.phaseolina hosted various parti-
tiviruses. A phylogeneic analysis of the conserved RdRp domain
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Figure 5. Genome organizations and phylogenetic analysis of the putative viruses in family ‘Fusagraviridae’, Totiviridae, and Partitiviridae detected from Macrophomina
phaseolina. (A) Comparison of the organizations of putative viruses M.phaseolina fusagravirus 2 (MpFV2), M.phaseolina fusagravirus 3 (MpFV3), M.phaseolina fusagravirus 4
(MpFV4), and M.phaseolina fusagravirus 5 (MpFV5) to M.phaseolina double-stranded RNA virus 2 (MpRV2). Comparison of the organizations of putative viruses
M.phaseolina victorivirus 2 (MpV2) to Sphaeropsis sapinea RNA virus 2 (SsRV2). Comparison of the organizations of putative viruses M.phaseolina partitivirus 1 (MpPV1)
and M.phaseolina partitivirus 2 (MpPV2) to Ustilaginoidea virens partitivirus 3 (UvPV3) and Fusarium solani virus 1 (FsV1), respectively. (B) Predicted RdRp amino acid
sequences of MpFV2, MpFV3, MpFV4, MpFV5, MpV2, MpPV1, and MpPV2 were aligned and phylogenetic tree were constructed as described in Fig. 1. The viruses marked

with red diamonds, red dots, and red squares were found in M.phaseolina.

of MpPV1, MpPV2, and other related viruses was conducted, and
a phylogenetic tree was constructed. The tree further supported
that MpPV1 and MpPV2 were new virus species in the family
Partitiviridae (Fig. 5B).

3.7 Characterization of four double-stranded RNA vi-
ruses in the family ‘Fusagraviridae’

Wang et al. (2016) proposed to establish a new family
‘Fusagraviridae’, it contain the unassigned dsRNA virus infect-
ing fungus. The genome size ranges from 8,112nt to 9,518nt,
and the genomic structure exhibits a putative -1 PRF transla-
tional recoding mechanism. Some reported viruses have been
assigned to this family, such as Fusarium poae dsRNA virus 2
(Wang et al. 2016), S.sclerotiorum dsRNA mycovirus-L (Liu et al.
2009), B.cinerea RNA virus 1 (Yu et al. 2015), M.phaseolina dsSRNA
virus 2 (MpRV2) (Marzano et al. 2016), M.phaseolina fusagravirus
1 (Wang et al. 2019), Fusarium virguliforme dsRNA mycovirus 1,
and F.virguliforme dsRNA mycovirus 2 (Marvelli et al. 2014). In
our study, five contigs showed high identity to members of the
family ‘Fusagraviridae’ (Table 1).

Contig 22 was 9,024 nt and had two complete ORFs encoding
a hypothetical protein and RdRp of 1,326 aa and 1,270 aa, re-
spectively. Blastp analysis suggested that the hypothetical
protein and RdRp were similar to those of M.phaseolina dsRNA
virus 2 with 57% and 62% identity, respectively (Fig. 5A). Thus,

contig 22 represented a new fusagravirus, and we named it
M.phaseolina fusagravirus 2 (MpFV2).

Contig 116 was 9,328 nt and had two complete ORFs encoding
a hypothetical protein and RdRp of 1,287 aa and 1,316 aa, respec-
tively. Blastp analysis suggested that the hypothetical protein
and RdRp were similar to those of M.phaseolina dsRNA virus 2
with 88% and 87% identity, respectively (Fig. 5A). We named this
new fusagravirus M.phaseolina fusagravirus 3 (MpFV3).

Contig 23 (8,930 nt) had two complete ORFs encoding a hypo-
thetical protein and RdRp of 1,300 aa and 1,082 aa, respectively.
The putative amino acid sequence of the hypothetical protein
and RdRp were similar to the hypothetical protein and RdRp of
M.phaseolina dsRNA virus 2 with 92% and 95% identity, respec-
tively (Fig. 5A). Thus, we named it M.phaseolina fusagravirus 4
(MpFV4). Contig 110 (8,954nt) contained two complete ORFs
encoding a hypothetical protein and RdRp of 1,300 aa and 1,208
aa, respectively. The hypothetical protein and RdRp were simi-
lar to those of M.phaseolina dsRNA virus 2 with 91% and 96%
identity, respectively (Fig. 5A). We named it M.phaseolina
fusagravirus 5 (MpFV5). The Blastp results revealed that MpFV4
and MpFVS5 both represented isolates of MpRV2.

Moreover, the four contigs all showed a putative shifting
heptamer sequence ‘GGAAAAC’ located upstream of the stop
codon of the hypothetical protein. The putative amino acid of
RdRp of those four fusagraviruses all contained the RdRp_4
(pfam02123) domain. RT-PCR amplification suggested that
MpFV2 was harbored in isolates 2012-022 and 2012-019. MpFV3
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was harbored in 2012-019. MpFV4 was harbored in isolate 2012-
022. And MpFV5 was harbored in isolate 2012-161 (Fig. 1).
Moreover, the MpFV 2 and MpFV4 were both harbored in isolate
2012-022. The amino acid sequence identity of hypothetical pro-
tein and RdRp between MpFV 2 and MpFV4 were 59.56% and
60.43% (Supplementary Table S5), respectively. Similarly, the
MpFV 2 and MpFV3 were both harbored in isolate 2012-019,
the amino acid sequence identity of hypothetical protein
and RdRp between MpFV 2 and MpFV3 were 57.39% and 60.18%
(Supplementary Table S5), respectively. This result revealed
that M.phaseolina hosted various fusagraviruses.

Furthermore, a phylogenetic analysis was conducted based
on the conserved RdRp domains of MpFV2, MpFV3, MpFV4,
MpFV5, MpFV1, MpRV1, and other selected unassigned dsRNA
viruses (Fig. 5B). The phylogenetic tree highlighted that
MpFV2 and MpFV3 were new virus species in the family
‘Fusagraviridae’, and MpFV4 and MpFVS5 represented strains of
M.phaseolina-infecting fusagraviruses originally reported from
North America (Marzano et al. 2016).

3.8 Characterization of two novel viruses in the family
Endornaviridae

To date, numerous endornavirus have been identified across
various timescales and from diverse organisms, including
organisms of plant, fungal and oomycetes origin (Aiewsakun
and Katzourakis 2015). The family consists of two genera,
Alphaendornavirus and Betaendornavirus. The members in
Betaendornavirus infect ascomycete fungi (Rodrigo et al, 2019).
The typical features of endornavirus are a linear ssRNA ranging
from 9.7 to 17.6 kbp in size, which encodes a single long
polypeptide includes of viral RNA helicases, UDP-
glucosyltransferases and RdRps (Ghabrial et al. 2015). In our
study, two viral genome sequences, contig 1085 (8,310nt) and
contig 371 (8,245 nt), showed similarity to members of the fam-
ily Endornaviridae. RT-PCR amplification suggested that contig
1085 and contig 371 were detected in isolate 2012-019 and iso-
late 2013-005, respectively (Fig. 1). Previously, no endornavirus
had been reported in M.phaseolina.

The putative viral sequence contigl085 and contig 371 both
encoded a single large polyprotein that was similar to the
polyprotein encoded by Hordeum vulgare endornavirus with 33%
and 31% identity, respectively (Table 1). HVEV contained con-
served motifs for a viral methyltransferase (pfam01660, 210 aa),
Viral_helicase 1 (pfam01443, 239 aa), and RdRp_2 (pfam00978,
206 aa), but not UDP-glucosyltransferases (Candresse, Marais,
and Sorrentino 2015). Likewise, the predicted polyprotein
encoded by contigl085 and contig 371 also contained a viral
methyltransferase and RdRp_2 domains (Fig. 3A). The pairwise
alignment of amino acid sequences of polyprotein between con-
tigl085 and contig 371 was 76.7% (Supplementary Additional
file 1). These results suggested that contig 1085 and contig 371
were new endornaviruses in the family Endornaviridae, which
were named M.phaseolina endornavirus 1 (MpEV1) and
M.phaseolina endornavirus 2 (MpEV2), respectively. Phylogenic
analysis was performed based on the conserved polyprotein
among MpEV1, MpEV2, and other reported endornaviruses.
The results further suggested that MpEV1 and MpEV2 were new
virus species in the genus Betaendornavirus (Fig. 3B).

3.9 Characterization of one novel virus in the family
Potyviridae

Potyvirus is the largest genus in the family Potyviridae, which
contains a single molecule of linear, positive-sense ssRNA of ap-
proximately 9.7 kbp in size. The genome encodes a single major
polyprotein that is self-cleaved into a set of functional proteins
(Adams, 2012). One viral sequence showed similarity to mem-
bers of the family Potyviridae. Contig 69 was 7,296 nt, containing
one incomplete ORF predicted to encode a polyprotein of 2,343
aa. The predicted polyprotein showed similarity to the polypro-
tein of Watermelon mosaic virus (WMV) with 25% identity
match. The polyprotein of WMV contained seven domains
(Fig. 6A). However, the polyprotein of contig 69 only had RdRp_1
(pfam00680), Peptidase_C4 (pfam00863), and RNA helicase
domains. It has been reported that Peptidase_C4 is present in
the nuclear inclusion protein of potyvirus (Marchler-Bauer
2017). Contig 69 likely represented a novel potyvirus, and we
named it M.phaseolina poty-like virus (MpPLV). Furthermore, a
phylogenetic analysis of the conserved polyprotein domain
among MpPLV and other related potyviruses was conducted,
and a phylogenetic tree was constructed (Fig. 6B). The tree fur-
ther suggested that contig 69 was a new virus species in the
family Potyviridae and also the first mycovirus identified in the
Potyviridae family. In addition, RT-PCR amplification revealed
that MpPLV was present in isolates 2013-006 and 2013-037

(Fig. 1).

3.10 Characterization of one novel virus in the family
Bromoviridae

The family Bromoviridae contains six genera, Alfamovirus,
Anulacirus, Bromovirus, Cucumovirus, Ilarvirus, and Oleavirus. The
typical features of members of the Bromoviridae are a genome
length of approximately 8kb, which consists of three linear
positive-sense ssRNAs, and segmented genomes packaged in
separated virions that may also contain subgenomic RNAs
(sgRNAs), defective RNAs or satellite RNAs. The 5'-terminus of
Bromoviridae viruses has a cap structure, and the 3'-terminus is
not polyadenylated but widely and highly conserved within a
species or isolate, forming strong secondary structures
(Bujarski, 2012). In the present study, one sequence, contig 215,
was 3,555nt and had one large ORF (61-3,333 nt) encoding a rep-
licase of 1,090 aa. The 5-UTR and 3'-UTR of contig 215 were
60 nt and 222 nt, respectively. Blastp analysis suggested that the
predicted amino acid sequence of the replicase was similar to
the replicase of Tomato necrotic streak virus with 37% identity.
Like TNSV, the replicase of contig 215 not only included a
Viral_helicase 1 and Vmethyltransf but also DEXXYc_viral SF1-
N and RecB domains (Fig. 6A). TNSV was a member of the genus
Ilarvirus and the viral sequence of contig 215 represented a new
ilar-like virus and was thus named M.phaseolina ilar-like virus
(MpILV). RT-PCR amplification suggested that MpILV was har-
bored by isolate 2012-051 (Fig. 1). Phylogenetic analysis of the
conserved protein among MpILV, TnSV, CV, and other viruses in
the family Bromoviridae was conducted and a phylogenetic tree
constructed (Fig. 6B). The tree revealed that MpILV clustered
with CV to form a single branch, which also clustered with six
ilarviruses (HMV, SLV, TnSV, TaMV, AMV, and FcLV) to form a
larger branch. This branch included MpILV distinct from other
genuses in the family Bromoviridae, and MpILV represented a
new virus species in the family Bromoviridae; it is also the first
mycovirus identified in this family.
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3.11 Three novel umbra-like viruses

Members of the family Tombusviridae contain monopartite
genomes including one or two 3.7-4.8 kbp linear ssRNA seg-
ments with up to six ORFs. Generally, the 5'-proximity ORF
expresses the viral replicase, and the 3'-proximityORF is
expressed by a subgenomic RNA and encodes the CP (Rochon,
2012). In our study, three contigs showed similarities to mem-
bers of the family Tombusviridae. Contig 101 was 3,796 nt with a
putative incomplete ORF encoding a protein most similar to
the RdRp of S.sclerotiorum umbra-like virus 1with 41% identity
(Table 1).The putative protein contained the RdRp_3 domain.
We named this novel virus M.phaseolina umbra-like virus 1
(MpULV1). Contig 1 was 3,518nt with an incomplete ORF
encoding a putative protein most similar to the RdRp of
S.sclerotiorum umbra-like virus 1 with 36% identity (Table 1),
and the putative protein contained a RdRp_3 domain. It was
designated as M.phaseolina umbra-like virus 3 (MpULV3). The
viral sequence of contig 103 was shorter, but the predicted pro-
tein was similar to the RdRp of S.sclerotiorum umbra-like virus 1
with 45% identity (Table 1). It was named as M.phaseolina
umbra-like virus 2 (MpULV2). The nucleotide sequences of
MpULV2 showed strong similarly to MpULV3 and likely repre-
sented a different isolate of MpULV3 (Supplementary
Additional file 2). RT-PCR amplification suggested that
MpULV1 was detected in isolate 2012-019; MpULV2 was
detected in isolates 2012-022, 2013-006, and 2012-036; and
MpULV3 was detected in six isolates, including isolates 2012-
022, 2012-161, 2013-037, 2013-006, 2012-036, and 2011-138
(Fig. 1). Moreover, a phylogenetic analysis based on the puta-
tive RdRp of MpULV1 and MpULV3 and other selected viruses
was conducted. The result suggested that these two viruses
likely represented new virus species in the genus Umbravirus
(Fig. 6B).

3.12 Characterization of one novel mitovirus

Viruses in the family Narnaviridae consist of a single molecule of
positive-strand RNA of 2.3-2.9kb, and a single ORF encoding
only RdRp (Hillman 2012). Three mitoviruses have been
reported to infect M.phaseolina, M.phaseolina mitovirus 1
(MpMV1), M.phaseolina mitovirus 2 (MpMV2), and M.phaseolina
mitovirus 3 (MpMV3) (Marzano et al. 2016). In the present study,
one viral sequence, contig 51, was 2,567 nt and contained a com-
plete ORF encoding a putative protein of 694 aa. The protein
contained a mitovir RNA_Pol (pfam05919) domain. Blastp sug-
gested that the predicted amino acid sequence of the putative
protein was similar to the RdRp of R.solani mitovirus 10 with
94% identity (Table 1). Thus, contig 51 was likely to be a strain of
RsMV10, and we named it M.phaseolina mitovirus 4 (MpMV4).
Additionally, RT-PCR amplification revealed that MpMV4 was
present in isolate 2015-003 (Fig. 1). A phylogenetic analysis
based on the RdRp sequence of MpMV4, RsMV10, and other se-
lected mitoviruses was conducted. The results suggested that
MpMV4 was a new mitovirus in M.phaseolina (Fig. 7).

3.13 Characterization of four novel ourmiaviruses

Genus Ourmiavirus belong to family Botourmiaviridae (Maria et al.
2020). The genome of ourmiavirus is composed of three
positive-sense single-stranded RNAs of 2.8, 1.1, and 0.97 kb, re-
spectively. RNA1 encodes RdRp, RNA2 encodes movement pro-
tein, and RNA3 encodes CP (Turina et al. 2017). Some
ourmiaviruses have been reported to infect the phytopatho-
genic fungi R.solani, S.sclerotiorum (Marzano et al. 2016), Botrytis

(Donaire et al. 2016), Phomopsis longicolla (Hrabdkova, Koloniuk,
and Petrzik 2017), and Magnaporthe oryzae (Li et al. 2019). In our
study, four contigs showed high similarities to the reported fun-
gus ourmiavirus.

The putative viral sequence of contig 7 was 1,884nt and had
one incomplete ORF encoding an RdRp of 514 aa. The sequence
of contig 7 shared 44% amino acid sequence identity to Erysiphe
necator associated ourmia-like virus 8 (Table 1), and we named it
M.phaseolina ourmia-like virus 1 (MpOLV1). Contig 179 was
2,218 nt and had one incomplete ORF encoding an RdRp of 499
aa. The predicted amino acid sequence of contig 179 RdRp was
41% identical to that of Acremonium sclerotigenum ourmia-like vi-
rus 1 (Table 1). Furthermore, the predicted RdRp contained a
Pneumo_att_G domain (pfam05539), and we named contig 179
M.phaseolina ourmia-like virus 2 (MpOLV2). Contig 18 was
2,745 nt and had one complete ORF encoding an RdRp of 682 aa.
The predicted amino acid sequence of RdRp was similar to that
of AsOLV1 with 40% identity. Moreover, the identity by pair wise
alignments between contig 179 and contig 18 was 93%
(Supplementary Additional file 3), and we named it M.phaseolina
ourmia-like virus 2-A (MpOLV2-A). Contig 18 represented isolate
of MpOLV?2. Contig 12 was 2,833 nt and contained one complete
ORF predicted to encode an RdRp of 674 aa. The predicted RdRp
was similar to that of Neofusicoccum parvum ourmia-like virus
1with 69% identity (Table 1). Thus, we named it M.phaseolina
ourmia-like virus 3 (MpOLV3).

RT-PCR amplification suggested that MpOLV1 and MpOLV2
were both detected in isolates 2012-019 and 2012-022 (Fig. 1),
MpOLV2-A was detected in isolates 2012-019 and 2015-003
(Fig. 1), and MpOLV3 was detected in isolate 2012-019 (Fig. 1).
These result revealed that M.phaseolina hosted various ourmia-
viruses. Furthermore, the phylogenetic analysis indicated that
MpOLV1, MpOLV2, MpOLV2-A, MpOLV3 and other fungus
ourmia-like viruses clustered in one branch distinct from plant
ourmiavirus (Fig. 7). Consequently, these four viruses repre-
sented novel species in the genus Ourmiavirus. In additon,
Hrabakova, Koloniuk, and Petrzik (2017) propose to recognize
ourmiaviruses from fungi as a separate genus with name
‘Ourmycovirus’.

3.14 Six related viruses in the family Virgaviridae

Members of the family Virgaviridae have rod-shaped virions,
and the genome of the 3’-terminal tRNA-like structure is a repli-
cation protein typical of alpha-like viruses (Adams, Antoniw,
and Kreuze 2009). The viruses in this family almost always in-
fect plants. Previously, M.phaseolina tobamo-like virus 1
(MpTLV1) and M.phaseolina tobamo-like virus la (MpTLV1la)
have been reported in Virgaviridae, representing the first report
of Tobamovirus-infected fungi (Marzano et al. 2016). The
genomes of those two viruses all contain four ORFs encoding
methyltransferase/helicase, RdRp, putative movement protein,
and CP, respectively (Marzano et al. 2016). In our study, six con-
tigs showed similarities to the members of Tobamovirus.

The viral sequence of contig 334 (3,671 nt) contained one in-
complete ORF encoding an RdRp of 1,316 aa and a conserved
RdRp_2 domain (pfam00978). The amino acid sequence of RdRp
was 78% identical to that of Botryosphaeria dothideatobamo-like
virus (BATLV) followed by Luckshill virus (LV) with 41% identity
(Table 1). Additionally, the putative RdRp was similar to
Podosphaera prunicola tobamo-like virus (PpTLV) and MpTLV
with 31% identity (Table 1). However, BATLV and LV were not
complete genomes, and LV was an unclassified ssRNA virus
that infected pests (Medd et al. 2017). Thus, we named contig
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334 M.phaseolina tobamo-like virus 2 (MpTLV2), which repre-
sented a new virus species in the family Virgaviridae. RT-PCR
amplification suggested that MpTLV2 was detected in isolates
2012-051, 2013-037, 2015-003, 2014-017, 2012-036, and 2013-006
(Fig. 1).

The genome of contig 66 (2,073 nt), contig 76 (3,417 nt), contig
49 (3,155 nt), contig 15 (4,677 nt), and contig 47 (2,381 nt) all con-
tained one incomplete ORF encoding an RdRp. The putative
amino acid sequences of contig 66 contained RdRp_2 domain.
The Blastp analysis suggested that the RdRp of contig 66 was
similar to that of MpTLV1a with 98% identity (Table 1). Contig 66
represented an isolate of MpTLVla, and we named it
M.phaseolina tobamo-like virus 1a-A (MpTLV1a-A). RT-PCR am-
plification suggested that MpTLV1a-A was harbored in isolates
2012-019, 2015-003, 2013-037, 2011-138, and 2012-036 (Fig. 1).
Furthermore, contig 76, contig 49, and contig 15 all contained a
conserved domain, Viral_helicase 1, and showed strong related-
ness to the RARp of MpTLV with 88%-93% identity (Table 1). The
putative amino acid sequence of Contig 47 RdRp contained no
motif but was similar to the RdRp of MpTLV with 94% identity.
Thus, contig76, contig 49, contig 15, and contig 47 represented
different isolates of MpTLV, and we named them M.phaseolina
tobamo-like virus-A (MpTLV-A), M.phaseolina tobamo-like
virus-B (MpTLV-B), M.phaseolina tobamo-like virus-C (MpTLV-C),
and M.phaseolina tobamo-like virus-D (MpTLV-D), respectively.
The phylogenetic analysis showed that MpTLV2 was a new
virus species in the family Virgaviridae. MpTLV1a-A, MpTLV-A,
MpTLV-B, MpTLV-C, and MpTLV-D represented the strains of
MpTLV1la and MpTLV in the family Virgaviridae (Fig. 8). These

result confirmed that MpTLV1a and MpTLV were widely distrib-
uted in China.

3.15 The distribution of detected viruses in a single
isolate of M.phaseolina

The viruses harbored by each isolate were detected by RT-PCR
amplification with virus-specific primers (Fig. 1). Ten of these
twelve isolates were virus-positive by RT-PCR detection.
Moreover, 10 isolates showed coinfection with more than one
virus (Fig. 9E). Among these viruses, 43% of the viral genomes
were predicted to represent dsRNA virus, 47% ssRNA+ virus,
and 10% ssRNA-— virus (Fig. 9E). The virus-infected isolates
2012-161 and 2012-019 both showed three nucleic acid types
genomes (dsRNA, ssRNA+, and ssRNA-) (Fig. 9E). Notably, iso-
late 2012-019 harbored 18 different viruses belonging to seven
distinct lineages: Bunyavirales, Totiviridae, Endornaviridae,
Tombusviridae, Virgaviridae, ‘Fusagraviridae’, and Ourmiavirus
(Fig. 1). Isolates 2012-022 harbored thirteen different viruses be-
longing to seven distinct lineages: Totiviridae, Chrysoviridae,
Hypoviridae, Tombusviridae, Virgaviridae, ‘Fusagraviridae’, and
Ourmiavirus. Moreover, isolates of 2015-003, 2012-051, 2014-017,
and 2013-037 were infected by viruses containing dsRNA and
ssRNA+ genomes (Fig. 9E), whereas the viral genome of the vi-
ruses infecting isolates 2012-036, 2013-006 and 2011-138 had
only ssRNA+ genomes (Fig. 9E). In addition, isolates 2011-123
and 2012-028 did not harbor any viruses (Fig. 1). This result
revealed that M.phaseolina isolated from sesame in China
harbored huge resources of virus; however, a small number of
isolates did not harbor the virus.
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Figure 8. Genome organizations and phylogenetic analysis of the putative viruses in family Virgaviridae detected from Macrophomina phaseolina. (A) Comparison of the
organizations of putative viruses M.phaseolina tobamo-like virus 2 (MpTLV2) to M.phaseolina tobamo-like virus (MpTLV). (B) Predicted RdRp amino acid sequences of
MpTLV2 and other Tobamo-like viruses were aligned and phylogenetic tree were constructed as described in Fig. 1. The viruses marked with red dots were found in

M.phaseolina.



h

Colony marphology

Hyphal tips

Virulence

Caolony morphalogy

Hyphal tips

WVirulence

J. Wang et al.

17

B
T
E
E
a2
B
£
o
c
@
E
2
]
=
=
&
g
-}
T
£
=
D
E
E
[4]
o
a
2
E
% OnsRNA
¢ 18 ssRNA
= 184 OdsRNA
3
o 144
=
E 12
]
£ s
E &
(=
4 .
2 5
: g 1LYl
(] 1

L, - ]
Al s LU

o & :
¢ 8 P PP
£ L 'LQO' o

" #

&

Figure 9. The comparison of different biological characteristic and quantity of mycoviruses among 12 isolates of Macrophomina phaseolina. (A) Compare the colony mor-
phology, hyphal tips, and virulence of 12 isolates. All fungal strains were grown on PDA for 4 days at 30°C and photographed. (B) Growth rate of 12 isolates were mea-
sured on PDA for 48 h at 30°C. (C) Biomass of 12 isolates was measured in PDB for 8 days at 30°C. (D) The data of pathogenicity was calculated base on RAUDPC. (E) The
number of ssSRNA—, ssRNA-+, and dsRNA viruses contained by 12 isolates respectively. Means followed by the different letters on the top of each column are signifi-
cantly different at the P < 0.05 level of confidence according to Duncan’s multiple range test.

3.16 Effect of viruses on the biological characteristics of
M.phaseolina

The 12 M.phaseolina isolates were cultured at 30°C on PDA to ob-
serve their morphology. Compared with the virus-negative iso-
lates 2012-028, four isolates, 2012-161, 2012-019, 2012-022 and
2015-003, harbored multiple viruses and showed a significantly
abnormal colony morphology with sectoring and restricted
growth at the colony margin on PDA plates (Fig. 9A), which is
similar to the hypovirulence traits of S.sclerotiorum isolates con-
taining RNA virus (Liu et al. 2014). The colony color of the other
seven isolates was light or dark gray, and the growth rates and
biomass were significantly reduced compared with the virus-
free isolate of 2012-028 (P < 0.05) (Fig. 9B and C). The hyphal tips
of each isolate were checked under a microscope, revealing the
similarity of six isolates (2011-138, 2013-006, 2012-051, 2014-017,
2013-037, 20120-036) to the virus-free isolate 2012-028, although
the six isolates harbored viruses. The isolate 2015-003 showed
an abnormal colony phenotype, but it had normal hyphal tips
(Fig. 9A). However, the hyphal tips of isolates 2012-161, 2012-
019, 2011-123, 2012-022 were shortened and multibranched; ad-
ditionally, some tips of small branches were capreolary, and the
morphology was abnormal (Fig. 9A).

The pathogenicity of each isolate was tested on sesame. The
results showed that isolates 2012-022, 2012-019, 2012-161, 2011-
123, and 2015-003 caused slight necrosis at the tip of sesame

stem at 8 days postinoculation (dpi) and hardly extended to the
unifoliate node with a significantly lower RAUDPC than the
virus-free isolate (Fig. 9A). In contrast, the virus-negative isolate
2012-028 caused stem necrosis reaching down to the unifoliate
node after 2dpi and extending to the second unifoliate node
after 6dpi, but no significant drying up at 8dpi (Fig. 9A).
Interestingly, isolate 2012-036 harboring MpULV1, MpULV2, and
MpTLV2 showed a significantly higher RAUDPC of 44.3 mm?
than the other eleven isolates, with stem necrosis reaching
down to the unifoliate node after 2dpi and extending below the
second unifoliate node after 6 dpi. Most stems then driedup and
became covered with pycnidia and microsclerotia at 8dpi
(Fig. 9A). Therefore, both the colony phenotype and pathogenic-
ity analysis suggested that isolates 2012-022, 2012-161, 2012-
019, 2011-123, and 2015-003 were hypovirulent strains.

4, Discussion

To the best of our knowledge, there have been few reports to
date on viruses in M.phaseolina (Arora, Dilbaghi, and Chaudhury
2012; Marzano et al. 2016). However, only Marzano et al. (2016)
analyzed the viral sequences, while they did not mention the
phenotypes and viral types of each isolates. Hence, the relation-
ship between viruses and the phenotype of M.phaseolina is still
unknown. This is the first report of the virus diversity of
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M.phaseolina isolates collected from sesame in China, and the
morphology of each isolate was described. We identified forty
putative viral sequences, most of which were nearly the full-
length genome. Four viruses provided a complete genome se-
quence by RACE. In addition, these viral genomes showed simi-
larity to twelve distinct lineages: Hypoviridae, Totiviridae,
Chrysoviridae,  Endornaviridae,  Partitiviridae, =~ Bunyavirales,
Virgaviridae, Potyviridae, Bromoviridae, Narnaviridae,
Tombusviridae, ‘Fusagraviridae’, and Ourmiavirus. Furthermore,
14 viral sequences grouped into 6 different lineages
(Chrysoviridae, = Tombusviridae, Virgaviridae, Narnaviridae,
Hypoviridae, and Bunyavirales), and two unclassified RNA viruses
were identified from the forty-eight M.phaseolina isolates col-
lected from the soybean in North America (Marzano et al. 2016)
(Supplementary Table S4). The viruses in families Hypoviridae,
Bunyavirales, Chrysoviridae, Virgaviridae, and Narnaviridae were
detected in both Chinese and American isolates of M.phaseolina.
However, sixteen viral sequences showed similarity to six fami-
lies in this research, Totiviridae, Partitiviridae, Endornaviridae,
Potyviridae, Bromoviridae, and Ourmiavirus, which previously con-
tained no viruses identified from M.phaseolina. Jo et al. (2020)
identified two viruses (Uromyces potyvirus A and Uromyces
anulavirus A) from public fungal transcriptomes datasets,
which showed similarities to the members of family Potyviridae
and Bromoviridae, they suggest the existence of putative fungal
bromovirus and potyvirus. This study greatly expands the num-
ber of M.phaseolina viruses and further shows the abundant di-
versity of viruses in M.phaseolina, revealing many new viruses
for exploration. These findings also revealed that virus are com-
monly present in M.phaseolina. Moreover, the viruses of
M.phaseolina collected worldwide are mostly different, consis-
tent with the observation in other fungi such as S.sclerotiorum
(Mu et al. 2018). Moreover, the variety of viruses in each isolate
was confirmed by RT-PCR, and the results suggested that ten of
twelve isolates were infected by various viruses. The most inter-
esting one was isolate 2012-019 harboring eighteen different vi-
ruses belonging to seven different lineages. The isolate (2014-
017, 2011-138, 2012-051, and 2012-036) for which dsRNA seg-
ment detection failed but that provided results by deep mRNA
sequencing and RT-PCR suggested that these viruses have low
accumulation levels in the host, and metatranscriptomics is
sufficiently sensitive to discover such new virus types. Analysis
of the genome type of the viruses suggested that most of them
were dsRNA and ssRNA+; only 10% were ssRNA—, and no DNA
virus existed in these twelve isolates. Similar results have been
reported previously showing that DNA and ssRNA- viruses are
less common than dsRNA and ssRNA+ viruses in fungi (Yu
et al. 2010; Liu et al. 2014).

In 2016, the first virus identified in the family Virgaviridae
was reported by analysis of tobamo-like virus in M.phaseolina
(Marzano et al. 2016). In our study, nine M.phaseolina isolates
harbored tobamo-like virus. The findings suggested that
tobamo-like virus was presented worldwide and prevalent
in the plant-pathogenic fungus M.phaseolina. Moreover, the
tobamo-like virus la (MpTLV1a; KP900897) was identified in
three hypovirulent isolates, suggesting that MpTLV1a might be
associated with hypovirulence. However, the other tobamo-like
virus was not only detected in hypovirulent but also in virulent
isolates. Furthermore, seven isolates tested in this research con-
tained umbra-like virus, while only one umbra-like virus was
detected in S.sclerotiorum collected from North America
(Marzano et al. 2016). This result suggests that the virus of
M.phaseolina in China was significantly different from the North
American isolate.

A previous report revealed that viruses in Mononegavirales
typically have negative single-stranded genomes of 8.9-19kb
and contains eight families (Easton 2012). Some new members
of the Mymonaviridae have been identified in fungi, such as
S.sclerotiorum negative-stranded RNA virus 1 (SsNSRVZ,
YP_009094317; 10,002 nt) and Fusarium graminearum negative-
stranded RNA virus 1 (FgNSRV1; MF 276904; 9,072nt)
(Amarasinghe et al. 2017; Wang et al. 2018). A recently reported
B.cinerea negative-stranded RNA virus 1 (BcNSRV1; NC_028466;
8,543 nt), R.solani negative-stranded RNA virus 4 (RsNSRV4;
KP900923; 7,224 nt), and M.phaseolina negative-stranded RNA vi-
rus 1 (MpNSRV1; KP900899; 6,081 nt) are new members of the or-
der Bunyavirales (Marzano et al. 2016; Donaire, Pagin, and
Ayllén 2016). In this study, MpMBV3 was identified as a strain of
MpNSRV1. However, MpMBV3 was longer than MpNSRV1.
Hence, further research is needed to address this difference.

Compared with co-infections, single virus infection is rare
(iang, Fu, and Ghabrial 2013). In this research, 10 isolates
showed coinfection by various viruses. Interestingly, the hypo-
virulent isolate 2012-019 contained up to 18 viruses belonging to
seven distinct lineages. Similarly, the avirulent R.solani isolate
DC-17 harbored 17 different mycovirus species belonging to at
least eight different families (Bartholomdus, Wibberg, and
Winkler 2016). In 2016, Zhang and Nuss (2016) engineered a su-
per donor strain that were able to transmit hypoviruses more
efficiently and enhance the biological control potential of CHV1.
Similar to isolate 2012-019 and DC-17, they displayed the ability
to harbor many different viruses. Hence, these strains have pro-
pensity to harbor different viruses which may help with hori-
zontal transmission. In addition, isolate 2012-019 could be a
valuable experimental material to study the mechanism of
M.phaseolina anti-viral immunity.

Prediction of virus localization revealed that the cytoplasm
is a more common area of localization than mitochondria in
M.phaseolina, of which only one isolate, 2015-003, harbored a
mitovirus that was predicted to replicate within mitochondria.
Consistent with previous reports, mitoviruses are frequently
identified in the viromes of S.sclerotiorum and R.solani, but not in
M.phaseolina (Marzano et al. 2016). As mentioned above, it is
possible that the mitochondria of M.phaseolina have a higher im-
munity to virus than S.sclerotiorum and R.solani. The isolates
2015-003 containing mitovirus 4 showed hypovirulent traits, im-
plying that this mitovirus might be hypovirulent. However, Ran
et al. (2016) described a limited effect of S.sclerotiorum mitovirus
4 on S.sclerotiorum.

Viruses that attenuate fungal virulence may be welcome
additions for the mitigation of plant diseases. Similar to previ-
ous reports showing that most viruses are latent infections and
do not cause obviously symptoms (Pearson et al. 2009; Ghabrial
and Suzuki 2009), we found thirteen viruses (MpV3, MpPV1,
MpChrv4, MpULV2, MpULV3, MpILV, MpPLV, MpTLV2,
MpTLV1a-A, and MpTLVA-D) infecting the isolates that showed
no significant change in phenotype. Comprehensive analysis of
the kind of virus and phenotype of each isolate suggested that
the M.phaseolina virus of Hypovirus 2, Fusagravirus2, 3,4, and 5,
Victorivirus 2, Chrysovirus 2, 3, and 5, Endornavirus 1 and 2,
Partitivirus 2 and 3, Mycobunyavirusli, 2, 3, and 4, Umbra-like vi-
rus 1, Ourmia-like virus 1, 2, and 3, and Mitovirus 4 were only
present in hypovirulent isolates, indicating that these viruses
might be associated with hypovirulence traits of M.phaseolina
(Fig. 1). Thus, we speculated that those viruses might be associ-
ates with hypovirulence. More interestingly, the reported virus
MpTLV was detected in three isolates exhibiting attenuated
virulence.


https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa095#supplementary-data

The M.phaseolina virus of Fusagravirus 3, 4, and 5 was
detected in three different hypovirulent isolates, suggesting
that this virus likely contributes to the hypovirulence traits of
M.phaseolina, and might be transmitted much more easily in
M.phaseolina than other hypovirulence-associated viruses.
Using isolates only harboring MpFV3 to test the features of this
virus will help test this hypothesis.

Alternaria alternata infecting Japanese pear can produces a
host-specific AK-toxin. The mycovirus Alternaria alternate
chrysovirus 1 (AaCV1) was identified in a strain that showed an
impaired growth phenotype. The effect of AaCV1l on the
A.alternate exhibited two contrasting features, impaired growth
of the host fungus while rendering the host hypervirulent to the
plant (Okada, 2018). Interestingly, isolate 2012-036 in this study
harbored MpULV2, MpULV3, MpTLV2, MpTLV1a, and MpTLVA-
D, showing normal growth phenotypes while enhancing viru-
lence to sesame. These results implied that these viruses might
have a positive effect on the fungus. Thus, this performance
might be induced by multiple virus infection or just the biologi-
cal trait of this isolate. Thus, further analysis of the influence of
each virus on isolate 2012-36 is needed. Additionally, umbra-
like viruses were detected in seven M.phaseolina isolates, sug-
gesting that this virus widespread in the host of M.phaseolina.

In addition to identifying new potential biological control
agents, these results expand our overall view of the diversity of
viruses. Phylogenetic analyses of viruses infecting lower eukar-
yotes often show clusters of viral genomes that are more closely
related to viruses that infect the same host species than to vi-
ruses that infect other species (Arjona-Lopez et al. 2018). In con-
trast, in this research, only a few virus sequences matched the
virus associated with M.phaseolina. Most of the novel viruses
from M.phaseolina in China in this research showed the best
match with viruses described from animal, plant, and other
soil-inhabitant fungi such as S.sclerotiorum and R.solani.
Similarly, Arjona-Lopez et al. reported that many viruses
detected in R.necatrix show a closer relationship to soil-borne
fungi other than R.nectarix, and they hypothesized that horizon-
tal viral transfer occurs between soil-inhabitant fungi (Arjona-
Lopez et al. 2018). In addition, increasing evidence supports the
horizontal transfer of viruses between fungi and plants. For ex-
ample, Cryphonectria hypovirus 4 reveals the phylogenetic re-
latedness between the hypovirus and plant RNA virus potyvirus
(Linder-Basso, Dynek, and Hillman 2005). In our study, two pu-
tative viral sequences, contig 69 and contig 215, showed similar-
ity to the plant virus family Potyviridae and Bromoviridae, and the
discovery of MpEV1-2 provides further proof for the hypothesis
that unencapsidated dsRNA-like genomes appear to have a
common ancestry with plant (+) strand RNA viruses (Roossinck
et al. 2011). In addition, Song et al. (2013) found three glycome-
related viral genes in endornavirus that were acquired from ma-
rine bacteria by horizontal gene transfer. Mycovirus of
P.longicolla RNA virus 1 (PIRV1) and Botrytis ourmia-like virus
(BOLV) were recently discovered, which are related to plant our-
miaviruses and form one clade, which might represent the clos-
est link between fungal Narnavirus and plant Ourmiavirus
(Donaire et al. 2016; Marzano et al. 2016; Hrabdkovd, Koloniuk,
and Petrzik 2017). These findings suggest the origin of BOLV and
support the so-called plant virus hypothesis (Ghabrial 1998).
Furthermore, horizontal transmission from animals to plants
by invertebrate parasites of both hosts has been reported for
negative-stranded RNA viruses (Dolja and Koonin 2011). The
B.cinerea negative-stranded RNA virus 1 (BcNSRV-1) is hypothe-
sized to be derived from an invertebrate and vertebrate-
infecting virus (Donaire, Pagdn, and Ayllén 2016). Similarly,
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MpTLV2 showed similarity to Luckshill virus identified in inver-
tebrate animal, indicating that MpTLV2 could be derived from
an invertebrate-infecting virus.

The novel viruses described in our study will further supple-
ment the virus sequence in the database and supply strong evi-
dence explaining the horizontal virus transfer among animals,
plants, and fungi. The results also facilitate understanding of
the origins of all viruses to solve difficulties in viral identifica-
tion and classification, and provide new insights into the coevo-
lutionary biology of fungal viruses and their hosts.

5. Conclusions

In this study, we used a high throughput sequencing-based
metatranscriptomic approach to detect viral sequences of
M.phaseolina isolates collected from sesame in China. The forty
viruses were contained by eleven Chinese isolates and grouped
into twelve distinct lineages, which is significantly more abun-
dant than previously reported for fourteen new viruses detected
from forty-eight M.phaseolina isolates collected from soybean in
North America (Marzano et al. 2016). These results support a
great diversity of viruses in Chinese isolates. Interestingly, one
virus, M.phaseolina tobamo-like virus 1a, was also detected in
Chinese isolates, indicating that MpTLVla is widespread in
China and North America. Importantly, many detected viruses
showed the closest relationship to viruses reported from soil-
inhabitant fungi (Sclerotina spp., Rhizoctonia spp., Verticillium
spp.) that are sympatric to M.phaseolina. This result is consistent
with previous reports on viruses in R.necatrix (Arjona-Lopez
et al. 2018). Most importantly, our results also showed that coin-
fection was very common in M.phaseolina. Four hypovirulent
isolates contained four to eighteen different viruses, including
three types of nucleotide genomes (dsRNA, ssRNA+, and
ssRNA-). In summary, this study explored many viruses that
could be potential biocontrol agents, providing many new
insights into the taxonomy and evolutionary biology of viruses.
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