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Assessment of mycoviral diversity in Pakistani fungal isolates 
revealed infection by 11 novel viruses of a single strain of 
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Abstract

An extensive screening survey was conducted on Pakistani filamentous fungal isolates for the identification of viral infections. 
A total of 396 fungal samples were screened, of which 36 isolates were found double-stranded (ds) RNA positive with an overall 
frequency of 9% when analysed by a classical dsRNA isolation method. One of 36 dsRNA-positive strains, strain SP1 of a plant 
pathogenic fungus Fusarium mangiferae, was subjected to virome analysis. Next-generation sequencing and subsequent com-
pletion of the entire genome sequencing by a classical Sanger sequencing method showed the SP1 strain to be co-infected by 
11 distinct viruses, at least seven of which should be described as new taxa at the species level according to the ICTV (Inter-
national Committee on Taxonomy of Viruses) species demarcation criteria. The newly identified F. mangiferae viruses (FmVs) 
include two partitivirids, one betapartitivirus (FmPV1) and one gammapartitivirus (FmPV2); six mitovirids, three unuamitovirus 
(FmMV2, FmMV4, FmMV6), one duamitovirus (FmMV5), and two unclassified mitovirids (FmMV1, FmMV3); and three botourmi-
avirids, two magoulivirus (FmBOV1, FmBOV3) and one scleroulivirus (FmBOV2). The number of coinfecting viruses is among 
the largest ones of fungal coinfections. Their molecular features are thoroughly described here. This represents the first large 
virus survey in the Indian sub-continent.

INTRODUCTION
Mycovirus (fungal virus) hunting has been greatly expe-
dited by the recent advances in Next-generation sequencing 
(NGS) [1–4]. Extensive screening of many phytopathogenic, 
entomopathogenic, and human-pathogenic fungi and oomy-
cetes has been performed in the past decades [5–11]. Different 
incident rates (from a small number of percentages to more 
than 90%) have been reported in plant-related fungi [12]. 
Mycoviruses have also been reported in various types of fungi, 

including cultivated and wild mushrooms, and saprophytic 
litter decomposers [13–15]. These studies revealed great 
diversity and evolutionary histories of viruses as well as new 
virus genome structures and virus lifestyles [16–18].

The International Committee for the Taxonomy of Viruses 
(ICTV) currently recognizes 23 families of mycoviruses, 
mostly comprising of linear double-stranded RNA (dsRNA), 
and positive-sense single-stranded RNA ((+)ssRNA). 
Recently, viruses with single-stranded circular DNA genomes 
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and negative-sense ssRNA ((-)ssRNA) genomes, whether 
segmented or non-segmented, have also been discovered 
[10, 19–23]. There will be an increasing number of taxa that 
accommodate mycoviruses year by year. The number and size 
of genome segments vary among mycoviral families. Many 
RNA mycoviruses may exist as multiple dsRNA elements in 
the genome of dsRNA viruses or in replicative form of ssRNA 
viruses (at least (+)ssRNA viruses). The electrophoretic 
profile with multiple dsRNA elements could be due to single 
infections by multipartite mycoviruses, multiple infections of 
mycoviruses or both, with or without subviral RNAs. Mixed 
infections of fungal isolates are commonly observed [12, 24]. 
For example, an isolate of Fusarium poae was reported to be 
infected by 16 RNA viruses belonging to 11 families [25], 
while an isolate of Kickxella alabastrina (the subdivision of 
Kickxellomycotina) was reported to be co-infected by 11 
RNA viruses [14]. Other interesting cases area hypoviru-
lent or a growth-retarded strain of the causal pathogen of 
Dutch elm disease (Ophiostoma novo-ulmi) or white root 
rot disease (Rosellinia necatrix) infected by multiple distinct 
viruses belonging to a single family [5, 26]. There seem to be 
complex virus/virus interactions such as co-infections (which 
have been intensively explored only in a limited number of 
cases). Known virus/virus interactions include synergism, 
antagonism, and mutualism [12, 27].

It should be noted that there is a bias in fungal sources in 
the aforementioned studies: some particular groups of 
fungi have been explored [14]. Ascomycetes, especially 
phytopathogenic ones, such as Cryphonectria parasitica, 
Sclerotinia sclerotiorum, Rosellinia necatrix, Fusarium spp., are 
screened much more extensively than others, because some 
of the mycoviruses in these fungi exhibit potential as viro-
control (biocontrol of plant fungal diseases) agents [28–32]. 
There is also a bias in the locality of fungal sources. Until 
2019, there had been no reports on fungal viruses from the 
Indian subcontinent. Recently, a few reports of mycoviruses 
are available from Pakistani fungal isolates, which includes 
complete characterization of three dsRNA viruses, Alternaria 
alternata victorivirus 1 (a novel victorivirus) [33], Alternaria 
alternata botybirnavirus 1 (AaBbV1, a novel botybirnavirus) 
[34, 35] and Penicillium janthinellum polymycovirus 1 (a 
strain of known polymycovirus) [36], and two strains of a 
novel polymyco-related (+)ssRNA virus, Hadaka virus 1–7 n 
and −1 NL (HadV1-7n and HadV1-1NL) [17]. In this study, 
a comprehensive screening was conducted during 2014 to 
2019 for the identification of mycovirome (mycovirus popula-
tions) associated with Pakistani fungal isolates, and one of 
the infected isolates, Fusarium mangiferae (SP1), containing 
multiple mycoviral infections, was also characterized.

METHODS
Fungal strains isolation, identification and dsRNA 
extraction
A total of 396 samples (Fig. 1a–c) were collected from different 
areas of Pakistan, including provinces Punjab, Khyber 
Pakhtunkhwa (KPK), and the federal capital (Islamabad). 

The sampling sites, years, and tentative species names of the 
396 fungal isolates are available in Table S1 (available in the 
online version of this article). In water and soil samples, serial 
dilutions were used for culturing fungal strains on potato 
dextrose agar (PDA, Difco), while infected fruits and plant 
parts were cultured on PDA after surface sterilization with 1% 
sodium hypochlorite. The cultures on PDA were incubated 
at 25 °C for 5 to 7 days, followed by total nucleic acid and 
dsRNA extractions as described earlier [37, 38]. The nature 
of virus-specific nucleic acids was confirmed to be dsRNA 
via RQ1 DNase (Promega Corp.) and S1 Nuclease (Thermo 
Fisher Scientific Inc.) treatment. Glycerol stocks (40% v/v) 
of the pure colonies were prepared and stored at −80 °C for 
future use. All the fungal strains were subjected to morpho-
logical characterization through microscopy by observing the 
spore structure (under 40–100× magnification). Moreover, 
the virus-infected fungi were additionally subjected to PCR 
amplification of the internal transcribed spacer (ITS) of the 
ribosomal DNA [39]. Identification of fungal species was 
done both morphologically and molecularly through ITS 
sequencing (Figs S1 and S2, Table 1). Furthermore, for a 
particular fungal isolate, SP1, the elongation factor 1-alpha 
(ef1α) and intergenic spacer (IGS) of the ribosomal DNA [40] 
were also amplified by PCR. Sequencing and phylogenetic 
analyses of IGS and ef1α indicated that SP1 is a strain of the 
fungus belonging to F. mangiferae (Fig. S2).

Next-generation sequencing of viral RNA elements
The viral genomes were sequenced using a combined 
approach of NGS and Sanger sequencing. Total RNA frac-
tions were separately obtained from three dsRNA-positive 
fungal isolates, SP1 (F. mangiferae, a phytopathogen), L3 
(Diplodia seriata, a phytopathogen), and HK (Galactomyces 
candidum, a soil-inhabitant) and were pooled (Table S2, Fig. 
S2) as a mixture of total RNAs (3.3 µg µl−1). A ribosomal RNA 
(rRNA)-depleted RNA fraction was used for cDNA library 
construction using the TruSeq RNA Sample Preparation kit 
v2 (Illumina) and subsequent deep-sequencing with the Illu-
mina HiSeq 2000 platform (Illumina, pair-end 100 bp reads) 
by Macrogen Inc. (Tokyo, Japan). After rRNA-depleted RNA-
seq, a total of 41 889 108 reads were assembled into 42 770 
contigs using the CLC Genomics Workbench (version 11, 
CLC Bio-Qiagen). These contigs were then subjected to local 
blast searches against the viral reference sequence (RefSeq) 
dataset of the National Centre for Biotechnology Information 
(NCBI). The virus-like contig sequences obtained from NGS 
were then confirmed by using one-step RT-PCR (Prime-
Script one step RT-PCR kit, TaKaRa) or conventional RT-PCR 
and Sanger sequencing with their sequence-specific primers.

The terminal sequences were determined by the 3′ RNA 
ligase-mediated rapid amplification of complementary cDNA 
ends (RLM-RACE) procedure as described by [34].

Bioinformatic analysis
The viral and fungal nucleotide sequences were analysed 
using GENETYX DNA-processing software. NCBI ORF 
finder (http://www.​ncbi.​nlm.​nih.​gov/​gorf/​gorf.​html) was 

http://www.ncbi.nlm.nih.gov/gorf/gorf.html
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Fig. 1. Viruses detected from Pakistani fungal isolates. (a). Pie graph showing the percentage of dsRNA-positive screened fungal samples. 
(b). Graph showing the percentages of virus positive isolates collected from different sources. Spices samples include seeds, fruits, roots, 
barks, or other plant substance primarily used for flavouring or colouring food. Environmental samples include air, water and soil borne 
fungus. Phytopathogenic fungal samples were collected from diseased plants (c). Geographical distribution of collected samples. (d). 
Agarose gel electrophoresis of dsRNA extracted from pure mycelial cultures; 1% agarose gel was used for fractionation purpose. Fungal 
isolates: Aspergillus niger, BPM3; Aspergillus fumigatus, A4; Aspergillus niger, MSDC1; Fusarium oxysporum, 7n; Geotrichum candidum, 
E; Fusarium nygami, 1NL [35]; Fusarium mangiferae, SP1; Penicillium oxalicum, WB2; Penicillium oxalicum, SJ3; Geotrichum candidum, 
8a; Aspergillus fumigatus, Tm-1; Neofusicoccum parvum, NFN; Rhizopus oryzae, CoMi2; Alternaria alternata, 4a [34]; Diplodia seriata, L3; 
Galactomyces candidum, HK. Labelling I-XII shows the categorization based on dsRNA profile.

https://en.wikipedia.org/wiki/Root
https://en.wikipedia.org/wiki/Bark_(botany)
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used for the prediction of open reading frames (ORFs), 
with standard nuclear/cytosolic codon usage. For mitovirid 
candidates, yeast mitochondria codon usage was adopted as 
the deduction. Sequence similarity search was conducted by 
NCBI blast (BLASTn and blastx programmes) (https://​
blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). NCBI conserved domain 
database (CDD) (http://www.​ncbi.​nlm.​nih.​gov/​Structure/​
cdd/​wrpsb.​cgi) and motif finder (https://www.​genome.​jp/​
tools/​motif/) were utilized for detecting conserved domains 
[41]. The virus sequence accession numbers were deposited 
in GenbankDDBJ/ENA database . The molecular mass of 
the protein encoded by viral genomes or their segments was 
calculated by an online protein molecular weight programme 
(https://www.​bioinformatics.​org/​sms/​prot_​mw.​html). The 
terminal secondary structure of both partitiviruses was 
predicted using the UNAFOLD Web Server (http://www.​
unafold.​org/​mfold/​applications/​rna-​folding-​form.​php).

Phylogenetic analysis of the deduced protein sequences 
was performed by aligning the sequences using the online 
MAFFT server (version 7) (https://​mafft.​cbrc.​jp/​alignment/​
server/) [42]. The maximum-likelihood (ML) tree was gener-
ated using PhyML 3.0 with automatic model selection by SMS 
(Smart Model Selection) [43] (http://www.​atgc-​montpellier.​
fr/​phyml-​sms/). The ML tree was visualized using Figtree 
(version 1.4.4; http://​tree.​bio.​ed.​ac.​uk/​software/).

Virus particles purification and SDS-PAGE
Mycelia (~30 g) was used to extract virus particles from isolate 
SP1. Particles were purified using a method described by [34]. 
The mycelia were ground into a fine powder using liquid 
nitrogen followed by the addition of 0.1 M phosphate buffer 
(pH 7.0), 0.1% (w/v) 2-mercaptoethanol, and two rounds of 
clarification with carbon tetrachloride (CCl4). The superna-
tant was mixed with 8% (w/v) polyethylene glycol (PEG-6000) 
and 1% (w/v) sodium chloride (NaCl) on ice with constant 
stirring for 2 h. Centrifugation was done (10 000 g) in 0.1 M 
phosphate buffer; insoluble particles were further eliminated 
by centrifugation (6000 g). The supernatant was overlaid 
onto a 20% sucrose cushion followed by ultracentrifugation 
(100 000 g) and subsequently fractionated with 20–50% 
(w/w) caesium chloride by ultracentrifugation (~150 000 g). 
Then 0.05 M phosphate buffer was used to dilute fractions 
containing particles, followed by ultracentrifugation (100 000 
g). Pellets obtained during this process were re-suspended in 
0.01 M phosphate buffer. Phenol: chloroform: isoamyl alcohol 
(25:24:1) extraction was used for nucleic acid isolation from 
particles. Extracted dsRNA was fractionated on 1% agarose 
gel, stained with ethidium bromide, and visualized under UV 
light.

Purified virus fractions were observed under the transmis-
sion electron microscope (TEM, model H-7650). Negatively 
straining with an alternative to uranyl acetate (EM stainer, 
Nissin EM Co.) was performed prior to the TEM observa-
tion. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed as described by [34], followed by Coomassie 
Brilliant Blue (CBB) staining.

RESULTS
Screening for the presence of mycoviruses
All 396 Pakistani fungal isolates collected from 2014 to 2019 
(Table S1, Fig. 1c) were initially screened by a conventional 
dsRNA gel electrophoretic analysis for the presence of RNA 
mycoviruses. Consequently, 11 different dsRNA banding 
profiles (I-XI) were observed in 36 fungal isolates on agarose 
gel (Fig.  1d), suggesting these fungal isolates are infected 
with a particular RNA virus or viruses, and thus the minimal 
potential infection frequency [44] was estimated at  ~9% 
among the tested fungal samples (Fig. 1a, b). The data of 
dsRNA-positive fungal samples is summarized in Table 1. The 
dsRNAs ranged in size from ~900 to 10 000 bp. The dsRNA 
patterns of 16 fungal isolates out of 36 dsRNA-positive ones 
are shown in Fig. 1(d), many of which show multiple bands. 
Several previously characterized fungal strains infected by 
RNA viruses were included in the dsRNA analysis as refer-
ences, which included a botybirnavirus (AaBbV1)-infected 
Alternaria alternata isolate 4 a [34], a hadakavirus (HadV1-
7n)-infected Fusarium oxysporum isolate 7 n and a HadV1-
1NL infected Fusarium nygami isolate 1 NL [17, 35] (Fig. S2). 
We subjected three dsRNA-positive fungal isolates, SP1 (F. 
mangiferae, phytopathogen, collected from a potato plant in 
Hangu, 2018) (Fig. 2a), L3 (Diplodia seriata, phytopathogen, 
collected from Lokath in Kallar Kahar, 2018), and HK (Galac-
tomyces candidum, soil-inhabitant, collected from a tomato 
plant in Islamabad, 2016) to NGS (Tables 1 and S1, Fig. S2).

A total of 22 virus-like contigs were detectable in the three 
fungal strains that included contigs with similarity to dsRNA 
viruses (chrysovirid, totivirids, polymycovirid, partitivirids) 
and (+)ssRNA viruses (narnavirids, mitovirids, botour-
miavirids). We first investigated by one-step RT-PCR with 
contig-specific primer sets which fungal strain harboured 
NGS-detected virus-related sequences. The virus-like contig-
fungal strain assignment is shown in Table S2.

Mycoviruses from Fusarium mangiferae isolate SP1
This study focused on the fungal strain F. mangiferae SP1 
that turned out to be co-infected by 11 RNA viruses (Table 
S2). The characterization of other viruses carried in the other 
two fungal strains (L3 and HK) will be reported elsewhere. 
The dsRNA profile of isolate SP1 showed the presence of 
dsRNA ranging from 1.6 kbp to 2.4 kbp (two major and 
two minor dsRNA bands) (Figs 1d and 2b). However, NGS 
results revealed multiple virus infections of the SP1 strain. 
The virus-like contig sequences showed sequence similarity 
to mitovirids, botourmiavirids (phylum Lenarviricota) and 
partitivirids (phylum Pisuviricota) (Table S2 and see below). 
RT-PCR with primers designed from assembled contigs of 
NGS data (Table S3) validated the presence of eleven viruses 
(two partitivirids, six mitovirids and three botourmiavirids) 
in strain SP1 (Fig. 2c). No RT-PCR fragments were obtained 
from the L3 and HK fungal strains by using these primer sets 
(data not shown). The BlastP and BlastX results of identified 
mycoviral sequences are mentioned in Tables 2 and S4. The 
genome organization of these viruses is represented in Figs 3a 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.genome.jp/tools/motif/
https://www.genome.jp/tools/motif/
https://www.bioinformatics.org/sms/prot_mw.html
http://www.unafold.org/mfold/applications/rna-folding-form.php
http://www.unafold.org/mfold/applications/rna-folding-form.php
https://mafft.cbrc.jp/alignment/server/
https://mafft.cbrc.jp/alignment/server/
http://www.atgc-montpellier.fr/phyml-sms/
http://www.atgc-montpellier.fr/phyml-sms/
http://tree.bio.ed.ac.uk/software/
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Table 1. Environmental isolates of fungi infected with their source and respective mycoviral infection.

Sr. No.∗ Isolate Profile category† Source Infected fungi/Host

BPM3 I Black pepper Aspergillus niger

A4 I Air Aspergillus fumigatus

MSDC1 II Mango Aspergillus niger

7n III Tomato Fusarium oxysporum

E IV Mushroom Geotrichum candidum

1NL III Pomegranate Fusarium nygami

SP1 V Potato Fusarium mangiferae

WB2 VI Water Penicillium oxalicum

SJ3 I Soil Penicillium oxalicum

8a VII Tomato Geotrichum candidum

Tm-1 IV Tomato Aspergillus fumigatus

NFN VIII Banana Neofusicoccum parvum

CoMi2 IX Coriander Rhizopus oryzae

4 a X Tomato Alternaria alternata

L3 XI Loquat Diplodia seriata

HK VIII Tomato Galactomyces candidum

LI19C3 VIII Milk sample Aspergillus fumigatus

9 a VIII Tomato Botrytis spp.

SJ5 IV Soil Penicillium oxalicum

BPM6 I Black pepper Aspergillus niger

SSP2 VIII Tomato Fusarium graminarium

A6 I Air Aspergillus fumigatus

A8 VIII Soil Trichoderma longibrachiatum

A23 V Air Aspergillus fumigatus

Continued
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and 5a. The characteristics of the 11 viruses carried in strain 
SP1 are described below. The 5′- and 3′-terminal sequences 
of each RNA virus were determined by Sanger sequencing of 
three to five RACE clones obtained from each terminus. The 
sequences of primers used in RACE are shown in Table S3.

Characterization of two partitivirids
NGS data analysis revealed four partitivirus-related contigs 
(61, 112, 145, and 423) (Tables 2 and S4: two with similarity 
to partitivirus RNA-dependent RNA polymerase (RdRP) 
and two resembling partitivirus coat protein (CP). These 
contigs were assumed to represent two partitivirids, likely 
a member of the genus Betapartitivirus (contigs 423 and 
145) and a member of Gammapartitivirus (contigs 112 and 
61), based on their sequence similarity to other members of 
the respective genera. To cover the whole genome of these 
segments, we conducted RACE and RT-PCR with Sanger 
sequencing by using total RNA fractions of F. mangiferae 
SP1. The betapartitivirus and gammapartitivirus were 
tentatively named as Fusarium mangiferae partitivirus 1 
(FmPV1) and Fusarium mangiferae partitivirus 2 (FmPV2). 
The larger segment dsRNA1 of FmPV1 comprised 2345 bp 
containing an open reading frame that would encode 715 

amino acids (RdRP) with a molecular mass of ~83.7 kDa. 
DsRNA2 of FmPV1 comprising 2195 bp encodes an ORF 
encoding 629 amino acids (CP) with an anticipated molec-
ular mass of ~70.8 kDa (Fig. 3a). FmPV1 RdRP showed the 
highest amino acid identity to Plasmopara viticola lesion 
associated partitivirus 7 RdRP (58.67%), while FmPV1 
CP shared the highest amino acid identity (53.35%) with 
Neurospora discrete partitivirus 4 (Tables 2 and S4). While 
dsRNA1 (RdRP) and dsRNA2 (CP) of FmPV2 comprised 
1772 bp and 1571 bp encoding 539 amino acids (RdRP, 
molecular mass  ~62.99 kDa) and 410 amino acids (CP, 
molecular mass  ~44.6 kDa), respectively (Fig.  3a). The 
highest amino acid sequence identity was detected between 
FmPV2 RdRP and Metarhizium brunneum partitivirus 2 
RdRP (85.34%) and between FmPV2 CP and Colletotri-
chum partitivirus 1 CP (68.26%) (Tables 2 and S4). RdRP 
amino acid sequence alignment of both partitivirids with 
other recognized viruses from family Partitiviridae identi-
fied several conserved domains (domains A–F; Fig. S3) as 
previously described by [45]. The motif G is not conserved 
within the members of the family Partitiviridae [46], and the 
same was observed for the two viruses under investigation. 
At the N terminal region (near motif F), a conserved glycine 

Sr. No.∗ Isolate Profile category† Source Infected fungi/Host

BP1 I Black pepper Aspergillus fumigatus

Ca1 I Cardamom Aspergillus fumigatus

Co5 I Coriander Aspergillus fumigatus

Cu4 IV Cumin Rhizopus oryzae

FG1 I Fenugreek Aspergillus fumigatus

Gr-1 I Grapes Aspergillus fumigatus

Gr-2 I Grapes Aspergillus fumigatus

Gr-3 I Grapes Aspergillus fumigatus

K1 X Nigella Rhizopus oryzae

OnJ3 I Onion Aspergillus fumigatus

PM3 IX Peppermint Rhizopus oryzae

SR3 I Soil Aspergillus fumigatus

*Each row shows a serial number assigned to the dsRNA.
†Mycoviruses have been assigned to category based on their dsRNA profile patterns (see Fig. 1d for representative fungal strains)

Table 1.  Continued
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Fig. 2. (a). Fusarium mangiferae isolate SP1 (front and rear view) harbouring encapsidaed partitivirids, along with capsidless mitovirids 
and botourmiavirids. (b) Agarose gel profile picture showing the presence of dsRNA of putative mycoviruses (left pane shows mycelial 
dsRNA, Right pane shows dsRNA from purified particles). (c) RT-PCR confirmation of all the viruses present in isolate SP1. The putative 
viruses were tentatively named: Fusarium mangiferae partitivirus 1 and 2, FmPV1 and FmPV2; Fusarium mangiferae mitovirus 1 to 
6, FmMV1 to FmMV6; Fusarium mangiferae botourmiavirus 1 to 3, FmBOV1 to FmBOV3. (d) Electron microscopy of a virion enriched 
fraction extracted from isolate SP1. Hitachi electron microscope model H-7650 was used to examine purified virus preparations. Bar 
represents 200 nm. (e). SDS-PAGE analysis was performed using purified virus preparation in 10% gel. Precision plus protein dual colour 
standards (BioRad) was used as marker.
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residue was observed, which can be considered as motif G 
[46]. A highly conserved GDD motif was also observed 
in the RdRP of both viruses (Fig. S3). Like the previously 
reported partitiviruses, FmPV1 exhibited similar features 
in their terminal sequences [47, 48], and out of 20 nucleo-
tides located at the 5′ termini of both the segments, 19 were 
identical, that included 5′-AGAAUU…−3′, as observed 
in other betapartitiviruses including Rosellinia necatrix 
partitivirus 1 [49] (Fig. S4). The 5′ end of the plus strands 
of FmPV2 dsRNA1 and dsRNA2 is the hepta-nucleotide 
5′-CGCAAAA…−3′, as in the case for many other gamma-
partitiviruses (Fig. S4). The positive strands of the FmPV1 
genomic dsRNAs have an interrupted poly(A) tail at the 
3′ termini, while no interrupted poly(A) tail was found in 
those of the FmPV2 genomic dsRNAs, which is a feature 
of gammapartitiviruses [47, 50, 51] (Fig. S4). Predicted 
secondary structures of both FpMV1 and 2 showed the 
presence of stem loop and pan handle like structures at 5′ 
and 3′ terminals (Fig. S5).

The complete nucleotide sequence of dsRNA1 of both 
FmPV1 and FmPV2 has been deposited in the GenBank/
DDBJ/ENA database with the accession numbers 

MZ493897, MZ493899 and dsRNA2 sequences with acces-
sion MZ493898 and MZ493900, respectively.

Phylogenetic analysis, based on RdRP of FmPV1 and 
FmPV2 as well as selected partitiviruses from all the 
genera of the family Partitiviridae, showed that FmPV1 
clustered with betapartitiviruses with a bootstrap branch 
support value of 99, while FmPV2 clustered and nested 
with gammapartitiviruses with a moderate branch support 
value of 100 (Fig. 3b). This result was in accordance with 
the BlastP search with FmPV1 and FmPV2 RdRP, showing 
high similarity scores to betapartitiviruses and gammapari-
titiviruses, respectively.

TEM observations revealed spherical particles with a diam-
eter of 30–40 nm in the purified virus fractions from the 
F. mangiferae SP1 strain (Fig. 2d, arrowheads). The protein 
components of virion preparations were analysed by SDS-
PAGE, which showed two major protein bands of 70 and 49 
kDa. The 70 and 49 kDa proteins likely represent FmPV1 
and FmPV2 CPs, respectively, from the coding capacity 
deduced from the nucleotide sequences of FmPV1 and 
FmPV2 dsRNA2s (Fig. 2e, arrowheads). Thus, the purified 

Table 2. blastp results of RdRP amino acid identity of members of the phyla Lenarviricota.

Virus name Contig no. Segments Identity (%) Cover (%) blastp Accession

FmPV1 423
 

145

dsRNA1
 

dsRNA2

58.67
 

53.35

98
 

98

Plasmopara viticola 
lesion associated 

Partitivirus 7 Neurospora 
discrete partitivirus 4

QHD64796.1
 

BCL64203.1

FmPV2 112
 

61

dsRNA1
 

dsRNA2

85.34
 

68.26

100
 

96

Metarhizium 
brunneum partitivirus 

2 Colletotrichum 
partitivirus 1

QTC11257.1
 

QTC11258.1

FmMV1 33 Non-segmented 72.21 98 Soybean leaf-associated 
mitovirus 1

ALM62241.1

FmMV2 69 Non-segmented 86.86 100 Fusarium oxysporum 
mitovirus 1

QTV99352.1

FmMV3 7 Non-segmented 69.17 100 Plasmopara viticola 
lesion associated 

mitovirus 24

QIR30247.1

FmMV4 74 Non-segmented 84.68 100 Fusarium globosum 
mitovirus 1

YP_009126872.1

FmMV5 16 Non-segmented 68.20 97 Plasmopara viticola 
lesion associated 

mitovirus 46

QIR30269.1

FmMV6 25 Non-segmented 68.13 100 Fusarium poae mitovirus 
1

YP_009272898.1

FmBOV1 419 Non-segmented 81.25 100 Fusarium oxysporum 
ourmia-like virus

QPO14979.1

FmBOV2 47 Non-segmented 73.20 100 Plasmopara viticola 
lesion associated ourmia-

like virus 44

QGY72574.1

FmBOV3 9 Non-segmented 40.14 76 Penicillium citrinum 
ourmia-like virus 1

AYP71797.1
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Fig. 3. (a) Schematic representation of two partitivirids, Fusarium mangiferae partitivirus 1 and 2 (FmPV1 and FmPV2), identified in F. 
mangiferae isolate SP1 (a betapartitivirus, FmPV1 and a gammapartitivirus, FmPV2). The RdRP segments are represented in yellow and 
CP segments are represented in green. (b) Phylogenetic analysis based on RNA-dependent RNA polymerase of FmPV1 and FmPV2. Tree 
was derived using maximum-likelihood method with amino acid alignments of the deduced ORFs. Numbers at the nodes are bootstrap 
values in percent out of 1000 replicates. Bootstrap values less than 60 are not shown. The members of family Totiviridae (victoriviruses) 
are used as outgroups to root the tree.
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Fig. 4. (a) Schematic representation of six mitovirids, Fusarium mangiferae mitovirus 1 to 6 (FmMV1 to FmMV6), identified in F. 
mangiferae isolate SP1 (Unuamitovirus, Duamitovirus and unclassified mitovirids). ORFs regions are shown as yellow. (b) Phylogenetic 
analysis based on RNA-dependent RNA polymerase of FmMV1 to FmMV6. Tree was made using maximum-likelihood method with amino 
acid alignments of the deduced ORFs. Numbers at the nodes are bootstrap values in percent out of 1000 replicates. Leviviruses (family 
Leviviridae) are used as outgroups to root the tree. Bootstrap values less than 70 are not shown.
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particle fractions were considered to contain a mixture 
of FmPV1 and FmPV2. The dsRNA profile in a purified 
fraction was similar to that obtained from SP1 mycelia. A 
minor upper band (2.3 kbp) which is likely corresponded 
to FmPV1 dsRNA1. (Fig. 2b). Virion transfection of Cryph-
onectria parasitica allowed for the isolation of transfect-
ants singly infected by FmPV1, that carried only the larger 
dsRNA segments of ~2.3 kbp and ~2.2 kbp, and transfect-
ants doubly infected by FmPV1 and FmPV2 (H. A. Khan 
and N. Suzuki, unpublished results). This suggests that 

the genome segment assignment of FmPV1 and FmPV2 
is correct.

Genomic sequences of mitovirids
Six virus-like contigs in the NGS data showed sequence 
similarity to previously reported mitovirids (Tables 2 and 
S4). Their entire genome sequences were obtained via RACE 
and RT-PCR with Sanger sequencing by using total RNA 
samples of F. mangiferae SP1. The predicted viruses were 

Fig. 5. (a) Schematic representation of three botourmiavirids, Fusairum mangiferae botourmiavirus 1 to 3 (FmBOV1 to FmBOV3), 
identified in F. mangiferae isolate SP1 (Magoulivirus and Scleroulivirus). The ORF regions are shown as yellow. (b) Phylogenetic analysis 
based on RNA-dependent RNA polymerase of FmBOV1 to FmBOV3. The tree was made using maximum-likelihood method with amino 
acid alignments of the deduced ORFs. Numbers at the nodes are bootstrap values in percent out of 1000 replicates. Bootstrap values less 
than 60 are not shown. Members of the family Narnaviridae (narnaviruses) are used as outgroups to root the tree.
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tentatively named Fusarium mangiferae mitovirus 1 to 6 
(FmMV1 to FmMV6), respectively. The dsRNA of these 
viruses was not visible on agarose gel, possibly because of 
low-level accumulation of replicative form dsRNA, but their 
viral RNA was readily detected by RT-PCR and NGS (Fig. 2c, 
Table 2). No clear sequence conservation was found at the 5′ 
and 3′ terminal sequences between the identified mitovirids 
or known ones. The sizes of these viruses range from 2637 
to 2395 nt with single long ORFs that are detected when the 
mitochondrial codon usage is applied. The sizes in amino 
acids of RdRPs encoded by FmMV1 to FmMV6 were 735, 
723, 784, 718, 713, and 727, respectively. All the mitovirids 
(FmMV1 to FmMV6) isolated shared the signature RdRP 
domain (Mitovir_RNA_pol, pfam05919). Multiple amino 
acid sequence alignment of RdRP from these mitovirids 
with other known mitovirids showed the presence of six 
conserved motifs [45, 52] that are characteristic of mitovirids. 
A conserved GDD motif was also observed in all aligned 
sequences (Fig. S6). The RdRPs of FmMV1 to FmMV6 shared 
72.21, 86.86, 69.17, 84.68, 68.20, and 68.13% amino acid 
sequence similarity with previously reported Soybean leaf-
associated mitovirus 1 (unclassified), Fusarium oxysporum 
mitovirus 1 (Unuamitovirus), Plasmopara viticola lesion 
associated mitovirus 24 (Duamitovirus), Fusarium globosum 
mitovirus 1 (Unuamitovirus), Plasmopara viticola lesion 
associated mitovirus 46 (unclassified), and Fusarium poae 
mitovirus 1 (FpMV1) (Unuamitovirus), respectively (Tables 2 
and S4). Low amino acid sequence similarity between these 
mitovirids showed un-relatedness and independent replica-
tion of these viruses (Fig. S7).

Phylogenetic analysis, based on the deduced amino acid 
sequence of RdRP, revealed that all the six mitovirids belongs 
to the family Mitoviridae (Fig. 4b). FmMV1 and 3 made a 
clade with unclassified mitovirids. FmMV2, 4 and 6 made a 
clade with the members of the genus Unuamitovirus, while 
FmMV5 falls with duamitoviruses in the family Mitoviridae.

Complete nucleotide sequences of FmMV1 to FmMV6 have 
been submitted in GenBank/DDBJ/ENA with accession 
numbers MZ493901, MZ493902, MZ493903, MZ493904, 
MZ493905, and MZ493906, respectively.

Genomic sequences of botourmiavirids
Three botourmia-like virus contigs were also detected in the 
isolate SP1. Like the mitovirids, no replicative form dsRNA 
derived from botourmia-like viruses appeared to be detected 
on agarose gel, although their presence was confirmed through 
RT-PCR in the F. mangiferae SP1 strain (Fig. 2c). They were 
tentatively named as Fusarium mangiferae botourmiavirus 
1, 2, and 3 (FmBOV1 to FmBOV3). FmBOV1 to FmBOV3 
showed a coding-complete genome with a size of 2685, 2712, 
and 2517 nt possessing single ORFs that would encode RdRPs 
of 703, 642, and 713 amino acids, respectively (Fig. 5a). These 
RdRPs show sequence identity of 81.25, 73.20 and 40.14% 
to known botourmiavirids such as Fusarium oxysporum 
ourmia-like virus, Plasmopara viticola lesion associated 
ourmia-like virus 44 and Penicillium citrinum ourmia-like 

virus 1, respectively (Tables 2 and S4). FmBOV1–3 shared 
eight conserved motifs with other reported botourmiaviruses 
(Fig. S8). Phylogenetically, these viruses were clustered with 
previously reported botourmia and botourmia-like viruses 
with high and moderate branch support values 87% for scle-
roulivirus and 72% for magoulivirus, respectively (Fig. 5b). 
The family Botourmiaviridae was established in 2018 and now 
includes four genera: Ourmiavirus (plant viruses), Botouli-
virus, Magoulivirus, and Scleroulivirus (fungal viruses) [53].

Nucleotide sequences of FmBOV1 to FmBOV3 have been 
submitted in GenBank/DDBJ/ENA database with MZ493907, 
MZ493908 and MZ493909 accessions, respectively.

DISCUSSION
This study represents a large-scale screening of 396 diverse 
fungal isolates for viruses for the first time in the Indian 
subcontinent. We used a classical dsRNA agarose gel elec-
trophoresis method and showed a modest (9%) incidence 
rate (36/396). This value may underestimate the actual virus 
infection rate as some of the mycoviruses may go undetected 
because of lower concentration or co-migration which is 
beyond the level of resolution for agarose gel electrophoresis 
method [54]. Of 36, three fungal isolates were subjected to 
NGS (Table S2). We focused only on one isolate, SP1, of the 
phytopathogenic fungus Fusarium mangiferae, isolated from 
a potato. This fungal strain was shown to be co-infected by 
11 mycoviruses: two partitivirids, three botourmiavirids, 
and six mitovirids. Of note, the 11 viruses detected from 
one fungal strain all belong to 11 new species (Fig. 2c). This 
observation supports the notion that F. mangiferae has not 
been explored as a virus-host, although other Fusarium spp. 
has been reported to host many viruses [32, 55]. Mixed infec-
tion of fungi by a few viruses is commonly observed [12]. 
The number of coinfecting viruses, 11, in SP1 is among the 
largest. Other such examples were reported from a basidi-
omycete (Rhizoctonia solani) and an ascomycete (F. poae) 
were coinfected by 17 and 16 viruses [25, 45]. There may be 
unexplored virus/virus interactions in SP1, as in the case of 
other co-infections [12, 56]. Further analysis is required to 
confirm the biological roles and interactions of these viruses 
with each other. Importantly, almost half of the sequenced 
viruses (seven viruses) should be described as new taxa at the 
species level, as discussed below (see also Table S2).

Of the 11, only two partitivirids, FmPV1 and FmPV2, are 
encapsidated dsRNA viruses (Fig. 2d,e). Phylogenetic analysis 
with RdRP showed FmPV1 and FmPV2 to have an affinity 
to betapartitiviruses and gammapartitiviruses (Fig. 3b). The 
species demarcation criteria set by ICTV for partitivirids 
are ≤90% aa sequence identity at the RdRP level and ≤80% 
protein identity at the CP level [47, 48]. FmPV1 and FmPV2 
showed sequence identity to other reported partitiviruses 
(Table  2). These simultaneously meet the ICTV criteria, 
indicating that each virus belongs to a novel species within 
the genus Betapartitivirus or Gammapartitivirus. Gammapar-
titiviruses have been reported only in ascomycetes thus far 
[47, 48], while betapartitiviruses infect either plants or fungi 
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and their ancestors are assumed to have been transferred 
between the two kingdoms [57, 58]. Although both viruses 
belong to the family Partitiviridae (phylum Pisuviricota), 
they show different molecular features [47]. As noted earlier, 
FmPV1 and FmPV2 were differentiated in segment size, pres-
ence or absence of an interrupted poly(A) tract and conserved 
5′-terminal sequence (Figs 2b and 3a and S4).

Co-infection by multiple partitivirids alone or with other 
mycoviruses has also been reported previously in many 
isolates, including R. necatrix strains. R. necatrix strain W442 
is one example that harbours a betapartitivirus (Rosellinia 
necatrix partitivirus 18) and an alphapartitivirus (Rosellinia 
necatrix partitivirus 19) belonging to Betapartitivirus and 
Alphapartitivirus that show different inducing levels of anti-
viral RNA silencing [5, 59]. Also reported is the involve-
ment of partitivirids in hypovirulence of phytopathogenic 
fungal strains co-infected with viruses from other families 
[27, 60, 61]. Partitivirids are among the transfectable encap-
sidated dsRNA fungal viruses [61–67]. Transfection protocols 
available for partitivirids should be helpful to clarify the 
possible phenotypic effects of FmPV1 and FmPV2 on the 
host fungus, F. mangiferae.

For mitovirids and botourmiavirids, the species demarcation 
criteria are <70 and <90% RdRP sequence identity, respec-
tively [53, 68]. The six newly detected mitovirids share over 
68–84% of RdRP sequences with previously reported viruses. 
For example, FmMV4 and FmMV6 show 84.68 and 68.13% 
RdRP sequence identities to Fusarium globosum mitovirus 
one and FpMV1, which have been proposed to represent 
the species Unuamitovirus fugl1 and Unuamitovirus fuox1, 
respectively. The other mitovirids (FmMV1–3, FmMV5) of 
F. mangiferae also show the highest RdRP sequence identity 
to unassigned mitovirids. The three newly characterized 
botourmiavirids meet the species criteria and thus belong 
to new species. Mitovirids and botourmiavirids belong to 
the phylum Lenarviricota and commonly have a capsid-
less nature with the simplest mono-segmented (+)ssRNA 
genome encoding only RdRP [69]. Similarities extend to 
relatively frequent coinfections. Infection of single host fungi 
by multiple mitovirids or botourmiavirids has been seen in 
many fungal isolates previously [45, 70–72]. Notably, seven 
mitovirids belonging to seven independent species have 
been previously reported to infect a hypovirulent isolate of 
O. novo-ulmi [26, 73]. Similarly, a single Magnaporthe oryzae 
isolate was reported to be co-infected by four botourmiavirids 
[74]. This study revealed the simultaneous co-infection by six 
mitovirids (FmMV1 to FmMV6) and three botourmiavirids 
(FmBOV1 to FmBOV3). It is not so common that a single 
host organism is multiply infected with members of a single 
family, because cross-protection or interference against each 
other may happen. No evidence is available for host RNA 
silencing targeting mitovirids, while small RNAs appear to 
be generated in infected cells [75–77]. These mitovirids show 
21–44% nucleotide sequence identity to each other. Thus, 
there would not be RNA-silencing mediated interference 
between the six mitovirids, even if RNA silencing targets 
mitovirids. On the other hand, botourmiavirids are targeted 

by host antiviral RNA silencing [78]. It seems that the three 
co-infecting botourmiavirids are divergent enough to evade 
antiviral RNA silencing induing cross-protection.

Fungal mitovirids and botourmiavirids, members of the 
families Mitoviridae and Botourmiaviridae, are readily distin-
guishable phylogenetically and biologically [53]. Mitovirids 
are assumed to have originated from bacterial phages and to 
have coevolved with mitochondria since alphaproteobacteria 
became endosymbionts of eukaryotes. Mitovirids are repli-
cated in the mitochondria and use the mitochondrial genetic 
code for translation, typically UGA, to encode tryptophan. 
Many of their properties remain to be explored [12, 75]. 
They have been co-purified together with mitochondria 
[79]. Fungal botourmiavirids, on the other hand, appear to 
replicate in the cytoplasm as in the case of plant botourmi-
avirids (ourmiaviruses) [53, 80], although no direct evidence 
is available. This notion is supported by the observation that 
transfection of fungal host protoplasts by in vitro synthesized 
viral transcripts from the full-length cDNA leads to the estab-
lishment of infection [81]. This would not be possible if fungal 
botourmiavirids were replicated in the mitochondria.
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