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Abstract
Macrophomina phaseolina is a pathogenic fungus of the family Botryosphaeriaceae that causes stem rot or leaf blight in 
many economically important plants. Mycoviruses exist widely in fungi, but there are only a limited number of reports on 
mycovirus infection in M. phaseolina. A novel dsRNA virus, tentatively named “Macrophomina phaseolina fusagravirus 
1” (MpFV1), was isolated from strain 2012-19 of M. phaseolina, and its molecular features were examined. The full-length 
cDNA of MpFV1 comprises 9,289 nucleotides with a predicted GC content of 48.1% and two discontinuous open reading 
frames (ORF 1 and 2). A-1 frameshift region with two typical factors, including a shifty heptamer (GGA​AAA​C) and an 
H-type pseudoknot, was predicted in the junction region of ORF1 and ORF2. The protein encoded by ORF1 shows significant 
similarity to a hypothetical protein, whereas ORF2 encodes an RNA-dependent RNA polymerase (RdRp) via a ribosomal 
frameshifting mechanism. Homology searches and phylogenetic analysis based on the RdRp sequence suggested that MpFV1 
is a new member of the proposed family “Fusagraviridae”.

Introduction

Mycoviruses infect fungi and replicate in fungal cells. They 
are ubiquitous in various types of fungi, including endo-
phytic, medical, entomopathogenic, and phytopathogenic 
fungi [1–5]. Most mycoviruses have a double-stranded RNA 
(dsRNA), positive-stranded RNA (+ssRNA), or negative-
stranded RNA (-ssRNA) genome [6–8], but a single-stranded 

circular DNA virus has been reported in filamentous fungi 
[9]. Mycoviruses with a dsRNA genome are classified into 
six recognized families whose members have different num-
bers of genome segments, including Reoviridae (11–12 
segments), Chrysoviridae (4–5 segments), Quadriviridae 
(4 segments), Megabirnaviridae (2 segments), Partitiviri-
dae (2 segments), and Totiviridae (1 segment) [10]. Along 
with the development of viral metatranscriptomics tech-
niques, the number of studies on virology, especially those 
on discovering novel viruses is increasing [11–14]. Newly 
discovered mycoviruses have been shown to have unique 
molecular and biological properties, and new families such 
as “Botytiviridae” and “Fusagraviridae” have been proposed 
to accommodate these unassigned mycoviruses, which share 
molecular features with, but are significantly different from, 
other known mycoviruses [15–18].

Macrophomina phaseolina, belonging to the ascomy-
cete family Botryosphaeriaceae, is an important destruc-
tive necrotrophic fungus [19] that is capable of infecting 
over 500 plant species worldwide, including the important 
oil crops sesame (Sesamum indicum) and soybean (Gly-
cine max) [20]. The typical symptom of sesame plants 
infected by M. phaseolina is charcoal rot; the fungus forms 
spindle-shaped lesions with a dark border and light-gray 
center that are covered with black pinhead-sized pycnidia 
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and microsclerotia. This severe disease can kill plants and 
cause huge losses in annual yield [21]. Compared with 
other phytopathogenic fungi such as Sclerotinia sclerotio-
rum and Fusarium graminearum, mycoviruses or dsRNA 
elements have been rarely reported in M. phaseolina. Pre-
vious reports have suggested that approximately 21.7% of 
M. phaseolina strains isolated from diseased Cyamopsis 
tetragonoloba plants harbor dsRNA elements, but sequence 
data for these putative viruses have not been obtained [22]. 
A high-throughput-sequencing-based metatranscriptomics 
approach has recently been utilized to identify virus-related 
sequences in M. phaseolina strains isolated from diseased 
soybean plants. Eleven novel viruses that were temporarily 
assigned to five distinct families, including Hypoviridae, 
Narnaviridae, Virgaviridae, Tombusviridae, and Chrysoviri-
dae, and unsigned -ssRNA viruses belonging to the order 
Bunyavirales have been discovered [12].

Here, we report the isolation of a new mycovirus, Mac-
rophomina phaseolina fusagravirus 1 (MpFV1), isolated 
from the strain 2012-19 of M. phaseolina. Genomic char-
acterizations of MpFV1 allowed the elucidation of its ten-
tative taxonomic position. MpFV1 is suggested to belong 
to the proposed family “Fusagraviridae”, along with other 
newly reported similar mycoviruses found in Fusarium 
poae [15], Botrytis cinerea [16], and Rosellinia necatrix 
[17]. Our results further expand our knowledge regarding 
the genomic diversity and host range of fusagraviruses and 
provide insights into genome evolution.

Provenance and sequencing of strains

The strain 2012-19 of M. phaseolina was isolated from the 
diseased stem of a sesame plant with typical symptoms 
of charcoal rot, which was collected from Fuyang county, 
Anhui province, China, in 2012. Strain 2012-19 has a hypo-
virulent phenotype, characterized by abnormal colony mor-
phology, slow growth on potato dextrose agar (PDA), and 
lower virulence on sesame plants (unpublished data). Myce-
lia agar plugs of strain 2012-19 were inoculated on PDA 
plates covered with cellophane membranes and cultured in 
the dark at 28-30°C for 2-4 days. Mycelia were harvested 
using a medicine spoon and stored at -80 °C until further 
use. New mycovirus discovery by next-generation sequenc-
ing was conducted based on a previously reported proto-
col with modifications [23]. Total RNA was extracted from 
1.0 g of mycelia using an RNAiso Kit (TaKaRa, Dalian, 
China), and rRNA was depleted using a Ribo-Zero™ rRNA 
Removal Kit (Illumina, CA, USA). Paired-end sequencing 
libraries was prepared and sequenced on an Illumina HiSeq 
2500 platform at Shanghai Bohao Biotechnology Co., Ltd. 
To obtain clean sequences, the raw reads from deep sequenc-
ing were processed to remove the adaptor sequences, and 

low-quality reads were discarded. These clean transcripts 
were then matched against genome sequences of M. pha-
seolina using Bowtie (1.0) software. The unmatched RNAs 
were next assembled into longer contiguous sequences 
(contigs), using Velvet software, and used to search the 
non-redundant protein sequences (nr) of GenBank database 
(http://www.ncbi.nlm.nih.gov/). Contigs that were identi-
cal or complementary to the viral genomic sequence were 
extracted and identified as potential viral sequences.

Synthesis cDNA from strain 2012-19 was conducted 
according to the manufacturer’s instructions for the 
PrimeScriptTM II 1st Strand cDNA Synthesis Kit (TaKaRa) 
(TaKaRa, Dalian, China). MpFV1 was identified using 
specific primers (F1, 5’-CCT​GTT​GAG​CAT​ACCG-3’; R1, 
5’-ATT​GTC​CTG​CCG​AGCCT-3’) based on the putative 
viral sequence. To complete the 5’- and 3’-terminal genomic 
sequences, rapid amplification of cDNA ends (RACE) was 
performed using a SMARTer RACE cDNA Amplification 
Kit (Clontech, CA) with the help of gene-specific prim-
ers (GSPs). GSP-R1 (5’-CGC​CAG​CGA​TGT​AAG​CGA​
TGA​CCG​-3’) and GSP-R2 (5’-GGC​GTG​AAC​TTT​TGA​
CGA​TCC-3’) were used for the 5’-RACE reaction. GSP-
F1 (5’-GAC​GAT​TAC​CAG​TTA​TTC​GC-3’) and GSP-F2 
(5’-CGG​AAA​AGA​CCT​AAT​CAA​GAA​TGA​-3’) were used 
for the 3’-RACE reaction. The procedures were performed 
according to the user manual provided with the kit. All PCR 
products were purified and cloned into the pMD19-T vector 
(Sangon Biotech, Zhengzhou, China) and introduced into 
Escherichia coli Trelief 5α (TSINGKE Biotech, Zhengzhou, 
China) by transformation. At least three recombinant clones 
were sent to Sangon Biotech for sequencing.

Prediction of putative open reading frames (ORFs) was 
performed using ORF Finder at NCBI. A protein domain 
search was conducted using the Conserved Domain Data-
base (CDD). Multiple sequence alignments of the protein 
sequences were performed using DNAMAN software (ver-
sion 9) and the CLUSTALX program (version 2.1) [24]. A 
phylogenetic tree was constructed by the maximum-likeli-
hood (ML) method in the MEGA (version 7) program with 
1,000 bootstrap replicates [25].

Sequence properties

From the assembled dataset remaining after discarding 
genomic sequences of M. phaseolina, we identified a long 
contig containing 9161 nucleotides (nt) that encoded two 
putative proteins related to proteins encoded by fusagravi-
ruses or related mycoviruses. Thus, this contig was believed 
to be a partial sequence of a mycovirus, and this mycovirus 
was temporarily designated as MpFV1. Finally, the full-
length sequence of MpFV1 was obtained and submitted 

http://www.ncbi.nlm.nih.gov/
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to the GenBank database under the accession number 
MK780821.

The full genome of MpFV1 comprises a double-stranded 
RNA with a length of 9289 nt and containing two discon-
nected ORFs, namely ORF1 (nt 891-5168) and ORF2 (nt 
5354-9166). The length of the 5’-UTR and 3’-UTR was 890 
nt and 123 nt, respectively (Fig. 1A). The sequences at the 
5’ terminus and 3’ terminus of the positive strand of MpFV1 
were predicted to form stem-loop structures, and their initial 
∆G values were -14.60 kcal/mol and -9.50 kcal/mol, respec-
tively (Fig. 1D).

The 5’-proximal ORF1 of MpFV1 encodes a hypothetical 
protein comprising 1425 amino acids (aa), with a predicted 

molecular mass of 159.3 kDa and a predicted isoelectric 
point of 7.04. A multiple alignment of the sequence of the 
protein encoded by ORF1 showed that it shared the highest 
sequence identity (58%) with a hypothetical protein of Mac-
rophomina phaseolina RNA virus 2 (MpRV2), but relatively 
low identity (26%–38%) with the hypothetical proteins of 
eleven other unclassified dsRNA viruses (Table 1). Moreo-
ver, a search using the CDD showed that the ORF1-encoded 
protein does not contain any conserved domains.

MpFV1 has a putative shifty heptamer sequence 
(5159GGA​AAA​C5165) located immediately upstream of 
the stop codon of ORF1 (Fig. 1A). Moreover, a candidate 
recoding stimulatory element (RSE) structure (H-type RNA 

Fig. 1   Schematic representation of the genomic organization and 
translational strategy of MpFV1. (A) Schematic diagram of the 
genomic organization of MpFV1. MpFV1 shows the presence of 
two ORFs (ORF1 and ORF2). The dotted-lined box indicates a pos-
sible extension of ORF2 via a-1 translational frameshift mechanism. 
OFR1 encodes a putative hypothetical protein (P1), whereas ORF2 
encodes a putative protein containing two conserved domains, i.e., 
the RdRp and S7 domains. (B) Schematic representation of the pre-

dicted H-type RNA pseudoknot, which is located 1357 nt directly 
upstream of the RdRp_4 motif in MpFV1, and the proposed mecha-
nism underlying -1 ribosomal frameshifting. (C) P predicted sec-
ondary structures for the 5’-UTR and 3’-UTR of the coding strand 
of MpFV1, constructed using RNA mfold online (http://unafo​ld.rna.
alban​y.edu/?q=mfold​/RNA-Foldi​ng-Form). (D) Predicted secondary 
structure of the H-type RNA pseudoknot. The RNA secondary struc-
ture was predicted using the KnotSeeker program

http://unafold.rna.albany.edu/%3fq%3dmfold/RNA-Folding-Form
http://unafold.rna.albany.edu/%3fq%3dmfold/RNA-Folding-Form
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pseudoknot located at nt 5219 to 5257) was predicted to lie 
just downstream of the slippery site (Fig. 1B). These two 
functional elements in MpFV1 are the cis-acting frameshift 
signals of the -1 ribosomal frameshifting mechanism, sug-
gesting that the ORF2-encoded protein may be translated by 
ribosomal frameshifting. The 3’-proximal ORF2 of MpFV1 
encodes an RNA-dependent RNA polymerase (RdRp) com-
prising 1270 amino acids (aa), with a predicted molecular 
mass of 143.2 kDa and predicted isoelectric point of 8.84. A 
BLASTp search of the protein encoded by ORF2 showed that 
it shared the highest sequence identity (61%) with the RdRp 
of MpRV2 but relatively low identity (31%–38%) with the 
RdRps of eleven other unclassified dsRNA viruses (Table 1). 
A search of the CDD and multiple protein sequence align-
ment indicated that the ORF2-encoded protein contains two 
conserved domains: a conserved RdRp domain (RdRp_4; 
pfam02123) with eight conserved motifs (I–VIII) that are 
characteristic of the RdRps of dsRNA viruses [26] (Sup-
plementary Figure S1) and a conserved phytoreovirus S7 
domain (S7; pfam07236) (Supplementary Figure S2). The 
MpFV1 S7 conserved domain is 115 aa long (aa 820 to 935), 
and polypeptides homologous to S7 were also identified in 
other fusagraviruses and related mycoviruses (Table 1).

To examine the relationship between MpFV1 and other 
mycoviruses, we performed phylogenetic analysis using 
protein alignments of the conserved RdRp domains from 
MpFV1 and 20 other selected RNA viruses (Fig. 2). The 

results showed that MpFV1 clustered with the previously 
reported MpRV2 and 15 other unclassified dsRNA myco-
viruses, forming a distinct clade, indicating a close evo-
lutionary relationship. However, MpFV1 and its related 
mycoviruses are distantly related to the clade includ-
ing members of the families Totiviridae and Partitiviri-
dae. Furthermore, a new family, “Fusagraviridae”, was 
recently proposed to accommodate these MpFV1-related 
but unassigned dsRNA viruses identified in filamentous 
fungi [15]. Moreover, MpFV1 has a shorter intervening 
sequence between ORF1 and ORF2, a shorter 5’-UTR, 
and a longer 3’-UTR than MpRV2 at the corresponding 
locations. Thus, MpFV1 is a potential new member of the 
proposed family “Fusagraviridae”.
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Table 1   Comparison of MpFV1 and its related viruses with regard to genome size and putative structures

Abbreviations of the virus names (GenBank accession numbers) are as follows: MpFV1, Macrophomina phaseolina fusagravirus 1 
(MK780821); MpRV2, Macrophomina phaseolina double-stranded RNA virus 2 (KP900891); FpV3, Fusariumpoae dsRNA virus 3 
(NC_030202); SsRV-L, Sclerotinia sclerotiorum dsRNA mycovirus-L (JQ513382); FgV3, Fusarium graminearum dsRNA mycovirus-3 
(NC_013469); RnFV1, Rosellinia necatrix fusagravirus 1 (LC333734); BcRV1, Botrytis cinerea RNA virus 1 (NC_026139); FvV2, Fusarium 
virguliforme dsRNA mycovirus 2 (JN671443); FpV2, Fusarium poae dsRNA virus 2 (NC_030201); FvV1, Fusarium virguliforme dsRNA 
mycovirus 1 (JN671444); TaV, Trichoderma atroviride mycovirus (NC_033415); RnFV3, Rosellinia necatrix fusagravirus 3 (LC333739); 
RnFV2, Rosellinia necatrix fusagravirus 2 (LC333738)

Virus name Genome
(nt)

Hypothical pro-
ten (Identity %)

RdRp (Identity %) Interval 
length 
(nt)

Size of 
5’UTR 
(nt)

Size of 
3’UTR 
(nt)

S7 Shifty 
heptamer 
sequence

Spacer (ut) Pesudoknot

MpFVl 9289 100% 100% 186 891 123 + GGA​AAA​C 53 +
MpRV2 9188 729/1249 (58%) 665/1083 (61%) 765 1310 7 + GGA​AAA​C 98 +
FpV3 9419 349/919 (38%) 469/1343 (35%) 111 1190 55 + GGA​AAA​C 40 +
SsRV-L 9124 358/1024 (35%) 465/1334 (35%) 48 1088 54 + GAA​AAA​C 14 +
FgV3 9098 350/946 (36%) 442/1209 (37%) 44 865 144 + GAA​AAA​C 2 +
RnFVl 9368 312/957 (33%) 499/1324 (38%) 144 1003 59 + AAA​AAA​C 0 +
BcRVl 8952 379/1129 (34%) 474/1324 (36%) 48 878 65 + GAA​AAA​C 7 +
FvV2 9327 263/814(32%) 440/1293 (34%) 177 1043 131 + AAA​AAA​C 24 +
FpV2 9518 293/818 (36%) 443/1313 (34%) 36 1029 48 + GGA​AAA​C -9 +
FvVl 9402 311/960 (32%) 427/1285 (33%) 285 1257 45 + AAA​AAA​C 43 +
TaV 8566 292/968 (30%) 436/1225 (36%) 528 82 22 + AAA​AAA​C 105 +
RmFV3 9142 205/728 (28%) 345/1116 (31%) 198 1092 50 + – – –
RnFV2 >8088 119/362 (33%) 312/922 (34%) 99 101 – + – – –
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