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ABSTRACT Although segmented negative-sense RNA viruses (SNSRVs) have been fre-
quently discovered in various fungi, most SNSRVs reported only the large segments. In
this study, we investigated the diversity of the mycoviruses in the phytopathogenic fun-
gus Fusarium asiaticum using the metatranscriptomic technique. We identified 17 fungal
single-stranded RNA (ssRNA) viruses including nine viruses within Mitoviridae, one each
in Narnaviridae, Botourmiaviridae, Hypoviridae, Fusariviridae, and Narliviridae, two in
Mymonaviridae, and one trisegmented virus temporarily named Fusarium asiaticum
mycobunyavirus 1 (FaMBV1). The FaMBV1 genome comprises three RNA segments, large
(L), medium (M), and small (S) with 6,468, 2,639, and 1,420 nucleotides, respectively.
These L, M, and S segments putatively encode the L protein, glycoprotein, and nucleo-
capsid, respectively. Phylogenetic analysis based on the L protein showed that FaMBV1 is
phylogenetically clustered with Alternaria tenuissima negative-stranded RNA virus 2
(AtNSRV2) and Sclerotinia sclerotiorum negative-stranded RNA virus 5 (SsNSRV5) but dis-
tantly related to the members of the family Phenuiviridae. FaMBV1 could be vertically
transmitted by asexual spores with lower efficiency (16.7%, 2/42). Comparison between
FaMBV1-free and -infected fungal strains revealed that FaMBV1 has little effect on hyphal
growth, pathogenicity, and conidium production, and its M segment is dispensable for vi-
ral replication and lost during subculture and asexual conidiation. The M and S segments
of AtNSRV2 and SsNSRV5 were found using bioinformatics methods, indicating that the
two fungal NSRVs harbor trisegmented genomes. Our results provide a new example of
the existence and evolution of the segmented negative-sense RNA viruses in fungi.

IMPORTANCE Fungal segmented negative-sense RNA viruses (SNSRVs) have been frequently
found. Only the large segment encoding RNA-dependent RNA polymerase (RdRp) has been
reported in most fungal SNSRVs, except for a few fungal SNSRVs reported to encode nucleo-
capsids, nonstructural proteins, or movement proteins. Virome analysis of the Fusarium spp.
that cause Fusarium head blight discovered a novel virus, Fusarium asiaticum mycobunyavirus
1 (FaMBV1), representing a novel lineage of the family Phenuiviridae. FaMBV1 harbors a
trisegmented genome that putatively encodes RdRp, glycoproteins, and nucleocapsids.
The putative glycoprotein was first described in fungal SNSRVs and shared homology
with glycoprotein of animal phenuivirus but was dispensable for its replication in
F. asiaticum. Two other trisegmented fungal SNSRVs that also encode glycoproteins
were discovered, implying that three-segment bunyavirus infections may be common in
fungi. These findings provide new insights into the ecology and evolution of SNSRVs, par-
ticularly those infecting fungi.
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Fusarium head blight (FHB) is an economically devastating disease affecting cereal crops
worldwide and has become more severe and frequent in the middle and lower regions

of the Yangtze River in China (1, 2). FHB is induced by Fusarium graminearum species com-
plexes that are mainly composed of Fusarium asiaticum and Fusarium graminearum in China
(1). Although FHB can result in poor seed quality and low yields, the public is most con-
cerned about FHB-infected crop contamination with mycotoxins, including deoxynivalenol
and zearalenone, which pose severe threats to human and animal health and food safety
(2). The strategy of virocontrol of FHB with hypovirulence-associated mycoviruses is a poten-
tial alternative to green management for sustainable and long-term disease control. Diverse
mycoviruses have been discovered in over 22 Fusarium spp. (3–13), including a tripartite sin-
gle-stranded DNA (ssDNA) mycovirus, Fusarium graminearum gemytripvirus 1 (12), and two
capsidless multisegmented positive single-stranded RNA (+ssRNA) viruses, hadakavirus 1
strain 7n and hadakavirus 1 strain 1NL (5, 11). Only a few mycoviruses confer hypoviru-
lence in Fusarium, including Fusarium graminearum virus 1, Fusarium graminearum virus
China 9, Fusarium graminearum hypovirus 2, Fusarium oxysporum f. sp. dianthi mycovirus
1, Fusarium pseudograminearum megabirnavirus 1, Fusarium oxysporum ourmia-like virus
1, and Fusarium oxysporum alternavirus 1 (10, 14–16). Except for the reported Fusarium
asiaticum victorivirus 1 (17), mycoviruses infecting F. asiaticum were rarely characterized.

Negative-sense RNA viruses (NSRVs) are widely distributed in vertebrates, inverte-
brates, and plants. Moreover, they are divided into two subphyla, Haploviricotina and
Polyploviricotina, according to the reconstruction of the evolution of the RNA virus (18, 19).
In fungi, most reported NSRVs, including the well-characterized Sclerotinia sclerotiorum neg-
ative-sense RNA virus 1 (20, 21), belong to the subphylum Haploviricotina, most of which are
monosegmented. Another clade of NSRVs is the subphylum Polyploviricotina, most of which
accommodates segmented negative-sense RNA viruses (SNSRVs), including bunyaviruses
(19). Bunyaviruses are a diverse group of pathogens that cause diseases in plants and ani-
mals (22, 23). Now, the order Bunyavirales has expanded to comprise 14 families and 60 gen-
era based on the recent International Committee on Taxonomy of Viruses (ICTV) release (24,
25). In contrast to nonsegmented negative-sense RNA viruses, bunyavirus diversity in fungi
has been rarely explored, until recently with rapidly increasing viromic studies. Depending
on the family and genus, viruses in Bunyavirales contain genome segments ranging from
one to 10 for viruses in Tulasviridae and Fimoviridae (23, 26). The classic bunyaviruses have
three negative-sense RNA segments, large (L), medium (M), and small (S), based on the seg-
ment length, which encode RdRp (L protein), enveloped glycoprotein (G), and nucleocapsid
protein (N) (22). At least 36 fungal SNSRVs related to viruses in Bunyavirales have been
reported, although most encode only RdRp (26–39). Similar results were reported in oomy-
cetes, where all oomycete bunyaviruses were known to encode only RdRp (40–45).
Although capsidless viruses in fungi are not rare, the genome of fungal bunyaviruses could
be coated by nucleocapsid because six viruses at least encode nucleocapsid and other non-
structural proteins (26, 30, 31, 35–37). Lentinula edodes negative-strand RNA virus 2 and
Entoleuca phenui-like virus 1 contain two segments encoding the RdRp, the nucleocapsid
and putative movement protein (30, 31). Penicillium roseopurpureum negative-sense RNA
virus 1 contains three segments encoding RdRp, nucleocapsids, and nonstructural proteins
(37). The recently reported Botrytis cinerea bocivirus 1 has three segments encoding RdRp,
movement protein-like protein, and nucleocapsid (35). Sutela et al. found a monosegmented
bunyavirus in which the RdRp and nucleocapsid are located in the same segment (26).
However, none of the known fungal bunyaviruses has been reported to encode a
glycoprotein.

In the present study, the diversity of mycoviruses was investigated in phytopathogenic fun-
gus F. asiaticum via metatranscriptomic techniques, and 16 complete or incomplete mycoviral
genomes were reconstructed. A novel segmented negative-sense RNA virus, tentatively
named Fusarium asiaticum mycobunyavirus 1 (FaMBV1), has been molecularly characterized.
FaMBV1 has three negative-sense RNA segments coding for RdRp, glycoprotein, and nucleo-
capsid and shares lower similarity with phenuiviruses. Phylogenetic analysis showed that
FaMBV1 might represent a new viral lineage within the Bunyavirales. FaMBV1 has lower
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efficiency of transmission by asexual spores, and the M segment seems dispensable for the
replication of FaMBV1 in F. asiaticum. Moreover, we identified the M and S segments of
Alternaria tenuissima negative-stranded RNA virus 2 (AtNSRV2) and Sclerotinia sclerotiorum
negative-stranded RNA virus 5 (SsNSRV5) using a bioinformatics approach, which revealed hid-
den segments of multisegmented viruses. Studies related to fungal NSRVs will undoubtedly
help refine hypotheses about the evolutionary origins of different fungal viruses. Moreover,
defining the fungal negative-sense RNA virosphere is an interesting area for future research.

RESULTS
Metatranscriptomic screening of F. asiaticum isolates for virus infection. To

explore the mycovirus diversity and viral candidates for biocontrol agents of FHB disease,
397 wheat spikes with typical symptoms of FHB disease but lower severity were collected
from three districts in the Yangtze Valley Plain, and 350 strains were isolated. Most purified
strains were identified as F. asiaticum using species-specific primers Fg16F/R, as previously
described (46, 47). Total RNA was extracted from 350 strains of F. asiaticum, mixed with an
equal quantity, and subjected to RNA sequencing. Seventeen mycoviruses were discovered
by de novo transcript assembly and annotation and verified using virus-specific primers
(Table 1). Based on the replication-associated sequence analysis, 12 mycoviruses were posi-
tioned in Lenarviricota, eight mitoviruses (Fusarium asiaticum mitovirus 1 to 8) of which
were first discovered in Fusarium spp. Fusarium poae mitovirus 1 that was previously
reported to infect Fusarium poae was found to infect F. asiaticum (28). One narnavirus,
Fusarium asiaticum narnavirus 1, had two RNA segments and was clustered with a group of
previously reported bisegmented narnaviruses or ORFans (open reading frames [ORFs] with
no detectable homology to other ORFs in a database) (33, 40). Two new botourmiaviruses,
Fusarium asiaticum ourmiavirus 1 (FaOV1) and FaOV2, were first reported in Fusarium spp.
FaOV2 is highly similar to Erysiphe necator-associated narnavirus 51 (Table 1), which forms a
new clade “Narliviridae”, including plant ourmiaviruses and some narna-like viruses (Fig. 1),
as recently proposed (48). Fusarium graminearum hypovirus 2 (FgHV2) was identified in
F. asiaticum with 95% amino acid (aa) identity to FgHV2/JS16, as previously reported by Li
et al. (49). Fusarium asiaticum fusarivirus 1 was highly similar to Fusarium graminearum
double-stranded RNA (dsRNA) mycovirus 1 (50). To date, only three NSRVs infecting
Fusarium spp. have been reported, including Fusarium poae negative-stranded RNA virus
1 (accession no. LC150618) (28), Fusarium poae negative-stranded RNA virus 2 (accession
no. LC150619) (25), and Fusarium graminearum negative-stranded RNA virus 1 (accession
no. MF276904) (51). In the present study, we identified three other NSRVs, including two
mymonaviruses and one phenuivirus. The two mymonaviruses, Fusarium asiaticum nega-
tive-stranded RNA virus 1 (FaNSRV1) and Fusarium graminearum negative-stranded RNA
virus 1, shared 82.69% and 98.51% identities, respectively, with soybean leaf-associated
negative-stranded RNA virus 1 (accession no. KT598225) (Table 1). The putative phenuivi-
rus with a trisegmented RNA genome was characterized, and its features are described in
detail below.

Discovery of a mycovirus infecting F. asiaticum related to phenuiviruses. Two
assembled virus contigs showed low similarities to the RdRp and nucleocapsid protein
of viruses in Phenuiviridae (Table 1). We subsequently detected these two contigs in
the strain XG-7 by reverse transcription-PCR (RT-PCR) with contig-specific primers. The
full sequence was obtained using the RACE (rapid amplification of cDNA ends) method.
The 59 and 39 termini of the virus segments were inverted complementary to each
other, allowing the formation of a panhandle structure. Two inverted complementary
sequences of 59-ACACAA(G)AGAC-39 at the 59 terminus and 59-CUUUGUGU-39 at the 39
terminus were found (Fig. 2B), which were identical to those of phleboviruses (Fig. 2C).
To search for the putative viral segment coding for glycoproteins, we utilized the fea-
tures of high-consensus terminal sequences in phleboviruses and the consensus termi-
nal nucleotide sequences obtained in FaMBV1’s L and S segments (52) and designed a
consensus primer (M-TF/TR, ctcagccctACACAAAGACC) to amplify an additional genomic seg-
ment as used by Zheng et al. (53). Twomain bands were amplified and cloned for sequencing.
The smaller band was the same as the contig coding for the nucleocapsid protein. The large
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band showed no hits using blastp against the NR database, and we found it in the assembled
contigs with high coverage from the library. Furthermore, the M segment was not amplified
from other F. asiaticum strain genomes or cDNA, which confirmed that the M segment existed
only in XG-7. Because the terminus of the M segment shared consensus with the L and S seg-
ments, we hypothesized that the phenui-like virus, named FaMBV1, had three segments
termed L, M, and S segments (Fig. 2A). The complete sequence of the L segment comprises
6,468 nucleotides (nt) with 38.7% GC content and has a single large open reading frame (ORF)
in the antisense strand (viral cRNA). This large ORF is predicted to encode a 2,094-aa protein
that shares 33% identity with replicases of AtNSRV2 (E value, 0; query coverage, 94%) by blastp
search (Table 1). Two conserved domains, the DUF3370 domain and Bunya_RdRp domain
(pfam04196), were found in the large ORF using the NCBI conserved domain search. Multiple
sequence alignments with phenuiviruses revealed four conserved motifs (H. . .PD. . .D/E. . .K)
at the N terminus of the L protein (Fig. 3), which is a typical feature of the endonuclease
domain of RdRp in bunyavirus (54, 55). The predicted endonuclease domain implies that
FaMBV1 may employ a cap-snatching process for viral mRNA transcription (56). Following
the endonuclease domain, eight conserved motifs (GFAHBCDE) with high conservation
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with phleboviruses and tenuiviruses were found (Fig. 2A and Fig. 3). Furthermore, these
were considered to be the RdRp active motifs (54, 57). Thus, the L protein is responsible
for RdRp function in FaMBV1.

To link the new FaMBV1 to the known diversity of bunyaviruses, the core RdRp protein
sequences of FaMBV1 and the representative members of Bunyaviraleswere selected to con-
struct a phylogenetic tree. Phylogenetic analysis suggested that FaMBV1 is clustered with
two other fungal NSRVs, AtNSRV2 and SsNSRV5, and forms a fungus-related bunyavirus
group. Furthermore, this bunyavirus group is related to the Phenuiviridae groups but formed
an independent phylogenetic branch (Fig. 4), suggesting that a new Mycobunyavirus genus
in the family Phenuiviridae should be proposed to accommodate these mycoviruses.

The FaMBV1 M segment encoded a 741-amino-acid protein with no hits found using
blastp. However, the glycoproteins of the rice stripe virus and Rift Valley fever virus shared
homology with the M protein using HHpred tools (Fig. 5A). Unlike the glycoprotein in
Phenuiviridae, no signal peptide was predicted using SignalP-5.0 in the M protein amino
terminus. The M protein was predicted to contain four transmembrane helices by the
TMHMM-2.0 server (Fig. 5B). The arrangement of the first two transmembrane helices
located at the N terminus was similar to that of the large signal peptide in the Lassa virus,
which was cleaved by signal peptidases after the second transmembrane helix (58). A hydro-
phobic region was predicted after the third transmembrane helix, which may function as a
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signal peptide (59). Host peptidase may cleave this protein into two parts, like the glycopro-
teins Gn and Gc (59). Four potential N-glycosylation sites were predicted in the M protein
using NetNGlyc 1.0 (Fig. 5C). These results revealed that the M segment-encoded proteins
might be glycoproteins related to bunyaviruses.

The S segment of FaMBV1 was 1,420 nt long and had a GC content of 38.7%. A single
ORF was predicted in the antisense segment and encoded a 275-aa nucleocapsid protein
containing a Tenui_N domain (pfam05733). Using blastp comparison, it was shown that the
nucleocapsid protein is similar, with a lower identity of 29.17% and 28.12%, to the Cocle vi-
rus (E value, 3e204; query coverage, 34%) and Punta Toro virus (E value, 0.001; query cover-
age, 34%), respectively, belonging to Phenuiviridae.

Transmission of FaMBV1 and its roles in the biological features of F. asiaticum.
To study the biological effect of FaMBV1 on F. asiaticum, the virome of the strain XG-7 was
analyzed by transcriptome sequencing (RNA-seq). Combined with RT-PCR results, XG-7 is
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FIG 4 Phylogenetic position of FaMBV1 within the order Bunyavirales. L segments encoding the L protein were aligned and trimmed as described in
Materials and Methods. Maximum-likelihood tree and the root were inferred and evaluated using IQ-TREE with the NONREV1FO substitution model and –
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FIG 3 Legend (Continued)
inverted triangle. Conserved amino acids with 50% conservation are colored in Zappo color mode in Jalview. ADAV, Adana virus (AJK91618.1);
RVFV, Rift Valley fever virus (ABD51507.1); TOSV, Toscana virus (CAA48478.1); HpTV2, Huángpí tick virus 2 (AJG39238.1); UUKV, Uukuniemi virus
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infected by FaMBV1 alone. To eliminate FaMBV1 from strain XG-7, 42 single conidial isolates
were obtained. FaMBV1 was detected via RT-PCR using FaMBV1-specific primers, and the
results suggested that two conidium isolates harbored FaMBV1. Furthermore, the M seg-
ment was lost in these two conidial progenies. These results indicated that FaMBV1 has low
vertical transmission efficiency (2/42) in asexual spores. To explore the effect of FaMBV1 on
F. asiaticum, the two conidial progeny strains, XG-7-13 and XG-7-15, were selected for further
study. Compared with the strain XG-7, the strain XG-7-13 was infected with the M segment-
free isolate of FaMBV1 (FaMBV1M-free), and strain XG-7-15 was FaMBV1 free, according to the
RT-PCR results (Fig. 6A). FaMBV1- and FaMBV1M-free-infected strains showed normal colony
morphology (Fig. 6B). FaMBV1-infected strain XG-7 showed slightly slower growth than the
virus-free strain XG-7-15. The FaMBV1M-free-infected strain XG-7-13 grew slightly faster but
was not statistically different from the XG-7 strain (Fig. 6B). As FaMBV1 was mostly lost in
most conidial progeny, mycelium plug inoculation experiments on corn silk and wheat
head showed that FaMBV1 did not affect the pathogenicity of the F. asiaticum strain (Fig. 6C

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  100  200  300  400  500  600  700  741

 5 27 32 51 247 269 716 738

TM
H

M
M

 p
os

te
rio

r p
ro

ba
bi

lit
ie

s

transmembrane inside outside

 0

 0.25

 0.5

 0.75

 1

 0  100  200  300  400  500  600  700

N
-g

ly
co

sy
la

tio
n 

po
te

nt
ia

l

88

100
146

173

522

Threshold
Potential

Nr Hit (uniprot or pfam accession) Name Probability E-value Score SS Aligned cols Target Length
1 Q85429 Putative envelope glycoprotein, Rice stripe virus 97.88 0.00093 74.5 16.9 36 834
3 P21401 Envelopment polyprotein, Rift valley fever virus 97.38 0.0095 69.46 16.3 563 1197
2 P09613 Envelopment polyprotein, Uukuniemi virus 97.51 0.0062 69.12 16.5 569 1008
4 PF06656.13 Tenuivirus PVC2 protein 97.24 0.26 55.1 24.3 460 784
5 PF07243.13 Phlebovirus glycoprotein G1 93.75 0.36 52.5 7.4 145 527

 0  741
A

B

C

FIG 5 FaMBV1 M protein is a putative glycoprotein. (A) Homology detection and structure prediction of FaMBV1 M protein using HHpred (90). The top five
hits are listed in the table. (B) TMHMM detection of the transmembrane helix in FaMBV1 M protein. The position of the transmembrane helix is on top. (C)
FaMBV1 M protein N-glycosylation site prediction using NetNGlyc 1.0. The putative N-glycosylation sites are labeled in green.

Mycoviruses Encoding Glycoprotein in the Bunyavirales Journal of Virology

January 2023 Volume 97 Issue 1 10.1128/jvi.01381-22 9

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01381-22


XG-7
XG-7-

15

XG-7-
13

NTC

p = 0.27
p = 0.2

35

40

45

50

XG−7

XG−7
−1

3

XG−7
−1

5

Le
si

on
 le

ng
th

 (m
m

)

XG-7

XG-7-
15

XG-7-
13

C D

BA

HE F G
p = 0.56p = 0.37

p = 0.17

20

40

60

80

XG−7

XG−7
−1

3

XG−7
−1

5

C
on

id
ia

 le
ng

th
 (μ

m
) 

p = 0.46

p = 0.39

p = 0.91

12.4

12.6

12.8

13.0

13.2

XG−7

XG−7
−1

3

XG−7
−1

5

N
um

be
r o

f c
on

id
ia

/m
l (

lo
g)n=74 n=67 n=47

0.00

0.25

0.50

0.75

1.00

XG−7

XG−7
−1

3

XG−7
−1

5

Pr
op

or
tio

n 
of

 s
ep

ta
 n

um
be

r

1
2
3
4
5
6
8

Septa No.

XG-7

XG-7-
15

XG-7-
13

250 bp

500 bp
L

250 bp
500 bp

S

250 bp
500 bp

250 bp
500 bp

*
Actin

M:
Region 1

M:
Region 2

M:
Region 3

M:
Region 4

XG-7 XG-7-15XG-7-13

p = 0.062

p = 0.014

p = 0.11

10

11

12

13

XG-7

XG-7-
13

XG-7-
15

G
ro

w
th

 ra
te

 (m
m

/d
)

p = 0.51
p = 0.61

16

20

24

XG-7

XG-7-
13

XG-7-
15

XG-7

XG-7-
13

XG-7-
15

D
is

ea
se

 in
de

x

XG-7
XG-7-

15

XG-7-
13

NTC

FIG 6 Vertical transmission of FaMBV1 and its effects on biological features of F. asiaticum. (A) RT-PCR detection of FaMBV1 L, M, and S
segments in asexual spore progeny with virus-specific primers. Four different regions, as shown in Fig. 2A, were included for the detection of
the M segment in XG-7-13 to exclude negative RT-PCR results from small deletions. The actin gene was used as a control. NTC, no-template
control. A larger band (*) above the actin band was amplified from the genomic DNA. (B) (Left) Colony morphology after 3 days of
incubation at 28°C. XG-7-13 was infected with L and S segments of FaMBV1. XG-7-15 was free of FaMBV1. The front and reverse sides of the
colony are presented. (Right) Boxplot showing the growth rates of XG-7, XG-7-13, and XG-7-15. Student’s t test was used for the statistical
test. (C) (Left) Corn silks inoculated with the mycelium plugs of strains XG-7, XG-7-13, and XG-7-15 were examined after 5 days. White bar,
1 cm. (Right) Lesion length of XG-7, XG-7-13, and XG-7-15 inoculated on the corn silk. P values were derived from the Student t test. (D)
(Left) Representative picture of wheat heads of cultivar XiaoYan 22 inoculated with mycelium plugs. (Right) Boxplot showing disease index
measured at 14 days post-inoculation (dpi). P values were derived from the Student t test. (E) Representative conidia of the strains stained
using calcofluor white for septa. Bars, 10 mm. (F) The proportion of the septum number is shown in the bar plot, and total conidial number
is indicated on the top of the bar. (G) Conidial production in mung bean soup medium. The conidial numbers were transformed with
logarithms for the Student t test. (H) Boxplot shows the conidium length. Significance analysis was performed using the Student t test.
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and D). On the further assessment of the impact of FaMBV1 on F. asiaticum strains, we
observed no difference in the sporulation, the number of conidial septa, and the length of
conidia of the strains in the mung bean soup medium (Fig. 6E to H). We found that FaMBV1
showed cryptic infection in F. asiaticum and was easily lost in the conidial progeny.

Missed bunyavirus segments discovered using newly found viral proteins as
bait. FaMBV1 was found to be distantly related to two mycobunyaviruses, AtNSRV2
and SsNSRV5. We hypothesized that the two viruses would also have trisegmented genomes.
To search for hidden virus segments, we analyzed the library F2 (SRR8303986), which con-
tained the AtNSRV2 genome sequence, and the library Fungal_2011 (SRR3482281), which con-
tained the SsNSRV5 genome sequence. For SsNSRV5, an assembled contig, named the
SsNSRV5 M segment, is 2,770 nt long with a putative ORF coding for 850 amino acids. A signal
peptide was predicted at the N terminus of the SsNSRV5 M segment using SignalP 6.0 (60).
Moreover, two transmembrane helices spanning residues 292–314 and 823–846 were pre-
dicted using TOPCONS (Fig. 7A). For AtNSRV2, a discovered contig, named the AtNSRV2 M
segment, is 2,978 nt long with a putative ORF coding for 868 amino acids. No signal peptide
was predicted at the N terminus of the AtNSRV2 M segment. However, two consecutive
transmembrane helices lying at residues 70–90 and 96–115 were predicted to be similar to
the large signal peptide of FaMBV1 glycoprotein. Four additional transmembrane domains
were predicted, in addition to the large signal peptide of the AtNSRV2 M segment (Fig. 7A).
HHpred results indicated that the SsNSRV5 M and AtNSRV2 M segments shared similarities
with the glycoproteins of phenuiviruses. Based on the domain organization of phlebovirus
and multiple sequence alignment, three Pfam domains, Phlebovirus_G1, Phlebovirus_G2,
and Phlebo_G2_C, are outlined (Fig. 7A and B). For the nucleocapsid, two contigs were
found, which were arbitrarily named the SsNSRV5 S segment and AtNSRV2 S segment. The
SsNSRV5 S segment is 1,214 nt long with a putative 282-aa ORF coding for the nucleocap-
sid protein. The AtNSRV2 S segment is 1,214 nt long with a putative 285-aa ORF coding for
nucleocapsid protein. These nucleocapsids share a small but conserved site with the
Phenuiviridae nucleocapsid (Fig. 8A). Since capsid proteins are usually more similar in three-
dimensional (3D) structures than in primary sequences, the FaMBV1 nucleocapsid structure
was predicted using the I-TASSER server (61–63). The best model predicted using I-TASSER
was found to have a C score of 20.50, the estimated TM score of 0.65 6 0.13, and a root
mean square deviation (RMSD) of 7.1 6 4.2 Å (Fig. 8B). This model was predicted to bind
nucleic acids using consensus approach (COACH), indicating its viral RNA strand-binding
property. FaMBV1 nucleocapsid shares a similar structure to the known phlebovirus Rift
Valley fever virus nucleocapsid protein (PDB 4h5o), with an N-terminal arm involved in mul-
timerization and an RNA binding slot (Fig. 8B). Tyr37 and Phe40 were involved in base
stacking with RNA, and Asp72 and Arg118 involved in stabilizing the phosphate backbone
were the most conserved (Fig. 8A and B). The three nucleocapsid proteins of mycobunyavi-
rus clustered together with the nucleocapsid protein of apple rubbery wood virus 2 (Fig.
8C). Notably, SsNSRV5 nucleocapsid showed a low bootstrap rate, and more related viruses
are needed to clarify the evolutionary relationship. We identified the M and S segments of
AtNSRV2 and SsNSRV5 based on FaMBV1.

DISCUSSION

In this study, we identified the virome of 350 F. asiaticum strains isolated fromwheat spikes
with typical wheat scab symptoms. Seventeen viruses have been identified, belonging to the
families Mitoviridae, Narnaviridae, Botourmiaviridae, the proposed Narliviridae, Hypoviridae,
Fusariviridae, Mymonaviridae, and Phenuiviridae. FaMBV1 is a new trisegmented negative-
strand RNA virus, putatively belonging to a new genus in Phenuiviridae. The M segment
coding for glycoprotein seems not to be required for FaMBV1 replication in F. asiaticum. In
addition, the M and S segments of AtNSRV2 and SsNSRV5 were discovered, implying the ex-
istence of glycoprotein-encoding trisegmented NSRVs in fungi.

Through our metaviromic study of F. asiaticum, we identified 17 viruses from 350 strains.
At least nine virus lineages were first discovered in Fusarium spp. Compared with other
metaviromic studies of pathogenic fungi, our study revealed that the virome of F. asiaticum
shows low diversity (33–35, 39, 64, 65). One possible reason was that F. asiaticum and F.
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graminearum may harbor low virus diversity, with about 2% virus incidence in F. graminea-
rum, lower than the 14% to 20% in Rosellinia necatrix (65, 66). Subjectively selected nonnor-
mal strains or dsRNA-infecting strains for sequencing may contribute to uncovering more
mycoviruses. Interestingly, in some Fusarium genera, a single strain of F. poae (MAFF
240374) and Fusarium mangiferae isolate SP1 harbor 16 and 11 viruses, respectively (13, 28).
The reasons for these differences may be due to different lifestyles and ecological niches.
For example, as important pathogens of wheat and other cereal crops in the agroecological
system, F. asiaticum and F. graminearum occupy a unique niche and are more aggressive
than F. poae (67). Perhaps the spore-producing aggressive lifestyle made the virus content
very low, as exemplified by FaMBV1 erased through asexual conidiation.

The NSRV was described in fungi 8 years ago (20). Moreover, SNSRVs were recently
discovered using metagenomics analysis (30, 31, 35). Here, we reported a novel SNSRV,
FaMBV1. Furthermore, each segment of it was found to have a single ORF encoding
the L protein, putative glycoprotein, and nucleocapsid (Fig. 2A). Phylogenetic analysis
of the RdRp domain of the L protein and nucleocapsid proteins demonstrated that
FaBMV1 clustered with AtNSRV2 and SsNSRV5 within the family Phenuiviridae, which
may represent a new genus.

We found that the FaMBV1 M segment was lost during regular subculture or conidial
progeny, implying that glycoproteins are dispensable for FaMBV1 replication in F. asiaticum.
Analogous observations have been made for envelope-deficient mutants of tomato spotted
wilt virus generated from consecutive mechanical passages in plants (68, 69). Generally, the
virion-forming glycoproteins of bunyaviruses are involved in viral entry and are dispensable
for replication (70–72). It is conceivable that fungal bunyaviruses would lose genes coding
for glycoproteins to adapt to intracellular life. For example, some plant viruses in the
Coguvirus genus and some mycoviruses, including Entoleuca phenui-like virus 1, Botrytis cin-
erea bocivirus 1, and Lentinula edodes negative-stranded RNA virus 2, do not have genome
segments coding for glycoproteins (30, 31, 35, 73, 74). However, there may be some trans-
mission vectors for mycoviruses; for instance, Lycoriella ingenua can transmit Sclerotinia scle-
rotiorum hypovirulence-associated DNA virus 1 (75). Considering the unprecedented NSRV
diversity in invertebrates (76, 77) and the interaction between Fusarium spp. and herbivo-
rous arthropods in cereals (78), FaMBV1, which possesses the ability to encode a glycopro-
tein, is likely to be transmitted by invertebrate vectors. The virome of various invertebrates
and vertebrates in wheat fields needs to be investigated to prove this conjecture in future
research.

Bunyaviruses often attract attention for causing overt diseases. Although some bunyavi-
rus-related mycoviruses have been reported, little is known about their effect on the host. In
this study, we found that FaMBV1 did not affect F. asiaticum by comparing the biological
features of XG-7 and the FaMBV1-free strain XG-7-15. This is not surprising, since only a few
attenuated viruses have been found in the pathogenic fungi of FHB. FaMBV1 was mostly
lost in the conidial progeny and subculture, implying its low adaptation to F. asiaticum.
Moreover, further studies are required to find out whether any aggressive fungal bunyavi-
ruses can be used for biocontrol.

Metagenomic sequencing has dramatically facilitated the discovery of viruses (79, 80).
However, due to the high mutation rate and abundant diversity of RNA viruses, general
annotation tools such as BLAST are not sufficient to detect some “dark” virus sequences
and ORFans. Some attention has been recently paid to ORFans, which were often missed
during regular virus mining. Moreover, these ORFans would be new viruses or other frag-
ments of multisegment viruses (81, 82). Because AtNSRV2 and SsNSRV5 clustered with
FaMBV1, we reanalyzed the published data and identified the M and S segments of the
two viruses. The M and S segments showed little similarity to known viruses. Moreover,
the glycoproteins showed domain organization and transmembrane structure similar to

FIG 7 Legend (Continued)
site is indicated by a green line. (B) Alignment of the glycoprotein with domain is presented with the same color bar as in panel A. Conservation
sites above 30% are highlighted in Zappo color mode in Jalview. GP_RVFVZ, glycoprotein of Rift Valley fever virus (strain ZH-548 M12); GP_UUKS,
glycoprotein of Uukuniemi virus (strain S23); GP_PTPV, glycoprotein of Punta Toro phlebovirus; GLYC_RSVT, glycoprotein of rice stripe virus (isolate T).
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those of phleboviruses, implying that they may share similar functions in virion formation
and virus replication. Considering that most phenuiviruses with glycoproteins are trans-
mitted by arthropods, AtNSRV2, SsNSRV5, and FaMBV1 could hypothetically be similarly
transmitted. The nucleocapsids of AtNSRV2, SsNSRV5, and FaMBV1 also showed low simi-
larity to those of the known viruses. Furthermore, the FaMBV1 nucleocapsid shares a
conserved 3D structure with the phlebovirus nucleocapsid protein. RNA-binding slots
and ribonucleoprotein formation might be conserved among fungal and other animal
phenuiviruses. Many fungal bunya-like viruses have been discovered, but only a few are
multisegmented and no glycoprotein-encoding segment has been reported (26–28, 33–
35, 39, 40). In this study, we characterized three glycoproteins from three fungal bunyavi-
ruses, putatively being a new genus in Phenuiviridae. Future studies are needed to iden-
tify other segments and transmission vectors of mycobunyaviruses, which might provide
new insights into fungal SNSRVs’ evolution and ecology. More fungal NSRVs will undoubt-
edly help to refine hypotheses about the evolutionary origins of different fungal viruses.
Defining the fungal negative-sense RNA virosphere would be an interesting area for future
research.

MATERIALS ANDMETHODS
Fungal strain isolation and culture conditions. Wheat spikes with typical wheat scab symptoms

were collected from fields in Hubei and Nanjing provinces, the two major wheat-producing regions in
the Yangtze Plain of China (see Table S3 in the supplemental material). The candidate Fusarium strains
were isolated from FHB-infected wheat via conidial isolation on potato dextrose agar (PDA) at 25 to 28°C
and routinely subcultured for purification. After the strains were stable in colony morphology on PDA,
they were stored on PDA slants at 4°C.

Nucleic acid extraction, sequencing, and de novo metatranscriptome assembly. All the fungal
strains were cultured on PDA laid with cellophane for 3 to 4 days. The mycelium was then harvested for
nucleic acid extraction. Genomic DNA samples of all the purified strains were extracted using the cetyl-
trimethylammonium bromide (CTAB) method (83) and used for molecular identification with specific pri-
mers Fg16F/R (84).

Total RNA samples from all the Fusarium strains were obtained using the RNAiso Plus kit (TaKaRa Biomedical
Technology, Beijing, China) and treated with DNase I to remove the DNA contamination. The total RNA samples
were quantified using NanoDrop 2000, and the integrity was checked using Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA). The RNA-seq library was prepared after the rRNA depletion, and metatran-
scriptomic sequencing was performed using Illumina HiSeq X (Shanghai Biotechnology Corporation, Shanghai,
China). To obtain clean sequences, the raw reads from deep sequencing were processed to remove the reads
containing low-quality bases and eliminate adaptor contamination using Trimmomatic V0.32 (85). The read qual-
ity was checked using FastQC (v0.11.7) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The clean
reads were then de novo assembled into contigs using the SPAdes genome assembler in rnaSPAdes mode
(v3.13.1) (86). The assembled contigs were translated using TransDecoder-v5.5.0 and annotated using DIAMOND
blastp (v0.9.10) against the NCBI nonredundant (NCBI-nr) database (87). The putative viral contigs were manually
filtered.

Searching additional virus segments for bunyavirus. To search for other virus segments of a
bunyavirus, SRA data were retrieved and FASTQ data were extracted using the NCBI SRA toolkit with
accession no. SRR8303986 for AtNSRV2 and SRR3482281 for SsNSRV5 according to the published data of
Nerva et al. and Marzano et al. (27, 39). The read assembly and contig annotation were performed as previously
described. To search for glycoproteins, dark contigs with amino acid lengths between 600 and 900 were
selected for transmembrane analysis by TMHMM (88) and TOPCONS (89). Furthermore, the transmembrane
protein was sent for HHpred analysis to search for homologs with low similarity (90). To search for nucleocap-
sids, multiple sequence alignment of the nucleocapsid protein of FaMBV1 and related viruses was used for pro-
file construction using hmmbuild. Subsequently, hmmsearch was used to search the customized nucleocapsid
profile against the assembled contigs (http://hmmer.org/). The candidate contig was further confirmed using
HHpred (90). TBtools were used for routine FASTA sequence manipulation (91).

Identification of the virus sequences derived from metatranscriptome data using RT-PCR. Total
RNA was isolated from the hyphae of individual strains and then transcribed to cDNA using reverse tran-
scriptase (RTase) from Moloney murine leukemia virus (M-MLV) (RNase H2) according to the manufac-
turer’s instructions (TaKaRa Biomedical Technology, Beijing, China). Briefly, the reaction was performed

FIG 8 Legend (Continued)
base stacking. The blue circles indicate the sites involved in the stabilization of the phosphate backbone. (B) The left panel shows
the 3D structure alignment of FaMBV1 and Rift Valley fever virus nucleocapsids using PyMOL. The right panel displays the conserved
sites noted in (A), which are shown as sticks in a closeup view. N term, N terminus; C term, C terminus. (C) Phylogenetic tree of
Phenuiviridae nucleocapsids. S segments encoding nucleocapsids were aligned and trimmed as described in Materials and Methods.
The maximum-likelihood tree was inferred using IQ-TREE (95). The model Q.pfam1F1R7 was chosen according to the Bayesian
information criterion. FaMBV1, AtNSRV2, and SsNSRV5 are highlighted in red. Numbers at the branch nodes are SH-aLRT support
(percent)/ultrafast bootstrap support (percent) value.
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in a final volume of 10 mL containing 2 mL of 5� M-MLV buffer, 0.5 mL deoxynucleoside triphosphate
(dNTP) mixture (10 mM), 1 mL of RNA (100 ng to 1 mg), 0.25 mL RNase inhibitor (40 U/mL), 0.25 mL RTase
from M-MLV (200 U/mL), and 6 mL of RNase-free water. The mixture was reacted with one cycle at 30°C
for 10 min, one cycle at 42°C for 60 min, and one final cycle at 70°C for 15 min. Specific primers (Table
S2) were designed to detect individual putative mycoviruses based on the viral contig sequences.

Determination of the terminal sequences of FaMBV1. To obtain the 59- and 39-terminal sequences
of a bunyavirus, the SMARTer RACE 59/39 kit (Clontech Laboratories, Inc.) was used according to the manufac-
turer’s protocol. The nested mycovirus-specific primers (Table S2) close to the end of the known sequence were
designed and used for the amplification of the terminal sequence using universal primer mix provided in the kit.
Briefly, to obtain 59-terminal sequences, an additional RNA template was generated by the joint action of the
SMARTer II A oligonucleotide and reverse transcriptase. Then cDNA was generated at 42°C for 90 min. The result-
ing cDNA was used as a template for nested PCR using universal primer mix and mycovirus-specific reverse pri-
mers (Table S2). To obtain 39-terminal sequences, a polyadenylated tail was added to the viral RNA strand 39 ter-
minus using poly(A) polymerase (TaKaRa Biomedical Technology, Beijing, China). Furthermore, the first-strand 39
cDNA was synthesized after incubation at 42°C for 90 min in an air incubator according to the manufacturer’s
instructions. The cDNA was then amplified using mycovirus-specific reverse primers and the universal primer mix
provided in the kit. The PCR products of the 39/59 terminus were separated on agarose gels for purification,
ligated into the pMD18-T cloning vector, and subsequently sequenced. Alternatively, a terminally conserved
primer was used to amplify the full-length cDNA, subsequently sequenced as previously described.

For a search for additional segments of FaMBV1, AC primer (ACACAAAGACC) was used for reverse
transcription. Subsequently, primer M-TF/TR was used for PCR. The PCR products were sequenced as
previously described. A classic RACE was employed to confirm the exact sequences of the M segment of
FaMBV1, as reported previously (92).

Multiple sequence alignment and phylogenetic analysis. The amino acid sequences of FaMBV1
and bunyaviruses retrieved from the NCBI virus database were aligned using MAFFT (version 7.243) with
the E-INS-i option (93). The resulting alignment was visualized using Jalview software. For phylogenetic
analysis, the aligned sequences were trimmed using trimAl with the -automated1 option (94). The
trimmed multiple sequence alignment was used to infer a maximum-likelihood tree using IQ-TREE (95).
The best-fit model was automatically selected using ModelFinder and chosen according to the Bayesian
information criterion (96). After the tree search, an SH-aLRT test with 1,000 replicates and ultrafast boot-
strapping with 10,000 samples were performed (95, 97). Finally, the tree was displayed using FigTree
v1.44 (https://github.com/rambaut/figtree/releases).

Colonymorphology observation, growth rate determination, and conidiation assay. For vegeta-
tive growth, a mycelial plug (6 mm in diameter) of the individual strain was inoculated onto the center
of a petri dish (9 cm in diameter) containing PDA. The plates were incubated at 25°C in complete dark-
ness for fungal colony morphology observation. The mycelial growth was assessed every 24 h by meas-
uring the diameter of the colony in two right-angled directions.

For the conidium production and morphology assay, the individual strain was cultured in mung bean
soup medium for 7 days. Furthermore, the conidia were collected. The conidia were observed under a Nikon
Eclipse 80i microscope. Moreover, the concentration of the conidia was measured using a hemocytometer.
The septa were stained using calcofluor white stain (Sigma-Aldrich 18909) and examined under UV light.

A virulence assay was conducted on corn silk as described previously, with minor modifications (98). Fresh
corn silk was bought and cut from the root to a length of 8 to 9 cm. The mycelium plugs were inoculated into
the corn whisker incision. The corn silks were placed on a tray with wetted filter paper overlaid with plastic
wrap and then incubated at 25 to 28°C under dark conditions for 7 days.

For the virulence assay on the wheat head, mycelium plugs were placed into the wheat spikelets at the
poplar flowering stage. After spraying the wheat ear with sterile water, the wheat ear was covered with a seal-
able plastic food storage bag, and the bag was removed after 36 h. The disease index was reported as the num-
ber of symptomatic spikelets on both sides of the wheat ear at 14 days post-inoculation (99).

Statistical analyses were performed with the data from at least three independent biological repli-
cates using the Student t test.

Data availability. The detailed information on the research is available under the BioProject acces-
sion number PRJNA841045. Virus genomic sequences are under the accession numbers MZ969051 to
MZ969070 in the GenBank database. Additional nucleotide sequence data reported for SsNSRV5 and
AtNSRV2 are available in the Third Party Annotation (TPA) Section of the DDBJ/ENA/GenBank databases under
the accession numbers TPA BK061361 to BK061364.
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