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A dsRNA virus with filamentous viral particles
Hengxia Jia1,2,3, Kaili Dong1,2,3, Lingling Zhou1,2,3, Guoping Wang1,2,3, Ni Hong1,2,3, Daohong Jiang1,2,3

& Wenxing Xu 1,2,3

Viruses with double-stranded RNA genomes form isometric particles or are capsidless. Here

we report a double-stranded RNA virus, Colletotrichum camelliae filamentous virus 1 (CcFV-1)

isolated from a fungal pathogen, that forms filamentous particles. CcFV-1 has eight genomic

double-stranded RNAs, ranging from 990 to 2444 bp, encoding 10 putative open reading

frames, of which open reading frame 1 encodes an RNA-dependent RNA polymerase and

open reading frame 4 a capsid protein. When inoculated, the naked CcFV-1 double-stranded

RNAs are infectious and induce the accumulation of the filamentous particles in vivo. CcFV-1

is phylogenetically related to Aspergillus fumigatus tetramycovirus-1 and Beauveria

bassiana polymycovirus-1, but differs in morphology and in the number of genomic

components. CcFV-1 might be an intermediate virus related to truly capsidated viruses,

or might represent a distinct encapsidating strategy. In terms of genome and particle

architecture, our findings are a significant addition to the knowledge of the virosphere

diversity.
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V iruses infect all cellular organisms including protozoa,
bacteria, archaea, invertebrates, vertebrates, algae, plants,
and fungi1. Their morphotypical peculiarities have been

impacted by the environment and the specific nature of the host,
which is particularly noticeable in archaeal viruses2–4. Viruses
that infect plants and fungi display moderate morphotypical
diversity, forming bacilliform, icosahedral, or filamentous viral
particles (virions), which are closely related with their taxon,
evolution, and host1, 5–8. Filamentous particles are characteristic
of many positive single-stranded RNA ((+)ssRNA)) plant virus
families, e.g., Closteroviridae, Potyviridae, Alphaflexiviridae,
Betaflexiviridae, and Gammaflexiviridae, but this is not the case
in double-stranded RNA (dsRNA) viruses, even in those isolated
from other organisms including protozoa and animals1. Since
previous studies have revealed that dsRNA viruses may have
repeatedly originated from distinct supergroups of (+)RNA
viruses8, 9, it is striking that such filamentous architecture has not
been observed in any dsRNA virus, thus keeping the evolutionary
relationships between the morphologies of (+)ssRNA and dsRNA
viruses enigmatic.

DsRNA viruses are a diverse group that infect a wide range
of hosts, from bacteria to eukaryotes including fungi,
protozoa, plants, and animals1. Most dsRNA viruses present
isometric particles, including members of the families Totiviridae
(non-segmented genome, 4.6–7.0 kbp), Partitiviridae (two or
three genomic segments, 1.4–2.3 kbp), Chrysoviridae (three to
five genomic segments, 2.4
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ranged from 63 to 339 nt and shared 19.4–45.3% identity
(Fig. 1c; Supplementary Table 1). A conserved sequence
(G/CGAUAAUAAN(12)G/CCUA/UGN(5)C), characteristic of
dsRNA segmented viruses1, was observed in all the 5′-termini
of the coding strand of dsRNAs 1–8. In contrast, the sequence
ACCUUAA was conserved only in dsRNAs 1–5 (Fig. 2a),

and other sequences were also conserved among some of
the dsRNAs, e.g., UCCU between dsRNAs 2 and 5, and
GAGAAU/ACAGAGU/CG between dsRNAs 7 and 8 (Fig. 2a).
No strict sequence conservation was observed in the 3′-termini of
the coding strand of the eight dsRNAs. The tetranucleotide
CCCC is shared only by dsRNAs 1, 2, 3, and 8, and the sequence
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GGN(6)U only by dsRNAs 4, 6, and 7 (Fig. 2b). It is worth noting
that dsRNA 5 shares no sequence at the 3′-terminus conserved
with the other dsRNAs (Fig. 2b) (confirmed by eight independent
3'-RACE experiments). In addition to the predominant ones,
other nucleotides at the termini of each dsRNA were also detected
at low frequencies in the RACE experiments, as indicated in
Fig. 2a and b together with their frequencies. The sequences
conserved in both termini of dsRNAs 1–8 are distinct from those
observed in the known related viruses including ATV, CcV-1,
AfuTmV-1, BdRV1, BbPmV-1, and BbPmV-2 (e.g., the
conserved nucleotides at the 3′-termini for AfuTmV-1, BdRV1,
BbPmV-1 and BbPmV-2 are GGGG, UGGGGU, UAGUUUU,
UUUU, respectively9, 12, 15). Collectively, these data strongly
suggest that the dsRNAs 1–8 associated with C. camelliae strain
LT-3-1 are the genomic components of a novel dsRNA virus,
which we propose to name “Colletotrichum camelliae filamentous
virus 1” (CcFV-1) considering the morphology of their virions
(see below).

Putative proteins encoded by the CcFV-1 genome. BLASTp
searches revealed that the ORFs of dsRNAs 1–4 of CcFV-1 code
for proteins that share amino-acid sequence identities of 47–26%
(6.0E−171–1.0E−27, 99–74% coverage) with those encoded by
dsRNAs 1–4 of ATV (accession no. KP067914), CcV-1
(KJ787686), AfuTmV-1 (HG975302), and BdRV1 (KP245734)
(Supplementary Table 2). The predicted proteins (P1, P2, P3, and

P4) encoded by ORFs 1, 2, 3, and 4 of CcFV-1 share amino-acid
sequence identities of 47%, 32%, 26%, and 41% with the
RNA-dependent RNA polymerase (RdRp), a hypothetical
protein, S-adenosyl methionine-dependent methyltransferase
capping enzyme, and a PAS-rich protein (PASrp, containing
a high proportion of proline (P), alanine (A), and serine (S)
residues) of AfuTmV-1, respectively (Supplementary Table 2).
Additionally, protein P2 of CcFV-1 displays a sequence identity
of 31% (E-value 1.0E−55, coverage 92%) with a hypothetical
protein of unknown function from Alternaria sp. (ACL80752)
(Supplementary Table
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is an RdRp (Supplementary Fig. 1). Interestingly, motif VI also
contains the GDN triplet followed by Q rather than G/ADD
(which is normally invariant for (+)ssRNA viruses). Moreover, a
phylogenetic reconstruction of P1 with RdRps of representative
members of dsRNA virus families, including unclassified dsRNA

viruses, and of three (+)ssRNA virus families (the closest (+)
ssRNA viruses according to BLASTp analysis), clustered CcFV-1
together with AFuTmV-1, BdRV1, BbPmV-1, and BbPmV-2.
Such assignment separates these five viruses from other dsRNA
viruses, placing them closer to (+)ssRNA viruses belonging to the
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Caliciviridae, as predicted by HHpred analysis, in an intermediate
position between dsRNA and (+)ssRNA viruses (Supplementary
Fig. 2; Supplementary Table 4). These data suggest that CcFV-1
may be an intermediate link between dsRNA and (+)ssRNA
viruses, as proposed for AfuTmV-19. On the other hand, CcFV-1
P3 is highly similar to methyltransferase of diverse bacteria (e.g.,
Bacillus subtilis, Methanococcus maripaludis, and Escherichia
coli) (probabilities of 99.8–99.7%, E-values 1.4E−17–1.3E−15),
suggesting that P3 is most likely a S-adenosyl methionine-
dependent methyltransferase capping enzyme (Supplementary
Table 3). No function could be tentatively ascribed to the
remaining CcFV-1 putative proteins due to a lack of reliable
conserved motifs. Nonetheless, CcFV-1 P4 has a high proportion
of P (7.6%), A (13.4%), and S (10.0%) residues, resembling the
PASrps encoded by AfuTmV-1 (P 6.8%, A 8.0%, S 9.7%), BdRV1
(P 3.2%, A 9.7%, S 7.9%), BbPmV-1 (P 6.2%, A 13.5%, S 7.6%)
and BbPmV-2 (P 11.2%, A 12.2%, S 8.8%)9, 12, 15.

Virus-like particles associated with CcFV-1 dsRNAs.
To determine whether the dsRNAs associated with the strain
LT-3-1 were encapsidated, mycelial crude preparations were
examined by transmission electron microscopy (TEM), which
revealed filamentous virus-like particles longer than 127.1 nm
(Supplementary Fig. 3a). The presumed viral particles were
purified by centrifugation in stepwise sucrose gradients (60–10%
with 10% sucrose increments, or 40–15% with 5% sucrose
increments), being predominantly found in the gradient zone
from 20 to 30% sucrose (Fig. 3). Assuming that the observed
short particles were most likely fragments of the longer ones,
only those longer than 1000 nm were considered. Measuring 51
filamentous virus-like particles above that limit revealed widths
ranging from 11.9 (virus particles number 3, 34, and 35 in Fig. 3b)
to 17.7 nm (number 36 and 37) and lengths from 1000.5 (number
25) to 4426.8 nm (number 32) (Supplementary Fig. 3b; Fig. 3b).
Some broken particles that appeared empty, most likely resulting
from the loss of their dsRNA components, had inner widths
ranging from 4.8 to 7.2 nm (Fig. 3a, indicated by arrows).
The presumed viral particles were also examined following
purification by centrifugation through a CsCl cushion, with
the fraction containing the viral dsRNAs and capsid protein (CP)
being ultracentrifuged to collect viral particles. TEM examination
revealed similar filamentous particles with the longest one having
a width of 16.3 nm and a length of 3266.6 nm (Supplementary
Fig. 3c). Importantly, removal of the CcFV-1 dsRNA components
(dsRNAs 1–8) from the mycelia of strain LT-3-1 when generating
a new subisolate (named LT-3-1D2, see below), was accompanied
by removal of the filamentous virus-like particles in the crude
extract and all sucrose gradient fractions of subisolate LT-3-1D2,
thus supporting a close association between them.

The dsRNAs and proteins composing the virus-like particles.
Agarose gel electrophoresis of the nucleic acids extracted from the
10–
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PAb-P4 (Fig. 5d; Supplementary Fig. 4a). However, similar
particles were not observed in either crude extracts or in the
sucrose gradient fractions from strain LT-3-1D2, supporting that
P4 encapsidates the dsRNAs of CcFV-1. Measurements of 28
decorated virus-like particles longer than 1000 nm revealed
widths ranging from 12.0 to 17.7 nm (Supplementary Fig. 4b),
matching the sizes observed by TEM (Fig. 3b). It is worth noting
that among the decorated virus particles in these preparations, the
longest had a length of 4661.6 nm (and a width of 17.7 nm, virus
particle number 28 in Supplementary Fig. 4b) (Fig. 5d) and the
second longest length of 4590.9 nm (and a width of 16.5 nm,
number 17) (Supplementary Fig. 4a), both of which were
observed in a crude extract. To the best of our knowledge, these
are the longest virus-like particles ever reported (Supplementary
Table 7).

CcFV-1 induces phenotypic changes on its fungal host. Forty-
seven subisolates generated from conidial colonies of strain
LT-3-1 cultured on potato dextrose agar (PDA) were analyzed by
dsRNA electrophoresis and RT-PCR amplification of a 492-bp
fragment of CcFV-1 dsRNA 2. CcFV-1 was absent in the
subisolates, suggesting no vertical transmission via conidia.
The phenotypes of three CcFV-1-free subisolates (LT-3-1D1,
LT-3-1D2, and LT-3-1D3) chosen at random, together with their
growth rate and virulence, were observed on PDA and measured
over a 5-day period. The three CcFV-1-free subisolates exhibited
morphologies distinct from the parental strain LT-3-1, including
presence of hyphal rings, reduction in black pigments, and
normalization of pigment distribution at the bottom of the PDA
plate (Fig. 6a). Moreover, the three CcFV-1-free subisolates
displayed enhanced growth rates (6.3–6.5 vs. 5.4 mm/day) and

virulence (6.1–14.9 vs. 1.0 mm lesion lengths) compared with
strain LT-3-1 (Fig. 6b).

Ultra-thin hyphal sections of strains LT-3-1 and LT-3-1D2
were examined by TEM. Compared with strain LT-3-1D2,
the cells of hyphal compartments of strain LT-3-1 showed
abnormalities, including formation of large membranous vesicles
that might correspond to viroplasms proposed for virus
replication and assembly17, and reductions in Woronin bodies
and vacuoles (Supplementary Figs. 5a and b). Virus-like particles
with a width similar to those of the CcFV-1 were observed in the
vesicles (Supplementary Figs. 5c and d). In addition, ill-defined
structures were also observed in the cytoplasm of the hyphal cells
of strain LT-3-1 (Supplementary Figs. 5e and f).

CcFV-1 dsRNAs are infectious and produce virus particles. To
further corroborate that the CcFV-1 dsRNAs were encapsidated
in filamentous virus particles, naked dsRNA components were
transfected into C. camelliae cells to assess whether they could
induce synthesis of new filamentous virus-like particles in vivo.
Protoplasts prepared from the CcFV-1-free strain LT-3-1D2 were
transfected with S1- and DNase I-treated CcFV-1 dsRNAs (1–8)
purified from mycelia. A total of 129 subisolates regenerated from
C. camelliae-transfected protoplasts were randomly subjected to
dsRNA electrophoretic analysis, resulting in the presence of all
eight transfected dsRNA bands in the mycelial extracts of
only three subisolates (named LT-3-1T1, LT-3-1T2, LT-3-1T3),
supporting that they were infected by CcFV-1 dsRNAs. When
subisolate LT-3-1T2 was subjected to TEM and ISEM analyses,
the filamentous virus-like particles were visible in fractions
(20–30%) after sucrose gradient centrifugation of mycelial
extracts (Fig. 5c, left panel), and were decorated by PAb-P4
(Fig. 5c, middle and right panels). Biological analysis showed
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Fig. 6 Colony morphology, growth rate on PDA, and lesion length of different strains of Colletotrichum camelliae on tea leaves. a Colony morphology of
strain LT-3-1, the LT-3-1 subisolates (LT-3-1D1, -D2, and -D3) with CcFV-1 dsRNAs eliminated, and the subisolates (LT-3-1T1, -T2, and -T3) transfected
with dsRNAs 1–8 cultured at 25 °C in the dark at 5 dpi and these subisolates cultured at 18 dpi. b A histogram of the growth rates of strain LT-3-1 and the
subisolates (n= 3) and the lesion lengths induced on tea (Camellia sinensis cv. ‘Taicha 12’) leaves (n= 4) inoculated with mycelial plugs of these isolates at
4 dpi under non-wounded conditions. The numbers following the “n=” refer to the treatment replicates. The presence of CcFV-1 in these isolates is
indicated below the histograms. Symbols “+” and “−” indicate the presence and absence of CcFV-1 based on the results of dsRNA detection obtained
by 1.2% agarose gel electrophoresis. Data were analyzed with SPSS Statistics 21.0 (WinWrap Basic; http://www.winwrap.com) by one-way ANOVA, and
means were compared using Tukey’s test at a significance level of p= 0.05. Letters (a, b, and c) over the bars indicate the significant difference at p= 0.05.
Bars in each histogram labeled with the same letters are not significantly different (p> 0.05). Error bars indicate ± standard deviation (SD)
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different morphologies, compared with strain LT-3-1D2, for the
CcFV-1-transfected subisolates (LT-3-1T1, LT-3-1T2, LT-3-1T3),
including disappearance of hyphal rings and increase of black
pigments, resembling the colony morphology of strain LT-3-1
(Fig. 6a). The abnormal distribution of black pigments and their
high concentration were completely recovered in strain LT-3-1T2
in comparison with strain LT-3-1 (Fig. 6a, middle panel). For the
three CcFV-1-infected subisolates, prolonged culture for more
than 15 days resulted in the spreading of the black pigments over
the bottom of the PDA plate, similarly to strain LT-3-1 but in
contrast with all CcFV-1-free isolates including LT-3-1D1 to -D3
(Fig. 6a). The CcFV-1-infected subisolates also exhibited
decreased growth rates (5.7 vs. 6.5 mm per day) and virulence
(1.0–4.3 vs. 13.1 mm lesion lengths) compared with strain
LT-3-1D2, but analogous to strain LT-3-1 (Fig. 6b).

To check whether the CcFV-1 dsRNAs could be transfected
into another strain (with a genetic background different from
LT-3-1) and promote accumulation of the filamentous particles
in C. camelliae cells, protoplasts of strain DP-3-1 were
also transfected with purified CcFV-1 dsRNAs 1–8. Ten of
94 subisolates gained the tranfected dsRNAs, and one positive
subisolate (DP-3-1T28) together with strain DP-3-1, were
examined by sucrose gradient centrifugation: the filamentous
virus particles were observed in 20–30% sucrose fractions
from mycelial extracts of subisolate DP-3-1T28, but not of
strain DP-3-1. Parallel experiments in which protoplasts of
strains DP-3-1 and LT-3-1D2 were transfected with purified
particles, instead of with dsRNAs, failed to provide any positive
result.

Discussion
In this study we have identified a dsRNA virus, CcFV-1, that
forms filamentous particles. Several experiments were conducted
to confirm that the dsRNAs identified in the fungus C. camelliae
are indeed encapsidated in elongated and flexuous particles.
(i) TEM of mycelial preparations from strains infected by CcFV-1
revealed filamentous particles in the sucrose gradient fractions in
which the structural proteins and the genomic dsRNAs migrated,
while the virus particles and structural proteins were absent in
strains in which the dsRNAs were removed. (ii) PAb-P4, a
polyclonal antibody against the purified structural protein P4
encoded by CcFV-1 ORF4, specifically recognized a structural
protein of ~31 kDa in specific sucrose gradient fractions, whereas
no reactivity with host proteins was found; moreover, PAb-P4
decorated the filamentous particles in crude extracts and sucrose
gradient fractions of CcFV-1-infected strains or subisolates.
(iii) Transfection of naked CcFV-1 dsRNAs into protoplasts of
strains LT-3-1D2 and DP-3-1 promoted the accumulation of
filamentous virus particles in C. camelliae cells, further support-
ing that the genomic dsRNAs are encapsidated in these
particles. The lack of infectivity of the filamentous particles
possibly resulted from technical difficulties in their preparation or
transfection. Taken together, these data provide strong evidence
that the mycoviral dsRNAs are encapsidated by P4 in filamentous
virions. Typical dsRNA viruses encapsidate a single-stranded
pregenome together with the RdRp, with the second strand
being synthesized within the virion. Here, SDS-PAGE analysis
failed to reveal the RdRp in association with the CP. We propose
that the viral dsRNAs could be encapsidated following synthesis
of the second strand in the host cell. Moreover, like viral (+)
ssRNAs, the CcFV-1 genomic dsRNAs are infectious, suggesting
that CcFV-1 may represent an intermediate stage in the evolution
of a (+)ssRNA virus into a dsRNA virus.

Members of seven families of dsRNA viruses have been
analyzed by cryo-electron microscopy or crystallography. With

the exception of birnaviruses and mycoreoviruses, all other
dsRNA viruses (including those that infect prokaryotes and
complex eukaryotes) share 120-subunit T= 1 icosahedral capsids
ranging from 25 to 50 nm in diameter18. Therefore, the present
study is, to the best of our knowledge, the first report that dsRNA
viruses may assemble into elongated and flexuous particles
(Supplementary Table 7), which in the case of CcFV-1 particles
are the longest found for any known filamentous virus (Supple-
mentary Table 7). It is surprising that such small dsRNA mole-
cules (990–2444 bp) are encapsidated into large particles of
4661.6 nm, suggesting distinct packaging or encapsidation stra-
tegies. Furthermore, the related viruses AfuTmV-1 and BbPmV-1
also show unusual structures, since the infectious entity appears
associated with PASrp in a colloidal form9, 12. BdRV1, however,
might be capsidless or form bacilliform virus-like particles15.
Therefore, there is a major discrepancy in virion morphology
among these related dsRNA viruses, illustrating the very diverse
nature of virion architecture with this virus group. Further studies
are needed to determine whether a novel genome packaging
mechanism or protein subunit arrangement is involved.

The putative P1 protein of CcFV-1 is predicted to be an RdRp
that additionally contains the GDNQ motif characteristic of the L
genes of rhabdoviruses and paramyxoviruses within the order
Mononegavirales19 (Supplementary Fig. 1). A similar feature was
previously reported in the dsRNA viruses AfuTmV-1, BdRV1,
BbPmV-1, and BbPmV-29, 12, 15, suggesting that, like the GDD
motif in (+)ss RNA viruses, the RdRp GDNQ motif of CcFV-1
could have important functions in metal ion coordination and
nucleotide substrate binding during dsRNA replication.
The putative protein P3 is predicted to be a S-adenosyl
methionine-dependent methyltransferase capping enzyme
(Supplementary Table 3), as suggested for AfuTmV-1 and
BbPmV-1, and it might be involved in a cap-snatching
mechanism9, 20. The combination of a capping enzyme with a
picorna-like RdRp is unusual in a viral genome. According to
SDS-PAGE, PMF, and ISEM analyses, P4 protein (p31) is the
CcFV-1 CP encapsidating the viral genome into filamentous
particles. The functions of the other CcFV-1 putative proteins
remain obscure due to a lack of sequence similarity with known
proteins.

Previous studies have shown that RdRps from the dsRNA virus
groups display features similar to those of different (+)RNA
viruses, leading to the conclusion that dsRNA viruses may have
evolved from distinct supergroups of (+)RNA viruses9, 21.
In this context, the RdRp of CcFV-1 appears in an intermediate
position between those of (+)ssRNA viruses (calicivirus,
picornavirus, and astrovirus) and dsRNA viruses, being closer to
that of calicivirus (Supplementary Fig. 2). Therefore, CcFV-1
appears as a candidate linking dsRNA and (+)ssRNA viruses and
it might have originated from a (+)ssRNA viral ancestor
belonging to clades three or six of the picorna-like superfamily5.
However, CcFV-1 CP has no detectable sequence similarity with
proteins from known filamentous (+)ssRNA viruses that infect
plants, including members of the Flexiviridae, Potyviridae, and
Closteroviridae, suggesting that it should not have originated
from the same single ancestral protein7. Interestingly, the CcFV-1
phylogenetically related dsRNA viruses AfuTmV-1 and
BbPmV-1, which were isolated from human and insect
pathogenic fungi, respectively, lack a capsid9, 12. Therefore,
CcFV-1 features support a relationship among mycoviruses from
fungi infecting humans, insects, and plants, as well as between
encapsidated and capsidless dsRNA viruses. It is worth noting
that P4 is also a PASrp that resembles those encoded by the
dsRNA4 of AfuTmV-1 and BbPmV-1. However, the PASrp of
AfuTmV-1 and BbPmV-1 apparently coat but do not encapsidate
the viral genome as visualized by atomic force microscopy9, 12.
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