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ABSTRACT

Botryosphaeria dothidea is an important pathogenic fungus causing fruit rot, leaf and stem ring spots and dieback, stem canker,
stem death or stool mortality, and decline of pear trees. Seven double-stranded RNAs (dsRNAs; dsRNAs 1 to 7 with sizes of 3,654,
2,773, 2,597, 2,574, 1,823, 1,623, and 511 bp, respectively) were identified in an isolate of B. dothidea exhibiting attenuated
growth and virulence and a sectoring phenotype. Characterization of the dsRNAs revealed that they belong to two dsRNA myco-
viruses. The four largest dsRNAs (dsRNAs 1 to 4) are the genomic components of a novel member of the family Chrysoviridae
(tentatively designated Botryosphaeria dothidea chrysovirus 1 [BdCV1]), a view supported by the morphology of the virions and
phylogenetic analysis of the putative RNA-dependent RNA polymerases (RdRps). Two other dsRNAs (dsRNAs 5 and 6) are the
genomic components of a novel member of the family Partitiviridae (tentatively designated Botryosphaeria dothidea partitivirus
1 [BdPV1]), which is placed in a clade distinct from other established partitivirus genera on the basis of the phylogenetic analysis
of its RdRp. The smallest dsRNA, dsRNA7, seems to be a noncoding satellite RNA of BdPV1 on the basis of the conservation of its
terminal sequences in BdPV1 genomic segments and its cosegregation with BdPV1 after horizontal transmission. This is the first
report of a chrysovirus and a partitivirus infecting B. dothidea and of a chrysovirus associated with the hypovirulence of a phy-
topathogenic fungus.

IMPORTANCE

Our studies identified and characterized two novel mycoviruses, Botryosphaeria dothidea chrysovirus 1 (BdCV1) and Botryo-
sphaeria dothidea partitivirus 1 (BdPV1), associated with the hypovirulence of an important fungus pathogenic to fruit trees.
This is the first report of a chrysovirus and a partitivirus infecting B. dothidea and of a chrysovirus associated with the hypoviru-
lence of a phytopathogenic fungus. BdCV1 appears to be a good candidate for the biological control of the serious disease in-
duced by B. dothidea. Additionally, BdPV1 is placed in a clade distinct from the established genera. The BdCV1 capsid has two
major structural proteins, and the capsid is distinct from that made up by a single polypeptide of the typical chrysoviruses.
BdPV1 is the second partitivirus in which the putative capsid protein shares no significant identity with any mycovirus protein.
A small accompanying dsRNA that is presumed to be a noncoding satellite RNA of BdPV1 is the first of its kind reported for a
partitivirus.

Mycoviruses, which are widespread in all major groups of
plant-pathogenic fungi, are associated with latent infections

of their hosts. Mycoviruses that debilitate the virulence of their
phytopathogenic fungal hosts are valuable for the development of
novel biocontrol strategies (1) and represent an important way to
combat fungal diseases, as exemplified by the successful control of
chestnut blight caused by virulent strains of Cryphonectria (Endo-
thia) parasitica with hypovirulent strains of this pathogen from
Europe (2–4). Recently, a growing number of this kind of myco-
viruses has been reported (5): Rosellinia necatrix megabirnavirus 1
(RnMBV1) shows significant potential for the biological control
of apple white root rot disease induced by Rosellinia necatrix, as
does Sclerotinia sclerotiorum hypovirulence-associated DNA virus
1 (SsHADV-1) for the biological control of the diseases induced by
Sclerotinia sclerotiorum (6, 7). Key to this purpose is to find myco-
viruses that debilitate specific phytopathogenic fungi, because the
natural host range of the former is limited to individuals within
the same or closely related vegetative compatibility groups (1).

Pear is the third most important temperate fruit species, after

grape and apple, and is widely cultivated on five continents, with
major production taking place in China, the United States, Italy,
Argentina, and Spain (8). Botryosphaeria dothidea (Moug.: Fr.)
Cesati & De Notaris (anamorph, Fusicoccum aesculi Corda) is the
causal agent of pear ring spot, an important disease characterized
by ring spots on leaves and stems, fruit rot, dieback, stem canker,
stem death or stool mortality, and decline. This fungus has a
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worldwide distribution and an extremely broad host range, being
almost ubiquitous in endophytic communities of woody plants
(9). The fungus causes damage to the host when the host is stressed
by environmental conditions, competition, insect injury, or me-
chanical damage (10). At present, control of the disease is re-
stricted to cultural and chemical approaches, with the long life
span of woody plants adding further difficulties. Biocontrol mea-
sures may represent an important way to combat fungal diseases.

Apart from R. necatrix and Helicobasidium mompa, no other
fungi attacking fruit trees have been reported to be infected by
mycoviruses (6, 11–17). Here we report on a strain of B. dothidea
(LW-1) isolated from a pear tree from Wuhan, China. On culture
medium, LW-1 grows very slowly and with a sectoring phenotype,
and on pear it is hypovirulent compared to the levels of virulence
of other strains of B. dothidea. Seven double-stranded RNAs
(dsRNAs) were detected in the mycelia of strain LW-1 but not in
virulent strains, suggesting that strain LW-1 might be infected
with one or more mycoviruses. Supporting this view, we have
identified and characterized in strain LW-1 two novel mycovi-
ruses, Botryosphaeria dothidea chrysovirus 1 (BdCV1) and Botryo-
sphaeria dothidea partitivirus 1 (BdPV1), associated with the hy-
povirulence of this strain. Our results may provide a new
approach for the biocontrol of pear ring spot disease.

MATERIALS AND METHODS
Fungal isolates and biological characterization. Hypovirulent strain
LW-1 and virulent strain HL-1 of Botryosphaeria dothidea were isolated
from sandy pear trunks (Pyrus pyrifolia Nakai cv. ‘Jinshuiyihao’ and P.
pyrifolia Nakai cv. ‘Hualiyihao’, respectively) collected at the Fruit and
Tea Research Institute, Agricultural Scientific Academy, Wuhan, Hubei
Province, China. Strain LW-1 was further purified from a separately cul-
tured single hyphal cell which was derived from mycelium protoplasts
prepared as described in a previous report (18). Virus-free strain LW-1-9
was obtained from LW-1 by the hyphal tipping technique (19), with the
absence of dsRNAs being assessed by agarose gel electrophoresis. Virulent
strain JS-1 was isolated from a sandy pear trunk (P. pyrifolia Nakai cv.
‘Huanghua’) collected in Nanjing, Jiangsu Province, China.

dsRNA extraction and purification. For dsRNA extraction, the viru-
lent strains were cultured on cellophane membranes on potato dextrose
agar (PDA) plates for 4 to 5 days, and the hypovirulent strains with a low
growth rate were cultured for 10 to 15 days. The mycelia were collected,
ground to a fine powder in liquid nitrogen, and subjected to dsRNA ex-
traction using a patented method developed in our labs (unpublished
data). The dsRNA preparation was digested with DNase I and S1 nuclease
(New England BioLabs), electrophoresed on a 1.2% agarose gel, and then
visualized by staining with ethidium bromide. dsRNAs were separately
excised and purified with a gel extraction kit (Qiagen), dissolved in diethyl
pyrocarbonate-treated water, and kept at �70 °C until use.

cDNA synthesis and molecular cloning. The cDNA sequence of
genomic dsRNA was determined following a reported method (20), with
some modification. Briefly, purified dsRNAs were subjected to cDNA
synthesis using Moloney murine leukemia virus (M-MLV) reverse trans-
criptase (Promega Corp., Madison, WI) with tagged random primer dN6
(5=-CGATCGATCATGATGCAATGCNNNNNN-3=). The cDNAs were
amplified using the tagged oligonucleotide 5=-CGATCGATCATGATGC
AATGC-3= in combination with end filling with Taq (TaKaRa, Dalian,
China). The amplified PCR products were cloned into the pMD18-T vec-
tor (TaKaRa, Dalian, China) and transformed into competent cells of
Escherichia coli DH5�. Sequence gaps between clones were determined by
reverse transcription-PCR (RT-PCR) using specific primers designed on
the basis of the cDNA sequences obtained. The 5=- and 3=-terminal se-
quences of dsRNA were determined as previously described (21). Briefly,
the 3= terminus of each strand of dsRNA was ligated by use of the closed

adaptor primer RACE-OLIGO with a phosphorylated (p) 5= end and an
NH2 3= end [5=-p-GCATTGCATCATGATCGATCGAATTCTTTAGTG
AGGGTTAATTGCC-(NH2)-3=] and T4 RNA ligase (New England Bio-
Labs, Beijing, Ltd., China) at 16°C for 16 h, and the oligonucleotide-
ligated dsRNA was reverse transcribed with M-MLV reverse transcriptase
and 3 pmol of a primer complementary to the oligonucleotide used for the
RNA ligation (primer oligo REV [5=-GGCAATTAACCCTCACTAAAG-
3=]). The cDNA was amplified using another primer complementary to
the RNA ligation oligonucleotide (primer O5RACE-2 [5=-TCACTAAAG
AATTCGATCGATC-3=] or O5RACE-3 [5=-CGATCGATCATGATGCA
ATGC-3=]) and sequence-specific primers corresponding to the 5=- and
3=-terminal sequences of the dsRNA and also cloned as described above.

Sequencing was performed at the Nanjing Jinsirui Biotechnology Co.,
Ltd., China, and every nucleotide was determined by sequencing at least
three independent overlapping clones in both orientations.

Virus purification from mycelia. Approximately 30 g fresh mycelia
was homogenized in a mixer with 200 ml of phosphate buffer (PB; 8.0 mM
Na2HPO4, 2.0 mM NaH2PO4, pH 7.2) containing 10 mM MgCl2, 0.45%
(wt/vol) sodium diethyldithiocarbamate trihydrate, and 10% (vol/vol)
chloroform at room temperature and then cultured in PB at 28°C for 10
days. The homogenate was shaken at 150 rpm for 30 min at 10°C and
centrifuged at 5,000 � g for 20 min. NaCl and polyethylene glycol 6000
were added to the resulting supernatant to final concentrations of 1%
(wt/vol) and 8% (wt/vol), respectively, and the mixture was left at 4°C for
1 h and then centrifuged at 5,500 � g for 15 min at 4°C. The precipitate
was resuspended in 10 mM PB and subsequently subjected to ultracen-
trifugation at 148,400 � g for 2 h (Optima LE-80K; Beckman Coulter,
Inc.). The resultant sediment was resuspended in 10 mM PB and centri-
fuged in sucrose density gradients (100 to 500 mg/ml with intervals of 100
mg/ml) at 112,700 � g for 4 h. An aliquot of each fraction was mixed with
an equivalent volume of chloroform, the mixture was briefly vortexed and
centrifuged at 12,000 � g for 10 min, and the resulting supernatant was
subjected to viral dsRNA precipitation with ethanol. The preparation was
visualized by agarose gel electrophoresis after treatment with DNase I and
S1 nuclease (New England BioLabs). The fractions containing viral dsR-
NAs were reultracentrifuged, and the pellets were resuspended in 200 �l
10 mM PB, stained with 2% (wt/vol) uranyl acetate, and observed with a
transmission electron microscope (TEM; H7650; Hitachi).

SDS-PAGE and PMF analysis of viral proteins. Proteins extracted
from each fraction were analyzed by 12% SDS-PAGE with 25 mM Tris-
glycine and 0.1% SDS. After electrophoresis, the gels were stained with
Coomassie brilliant blue R-250 (Bio-Safe CBB; Bio-Rad). The protein
bands on the gel were individually excised and subjected to peptide mass
fingerprinting (PMF) analysis at Sangon Biotech (Shanghai) Co., Ltd.,
China, according to a previously reported method (22).

Horizontal transmission of hypovirulence traits. The horizontal
transmission of the hypovirulence traits of strain LW-1 was assessed ac-
cording to a previous method (23). Strain LW-1 and LW-1-9 or HL-1
were dually cultured at 28°C for 7 days to allow the two colonies to contact
each other in each dish (diameter, 9 cm); the dsRNA-containing hypo-
virulent strain LW-1 served as the donor, whereas virus-free strain LW-
1-9 or HL-1 served as the recipient. After incubation of the contact cul-
tures, mycelial agar plugs from the colony margin of strain LW-1-9 or
HL-1 were placed on a fresh PDA plate, and three or four derived isolates
were obtained from each recipient strain in the contact cultures. They
were biologically characterized and their virulence was determined as de-
scribed above in the section “Fungal isolates and biological characteriza-
tion.” Parental strains LW-1, LW-1-9, and HL-1 were included as con-
trols.

Growth rate and virulence assay. Mycelial agar plugs (diameter, 5
mm) punched from the colony margin of a 5-day-old culture of each
strain or isolate were placed on PDA in petri dishes (diameter, 9 cm) and
incubated at 28°C in the dark for determination of the mycelial growth
rate and for observation of the colony morphology in quadruplicate. The
virulence of each strain was determined by inoculating detached fruits (in
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quadruplicate) or branches (in triplicate) of P. pyrifolia Nakai cv. ‘Hon-
gxiangsu’ according to a reported procedure, unless stated otherwise (1).
Briefly, fruits or branches were inoculated with agar plugs of actively
growing mycelia, placed in a Styrofoam chamber, and covered with a
plastic membrane to keep a constant humid atmosphere (90% relative
humidity) at between 25°C and 30°C. Noncolonized PDA discs were also
inoculated and incubated in parallel as a control. The lesions developed
from the inoculated samples were measured and photographed at 7 days
postinoculation (dpi) for the inoculated fruits and 10 dpi for the inocu-
lated branches.

Sequence analysis. Sequence similarity searches were performed us-
ing the National Center for Biotechnology Information (NCBI) databases
with the BLAST program. Multiple-sequence alignments of the nucleic
and amino acid sequences were conducted using the MAFFT (version
6.85) program implemented at http://www.ebi.ac.uk/Tools/msa/mafft
with default settings except for refinement with 10 iterations. The
resulting data were shaded in GeneDoc software (24). Identity analyses
were performed with the molecular evolutionary genetic analysis
(MEGA; version 4) program (25). The phylogenetic trees for RNA-
dependent RNA polymerase (RdRp) and capsid protein (CP) se-
quences were constructed as described by M. Nibert et al. (a taxonomic
proposal for the family Partitiviridae by M. Nibert et al. in 2013; as-
signed code, 2013.001a-kkF [http://talk.ictvonline.org/files/proposals
/taxonomy_proposals_fungal1/m/fung02/4734.aspx]). Briefly, trees were
generated at the website http://www.hiv.lanl.gov/content/sequence
/PHYML/interface.html using the LG substitution model, empirical equi-
librium frequencies, a program-estimated invariant-proportion value of
0.013, a gamma-shape value of 1.509, and 4 rate categories. The starting
trees were obtained by BioNJ, optimized by both branch length and tree
topology, and improved according to the best of nearest-neighbor inter-
change (NNI) and subtree pruning and regrafting (SPR). Branch support
values (in percent) were estimated by the approximate likelihood ratio test
(aLRT) with SH-like criteria. The secondary structures of the terminal
sequences of the dsRNAs were determined online at the website http:
//mfold.rna.albany.edu/?q�DINAMelt/Quickfold) (26). The open read-
ing frame (ORF) was deduced using the DNAMAN DNA analysis soft-
ware package (DNAMAN, version 6.0; Lynnon Biosoft, Montreal,
Quebec, Canada).

Protoplast transfection. Protoplast preparation and transfection
were performed according to a previous method (22). Virus-free strain

HL-1 was transfected with the purified virus particles of BdPV1 extracted
from LW-1-9a or mixed particles of BdPV1 and BdCV1 extracted from
strain LW-1. Mycelium colonies generated from the protoplasts were in-
dividually transferred to new PDA plates. The dishes were incubated at
28°C in the dark for 7 days, and the resulting cultures were screened for the
presence of dsRNAs.

Data analysis. The data were statistically analyzed using the SPSS Sta-
tistics (version 17.0) program (WinWrap Basic) with descriptive statistics,
chi-square test, one-way analysis of variance, and the Tukey post hoc test,
and P values of 0.05 were considered significant.

Nucleotide sequence accession numbers. The sequences of the full-
length cDNAs of dsRNAs 1 to 7 have been deposited in GenBank with
accession numbers KF688736 to KF688742, respectively.

RESULTS
Strain LW-1 displays hypovirulence traits in vitro and in vivo.
Compared to standard B. dothidea strains HL-1 and JS-1, LW-1
shows an abnormal phenotype with irregular colony margins with
sectored regions (Fig. 1A, top). At 28°C in darkness, the in vitro
growth rate of strain LW-1 was 1.5 mm per day, whereas the
growth rates for the standard strains ranged from 20.8 to 21.9 mm
per day. Importantly, strain LW-1 exhibited no or very weak vir-
ulence on sandy pear, with a lesion size of less than 5.0 mm on the
fruits and branches, whereas for the standard strains, the lesion
sizes were more than 30.0 mm on fruits and 60.0 mm on branches.

Strain LW-1 is associated with a complex pattern of dsRNAs.
To investigate whether one or more mycoviruses were responsible
for the abnormal phenotype of strain LW-1, mycelia of this strain
and strain HL-1 were subjected to dsRNA extraction, digestion
with DNase I and S1 nuclease, and agarose gel electrophoresis.
While seven dsRNAs (termed dsRNAs 1 to 7 according to their
decreasing sizes) were detected in preparations of strain LW-1, no
dsRNA was observed in preparations from strain HL-1 (Fig. 1B).

The sequences of the full-length cDNAs of dsRNAs 1 to 7 were
determined by assembling partial-length cDNAs amplified from
the purified dsRNAs using RT-PCR with tagged random primers
and rapid amplification of cDNA ends (RACE) protocols.

FIG 1 Properties of the seven dsRNAs extracted from the mycelium of strain LW-1 of B. dothidea. (A) Colony morphologies of LW-1 (top) and HL-1 (bottom).
(B) Electrophonic profiles on a 1.2% agarose gel of dsRNA preparations extracted from LW-1 and HL-1 after digestion with DNase I and S1 nuclease. Lane M,
DNA size marker. (C) Genomic organization of dsRNAs 1 to 4 of BdCV1 and of dsRNAs 5 to 7 of BdPV1.
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Analysis of dsRNAs 1 to 4 reveals that they are the genomic
components of a novel chrysovirus. Sequence analysis of the full-
length cDNAs of dsRNAs 1 to 4 showed that they were 3,654,
2,773, 2,597, and 2,574 bp, respectively, and that each contained a
single ORF in one of the strands (Fig. 1C). The 5= untranslated
regions (UTRs) of the coding strands of dsRNAs 1 to 4 were 231,
273, 294, and 293 nucleotides (nt) long, respectively (Fig. 1C), and
shared 53.3 to 72.5% identity, while the corresponding 3= UTRs

were 73, 254, 63, and 128 nt long, respectively (Fig. 1C), and
shared 41.7 to 75% identity. Both termini of the coding strands of
the four dsRNAs contained conserved sequences, 21 nt (CGCAA
AAAAGAAGAAAAGGGG) at the 5= termini and 7 nt (AUUG
UGU) at the 3= termini (Fig. 2A), and were predicted to fold into
stable stem-loop structures, as illustrated Fig. 2C (left) for
dsRNA1.

BLASTp searches of the deduced amino acid sequences of

FIG 2 Multiple-sequence alignments and predicted secondary structures for the terminal regions of the coding strand of dsRNAs of BdCV1 and BdPV1. (A and
B) Conserved sequences of the 5= termini (I) and 3= termini (II) of the dsRNAs of BdCV1 and BdPV1, respectively. Black, gray, and light gray backgrounds,
nucleotide identities of no less than 100%, 80%, and 60%, respectively. (C) Secondary structures proposed for dsRNAs 1 and 5 with the lowest energies
(http://mfold.rna.albany.edu/?q�DINAMelt/Quickfold).
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ORF1 unveiled the highest identity (45 to 35%) with the RdRps of
some tentative members of the family Chrysoviridae. Specifically,
alignment of the amino acid sequence of the putative RdRp en-
coded by ORF1 revealed the eight motifs conserved in members of
the family Chrysoviridae (see Fig. S1A in the supplemental mate-
rial) (27–30). Moreover, phylogenetic reconstruction of the com-
plete sequence of the RdRp encoded by ORF1 with the RdRps of
selected members of the families Totiviridae and Chrysoviridae
indicated that the former clustered together with the tentative
members of the family Chrysoviridae (Fig. 3A). In agreement with
this view, BLASTp searches of the deduced amino acid sequences
of ORFs 2 to 4 showed the highest identity (27%, 31%, and 33%,
respectively) with the homologous ORFs of a tentative member
(Magnaporthe oryzae chrysovirus 1 [MoCV1]) of the family
Chrysoviridae. Based on this evidence, we propose that dsRNAs 1
to 4 are the genomic components of a novel chrysovirus desig-
nated Botryosphaeria dothidea chrysovirus 1 (BdCV1).

The genetic organization of dsRNAs 5 to 7 reveals their par-
titivirus-related origin. Analysis of the full-length cDNA se-
quences of dsRNA5 and dsRNA6 showed that they were 1,823 and
1,623 bp, respectively, and that each contained a single ORF in the
protein-coding strand (Fig. 1C). The 5= UTRs of dsRNA5 and
dsRNA6 were 35 and 52 nt long (Fig. 1C), respectively, and they
shared 85.3% identity, while the corresponding 3= UTRs were
70 and 87 nt long (Fig. 1C), respectively, and they shared 62.9%
identity. More specifically, they contained the conserved se-
quences CGAAAAUGAGUCACAACAUUACA and CUCACCC
MUAACACCA at their 5= and 3= termini, respectively (Fig. 2B).
The 5= UTRs of both dsRNAs are predicted to fold into unstable

stem-loop structures, in contrast to the corresponding 3= UTRs,
which adopt stable stem-loop structures, as illustrated for
dsRNA5 (Fig. 2C, right).

BLASTp searches of the deduced amino acid sequence of the
dsRNA5 ORF1 revealed low identity (22 to 29%) with partial
RdRps of members of the families Partitiviridae and Totiviridae
and with those of a few unassigned mycovirus taxa; it also shared
a similar low identity (23 to 28%) with polyproteins or NIb pro-
teins of plant or animal viruses in the families Potyviridae, Calici-
viridae, and Astroviridae (see Table S1 in the supplemental mate-
rial). However, alignment of the putative RdRp encoded by
dsRNA5 ORF1 revealed six motifs conserved in members of the
family Partitiviridae (see Fig. S1B in the supplemental material)
(31–33).

Moreover, a phylogenetic tree of the putative RdRp encoded by
dsRNA5 ORF1 with the RdRps of representative members of the
family Partitiviridae (Table 1) indicated that the former is clustered as
a separate clade together with members of the five genera of the family
Partitiviridae (Fig. 3B). BLASTp searches of the deduced amino acid
sequence encoded by dsRNA6 ORF2 revealed no detectable sequence
similarity with any mycovirus protein, while, remarkably, it displayed
46% identity and 59% similarity with a hypothetical protein of Exo-
phiala dermatitidis (EHY58581.1; score, 343; E value, 2e�109; cover-
age, 91%).

dsRNA7, of 511 bp, did not encode an ORF and had 5= (CGA
AAAU) and 3= (CA) termini whose sequences were identical to
those of dsRNA5 and dsRNA6. Its sequence shared no similarity
with the sequences deposited in the NCBI database and those of

FIG 3 Phylogenetic analysis of the RdRp sequences of BdCV1, BdPV1, and selected members of the families Totiviridae, Chrysoviridae, and Partitiviridae listed
in Table 1. The phylogenetic trees for RdRp sequences for BdCV1 (A) and BdPV1 (B) were constructed completely according to M. Nibert et al. (2013). Two
picobirnavirus sequences were used as the outgroups for phylogenetic analysis of BdPV1.
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the coinfecting dsRNAs, and it is predicted to fold into a highly
branched secondary structure (data not shown).

Based on these analyses, we propose that dsRNA5 and dsRNA6
are the genomic components and dsRNA7 is a related dsRNA of a
novel partitivirus, Botryosphaeria dothidea partitivirus 1 (BdPV1).

Sucrose gradient centrifugation reveals that dsRNAs 1 to 7
are encapsidated in two different kinds of virus-like particles.
To determine whether the dsRNAs associated with strain LW-1 were
encapsidated, the presumed virus particles were analyzed by sucrose
gradient centrifugation. Examination of the gradient fractions by
TEM revealed two kinds of isometric virus-like particles with diam-
eters of �35 and �40 nm in the fractions corresponding to 400 and
500 mg/ml sucrose, respectively (Fig. 4A). Agarose gel electrophoresis
of the dsRNAs extracted from each fraction revealed that dsRNAs 1 to
7 were concentrated in the fractions containing the virus-like particles
(Fig. 4C, lane V-BdPV1�BdCV1). SDS-PAGE analysis of the pro-
teins of the fraction corresponding to 400 mg/ml of sucrose (contain-
ing both kinds of virus-like particles) revealed the presence of seven
bands, five of which had estimated molecular masses of 125, 82, 72,
70, and 54 kDa, in very good agreement with the deduced molecular
masses of 125, 82, 79, 77, and 55 kDa, respectively, for the proteins
encoded by the ORFs of dsRNA1, dsRNA3, dsRNA2, dsRNA4, and
dsRNA6, respectively (Fig. 4D, lane BdPV1�BdCV1).

When the analysis was extended to overcultured (about 1.5
months) mycelium of LW-1 in liquid medium or to the derived

isolates with only BdPV1 obtained from the horizontal transmis-
sion assay (see below), only the �35-nm virus-like particles were
observed by TEM (Fig. 4B), and only dsRNAs 5 to 7 were detected
by agarose gel electrophoresis (Fig. 4C, lane V-BdPV1). Moreover,
SDS-PAGE analysis of proteins from the purified particles re-
vealed a major band of 54 kDa, similar to the size deduced for the
capsid protein (CP; 55 kDa) of BdPV1 (Fig. 4D, lane BdPV1).
When the extracted proteins were stored over a long time, e.g.,
more than 2 days at 4°C, an additional band corresponding to a
protein with a molecular mass of about 50 kDa was observed (data
not shown); this protein is most likely a degradation product of
p55 and corresponds to the lowest band observed in the SDS-
PAGE protein analysis of the sample containing BdCV1 and
BdPV1 (Fig. 4D, lane BdPV1�BdCV1).

To further verify the presence of the deduced proteins on SDS-
PAGE analysis, those two (p72 and p70) with sizes different from
the deduced ones were purified and subjected to PMF analysis.
The results showed that p72 and p70 generated a total of 18 and 17
peptide fragments, respectively (see Tables S2 and S3 in the sup-
plemental material). Of these peptide fragments, the sequences of
12 fragments from p72 matched the partial sequence encoded by
ORF2 of dsRNA2 delimited between amino acids 2 and 591, ac-
counting for 25% of the entire coverage. The sequences of 14
peptide fragments from p70 matched the partial sequence en-
coded by ORF4 of dsRNA4 between amino acids 6 and 591, ac-

TABLE 1 Information on the virus isolates used for sequence alignment and phylogenetic analysis of their RdRpsa

Virus name Abbreviation
GenBank
accession no. Family Genus

Magnaporthe oryzae chrysovirus 1 MoCV1 AB560761 Chrysoviridae Tentative Chrysovirus
Aspergillus mycovirus 1816 AsV1816 ABX79996 Chrysoviridae Tentative Chrysovirus
Helminthosporium victoriae 145S virus HvV145S YP_052858 Chrysoviridae Tentative Chrysovirus
Tolypocladium cylindrosporum virus 2 TcV2 CBY84993 Chrysoviridae Tentative Chrysovirus
Fusarium graminearum dsRNA mycovirus 2 FgV2 ADW08802 Chrysoviridae Tentative Chrysovirus
Fusarium graminearum dsRNA mycovirus China 9 FgVch9 ADU54123 Chrysoviridae Tentative Chrysovirus
Verticillium dahliae chrysovirus 1 VdCV1 ADG21213.1 Chrysoviridae Chrysovirus
Amasya cherry disease-associated chrysovirus ACDCV YP_001531163 Chrysoviridae Chrysovirus
Penicillium chrysogenum virus PcV YP_392482 Chrysoviridae Chrysovirus
Cryphonectria nitschkei chrysovirus 1 CnCV1/BS321 ACT79258 Chrysoviridae Chrysovirus
Cryphonectria nitschkei chrysovirus 1 CnCV1/BS122 ACT79255 Chrysoviridae Chrysovirus
Aspergillus fumigatus chrysovirus AfuCV CAX48749 Chrysoviridae Chrysovirus
Helminthosporium victoriae virus 190S Hv190SV NP_619670 Totiviridae Victorivirus
Sphaeropsis sapinea RNA virus 1 SsRV1 NP_047558 Totiviridae Victorivirus
Saccharomyces cerevisiae virus L-BC ScVLBC NP_042581 Totiviridae Totivirus
Saccharomyces cerevisiae virus L-A ScVLA NP_620495 Totiviridae Totivirus
White clover cryptic virus 1 WccV AAU14888 Partitiviridae Alphapartitivirus
Beet cryptic virus 1 BcV1 ACA81389 Partitiviridae Alphapartitivirus
Vicia cryptic virus VcV AAX39023 Partitiviridae Alphapartitivirus
Atkinsonella hypoxylon virus AhV AAA61829 Partitiviridae Betapartitivirus
Pleurotus ostreatus virus 1 PoV1 AAT07072 Partitiviridae Betapartitivirus
Fusarium poae virus 1 FpV1 AAC98734 Partitiviridae Betapartitivirus
Pepper cryptic virus 1 PePCV1 AEJ07890 Partitiviridae Deltapartitivirus
Pepper cryptic virus 2 PePCV2 AEJ07892 Partitiviridae Deltapartitivirus
Penicillium stoloniferum virus S PsVS YP_052856 Partitiviridae Gammapartitivirus
Discula destructiva virus 1 DdV1 NP_116716 Partitiviridae Gammapartitivirus
Discula destructiva virus 2 DdV2 NP_620301 Partitiviridae Gammapartitivirus
Penicillium stoloniferum virus F PsVF YP_271922 Partitiviridae Gammapartitivirus
Cryptosporidium parvum partitivirus CsPV O15925 Partitiviridae Cryspovirus
Human picobirnavirus hPBV AB517737 Picobirnaviridae Picobirnavirus
Otarine picobirnavirus oPBV AFJ79071 Picobirnaviridae Picobirnavirus
a The phylogenetic analysis of the RdRps is shown in Fig. 3, and the sequence alignment is presented in Fig. S1 in the supplemental material.
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counting for 21% of the entire coverage. All peptide fragments
matched the deduced sequences with ions scores higher than 37
(see Tables S2 and S3 in the supplemental material); therefore, p72
and p70 were confirmed to correspond to the deduced 79- and
77-kDa proteins encoded by the ORFs of dsRNA2 and dsRNA4,
respectively (Fig. 4D, lane BdPV1�BdCV1).

The hypovirulence of B. dothidea is associated with the hor-
izontal transmission of BdCV1. In contact cultures between
strains LW-1 and LW-1-9 (a virulent subisolate obtained from
LW-1 by hyphal tipping) and between LW-1 and HL-1 (also vir-
ulent), strains LW-1-9 and HL-1 grew rapidly and covered the
entire plates after 7 days, like in single cultures, while strain LW-1
grew slowly and formed small colonies in dual or single cultures
(Fig. 5AI and II).

Additionally, four mycelial derivative subisolates (LW-1-9a,
LW-1-9b, LW-1-9c, and LW-1-9d) were obtained from four sub-
colonies of LW-1-9 in four contact cultures of LW-1/LW-1-9 (Fig.
5AIII). Isolate LW-1-9b was similar to donor strain LW-1 in my-
celial growth on PDA (2.9 to 4.2 mm/day), morphological features
(small colonies), and pathogenicity on pear (fruits and branches
had lesions of 0 to 10 mm and 2.3 to 5.5 mm, respectively) (Fig.
5BI to III and C). However, the other three subisolates showed no
significant difference in growth (21.25 to 21.81 mm/day) or viru-
lence on pear (fruits and branches had lesions of 28.0 to 41.5 mm
and 61.7 to 115.0 mm, respectively) from their parental strain,
LW-1-9 (Fig. 5BI to III and C). Examination by agarose gel elec-
trophoresis disclosed the presence of dsRNAs 1 to 4 and dsRNAs 5
to 7 (associated with BdCV1 and BdPV1, respectively) in LW-1-9b
but only the dsRNAs associated with BdPV1 in subisolates LW-1-
9a, LW-1-9c, and LW-1-9d (Fig. 5BIV). Therefore, BdCV1 and
BdPV1 from strain LW-1 can be horizontally cotransmitted to

strain LW-1-9 through hyphal contact, and the hypovirulence and
impaired growth rate appear to be qualitatively correlated with
this transmission. On the other hand, when only BdPV1 was hor-
izontally transmitted to strain LW-1-9, no obvious change in vir-
ulence or phenotype was observed in the derivatives, thus indicat-
ing the major role of BdCV1 in the change of biological properties
of B. dothidea.

In another experiment, three mycelial subisolates of strain
HL-1 (HL-1a, HL-1b, and HL-1c) were obtained from the three
colonies of strain HL-1 in contact cultures with LW-1 (Fig. 5A).
Three subisolates were similar to parental strain HL-1 both in
mycelial growth rate on PDA and in virulence on pear fruits and
branches (Fig. 5BI to III and C). However, dsRNAs 1 to 7 were
never detected in these subisolates or in their parental strain, HL-1
(Fig. 5BIV), thus confirming the association of at least some of
these dsRNAs with the hypovirulence of B. dothidea.

Protoplast transfection. As hypovirulence-associated dsRNAs
could not be transmitted from strain LW-1 to strain HL-1, we
tried to transfect protoplasts of HL-1 with the mixed particles of
BdPV1 and BdCV1. Twenty-two smaller mycelium colonies gen-
erated from the protoplasts were individually cultured and
screened for the presence of dsRNAs. The results indicated that
except for the 3,654-bp dsRNA of BdCV1 that was transmitted to
a derivative colony HL-1d together with BdPV1, BdCV1 was not
transmitted to these derivative isolates, while BdPV1 was trans-
mitted to seven derivative colonies. In the transfection with only
the BdPV1 particles, 3 of 12 derivative colonies contained the
expected dsRNAs, and 1 of them, HL-1e, was chosen as a repre-
sentative isolate for further assays. A test for the mycelial growth
rates of HL-1d (22.97 mm/day) and HL-1e (25.80 mm/day) re-
vealed that they had growth rates similar to the growth rate of

FIG 4 Virus-like particles, dsRNAs, and proteins extracted from the fraction corresponding to 400 mg/ml sucrose following sucrose gradient centrifugation. (A
and B) Electron micrographs of virus-like particles purified from strain LW-1 coinfected by BdPV1 and BdCV1 (A) and from overcultured LW-1 or LW-1-9a
containing only BdPV1 (B). (C) Agarose gel electrophoresis analysis of the dsRNAs extracted from purified virus-like particles of BdPV1 from overcultured LW-1
(lane V-BdPV1), mixed virus-like particles of BdPV1 and BdCV1 from LW-1 (lane V-BdPV1�BdCV1), and mycelia of strain LW-1 (lane F-BdPV1�BdCV1).
V and F, dsRNAs extracted from virus-like particles and fungal mycelia, respectively. Lane M, DNA size marker. (D) SDS-PAGE analysis of proteins extracted
from purified particles of BdPV1 from overcultured LW-1 (lane BdPV1 and mixtures of particles of BdPV1 and BdCV1 from LW-1 (lane BdPV1�BdCV1). Lane
M, protein molecular mass marker.
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FIG 5 Horizontal transmission of BdCV1 and BdPV1, growth rate on PDA, and fruit lesion length and tests of virulence of different strains of B. dothidea on pear.
(A) Colony morphology of LW-1, LW-1-9, and HL-1 in single culture (I) and contact culture (II) and of subisolates derived from the colony margins of the
recipient strains (III). *, location from which a mycelial agar plug was removed for the generation of a derivative isolate for HL-1 or LW-1-9. (B) Histograms of

Wang et al.

7524 jvi.asm.org Journal of Virology

http://jvi.asm.org


HL-1 (24.40 mm/day), which was considerably higher than that of
LW-1 (8.35 mm/day). A pathogenicity test on pear fruits (Pyrus
bretschneideri Rehd. cv. ‘Mili’) for 5 days revealed that the lesions
induced by HL-1e (45.91 mm) were significantly longer than
those induced by LW-1 (6.00 mm), HL-1 (25.83 mm), and HL-1d
(34.25 mm).

DISCUSSION

In this study, we also tried to isolate DNA of viral origin or single-
stranded RNA of viral origin from B. dothidea strain LW-1, but
neither of them was found in this strain (data not shown), sug-
gesting the involvement of the mycoviral dsRNAs in the hypoviru-
lence and abnormal phenotypes. Two virus-like particles (diame-
ters, �35 and �40 nm) were purified (and visualized via TEM)
from the mycelia of strain LW-1 coinfected by BdCV1 and BdPV1,
while only the �35-nm particles were observed from the strain
containing just BdPV1 (Fig. 4A and B). Additionally, dsRNAs 1 to
7 were recovered from preparations containing both particles,
whereas only dsRNAs 5 to 7 were recovered from the �35-nm
particles (Fig. 4C). Furthermore, proteins with sizes correspond-
ing to those of the ORFs of BdCV1 and BdPV1 were revealed by
SDS-PAGE or PMF analysis (see Tables S2 and S3 in the supple-
mental material), with the predicted CPs matching the major pro-
tein bands in the gel (Fig. 4D). Altogether these results support the
suggestion that dsRNAs 1 to 4 are encapsidated in the �40-nm
viral particles of BdCV1 and dsRNAs 5 to 7 are encapsidated in the
�35-nm viral particles of BdPV1; their putative RdRps and CPs
are encoded by the ORFs of dsRNAs 1 and 2 (BdCV1), respec-
tively, and the ORFs of dsRNAs 5 and 6 (BdPV1), respectively.
Two major structural proteins encoded by BdCV1 dsRNAs 2 and
4 suggest an icosahedral T�1 capsid consisting of 60 coat protein
heterodimers. This situation is similar to that for some recently
discovered dsRNA mycoviruses, such as Botrytis porri RNA virus 1
(BpRV1) (22) and quadriviruses (34) but distinct from that for
typical chrysoviruses, including Penicillium chrysogenum virus
(PcV) (35) and Cryphonectria nitschkei virus 1 (CnV1) (36), re-
ported to have a T�1 capsid made up of 60 copies of a single
polypeptide. Multiple protein components of chrysovirus-like vi-
ruses were also reported for MoCV1 (28, 37).

Therefore, on the basis of the dsRNA number, RdRp global
amino acid sequence similarity, the presence of specific motifs,
genomic organization, and virion size, BdCV1 and BdPV1 were
identified as belonging to the families Chrysoviridae and Partiti-
viridae, respectively, according to the demarcation criteria for
these mycoviruses (1). Phylogenetic analysis of the deduced RdRp
of BdCV1 suggested that it is a new tentative member of the family
Chrysoviridae that differs from the members of the genus Chryso-
virus, a view further supported by the absence of the (CAA)n re-
peats at the 5=UTRs of the genomic RNAs characteristic of typical
members of this genus (27, 29). In the phylogenetic tree, BdCV1 is
most closely related to MoCV1. Furthermore, we observed that
while only BdPV1 remained in mycelia after prolonged culturing,

coinfecting BdCV1 was not detected. This suggests that the behav-
ior of BdCV1 is similar to that of MoCV1 that is present in culture
medium after long culturing (28). It revealed that BdCV1 bears
molecular and biological features similar to those of MoCV1, even
though they were isolated from unrelated fungi.

Evaluation of the taxonomic status of BdPV1 revealed that it can-
not be assigned to any known genera of the family Partitiviridae ac-
cording to the new proposed criteria (see the taxonomic proposal for
the family Partitiviridae by M. Nibert et al. in 2013; assigned code,
2013.001a-kkF [http://talk.ictvonline.org/files/proposals/taxonomy
_proposals_fungal1/m/fung02/4734.aspx]). First, in the phylogenetic
tree inferred from the RdRp amino acid sequences, BdPV1 forms a
clade apart from representative members of the known genera (Fig.
3B; Table 1). Second, the RdRp amino acid sequence of BdPV1 shows
low identity (10.7 to 21.7%) with the RdRp amino acid sequences of
the other members of the family, and this level of identity is less than
that (	24.7%) shared by the members within each genus (see Table
S4 in the supplemental material). Third, the sizes of the dsRNAs and
proteins from BdPV1 do not match the range of sizes characteristic of
each known genus (see Table S5 in the supplemental material). More-
over, the RdRp of BdPV1 has a characteristic substitution (L instead
of F) in one of the six conserved motifs (motif IV) (see Fig. S1B in the
supplemental material), and a parallel analysis with the putative CP of
BdPV1 produced essentially the same results (see Tables S4 and Fig.
S2 in the supplemental material).

Together with Penicillium stoloniferum virus F (PsVF), BdPV1
is the only partitivirus whose putative CP shares no significant
identity with any mycovirus protein (38). Consequently, BdPV1
appears to be separate from the other members of the family Par-
titiviridae in the phylogenetic tree of putative CP sequences (see
Fig. S2 in the supplemental material), suggesting that the CP of
BdPV1 might have a unique origin. Moreover, the CP of BdPV1
shares 46% amino acid sequence identity with a hypothetical pro-
tein of E. dermatitidis, suggesting that horizontal gene transmis-
sion may have occurred between the mycovirus and its host (39–
41). Regarding dsRNA7, it is encapsidated in BdPV1 but lacks
detectable identity with the coinfecting dsRNAs and with se-
quences deposited in the NCBI database, indicating that dsRNA7
is not a defective interfering RNA. However, unlike the small
dsRNA F3 (670 bp, GenBank accession no. AY738338) of PsVF
(38) and dsRNA4 (308 bp, GenBank accession no. AF316995) of
Discula destructiva virus 1 (DdV1) (42) encoding a small putative
protein, dsRNA7 encodes no protein, suggesting that it could be a
noncoding satellite RNA. Although a noncoding satellite RNA
(1,970 bp, no. L39127) had been detected in Atkinsonella hypoxy-
lon virus (AhV) (43), it was deduced to encode five putative pro-
teins ranging from 2.9 to 4.5 kDa using DNAMAN software.

It is worth noting that dsRNAs 1 to 7 are specifically encapsi-
dated in their own viral particles, most likely because, like many
other multipartite RNA viruses (6, 22, 27, 28, 38), they contain
unique conserved terminal sequences playing an important role in
packaging of viral RNA, in addition to transcription and replica-

growth rates of subisolates derived from the contact cultures and the parent strains (I), of the length of lesions induced on fruits (II) and branches (III) of pear
(P. pyrifolia nakai cv. ‘Hongxiangsu’), and of the presence of BdPV1 and BdCV1 (IV). � and �, the presence and absence of BdPV1 or BdCV1, respectively, on
the basis of the results of dsRNA detection by 1.2% agarose gel electrophoresis. (C) Virulence of HL-1, LW-1, and subisolates on fruits (I) and branches (II) of
pear (P. pyrifolia nakai cv. ‘Hongxiangsu’). (D) Histograms of the growth rates of subisolates derived from protoplast transfection and the parent strains (I) and
of the length of lesions (II) shown by virulence tests (III) on fruits of pear (P. bretschneideri Rehd. cv. ‘Mili’). CK�, treatments inoculated with noncolonized PDA
plugs. Bars in each histogram labeled with the same letters are not significantly different (P 	 0.05) according to the least-significant difference test.
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tion (44, 45). BdCV1 dsRNAs contain the sequence CGCAAAAA
AGAAGAAAAG at the 5= termini, and this sequence is similar to
that (GCAAAAAAGAGAAUAAAG) of MoCV1, a close tentative
member of the genus Chrysovirus (28), and to that (GAUAAAA
AAA) of some other members of this genus, e.g., Aspergillus fu-
migatus chrysovirus (AfuCV) (46), PcV (27), and Helminothospo-
rium victoriae 145S virus (HvV145S) (47). BdCV1 dsRNAs also
contain a defined sequence (GUGU) at their 3= termini that is the
same as that of the dsRNAs of PcV, AfuCV, and HvV145S. We
therefore conclude that these 5= and 3= termini most likely mediate
packaging of the genomic components of the proposed chrysovi-
rus BdCV1. On the other hand, because dsRNAs 5, 6, and 7 con-
tain identical sequences at their 5= (CGAAAAU) and 3= (CA) ter-
mini (Fig. 2B), we conclude that these conserved sequences act as
a signal for guiding their copackaging in the virions of BdPV1
instead of BdCV1.

In the horizontal transmission experiments with contact cul-
ture, neither BdPV1 nor BdCV1 from strain LW-1 infected HL-1
of B. dothidea. This negative result might be due to the vegetative
incompatibility between the different stains, as proposed before
for BpRV1 (22). In contrast, the two viruses were successfully
transmitted from strain LW-1 to LW-1-9. Coinfection by BdPV1
and BdCV1 resulted in significant alterations in growth rate, vir-
ulence, and phenotype, while infection by only BdPV1 induced no
obvious changes to these biological features, suggesting that
BdCV1 is responsible for the phenotypic alterations observed. In
the transfection assays with purified virions, BdPV1 particles were
transmitted to HL-1, while BdCV1 particles were not. The unsuc-
cessful transfection was not due to the failure of transfection ma-
nipulations, as BdPV1 particles could be successfully transmitted
to HL-1 when it was mixed with those of BdCV1. The reason for
the unsuccessful transfection of BdCV1 needs further study, as
there are no reports of successful chrysovirus transfection. The
transfection assays using purified virions also indicated that
BdPV1 has no attenuating effect on the hypovirulence of its host
fungus. It further supports the suggestion that BdCV1 is closely
associated with the hypovirulence of the phytopathogenic fungus,
although we cannot eliminate the possibility of synergistic effects
on the attenuation of virulence by the two viruses at this stage.

Many partitiviruses and chrysoviruses have been identified to
infect phytopathogenic fungi, but few of them have been involved
in the hypovirulence of their host fungi (1, 48–50). Some partiti-
viruses infect fruit-pathogenic fungi, e.g., Helicobasidium mompa
virus (HmV) (6, 17, 51), Rosellinia necatrix partitivirus 1 (RnPV1)
(17), RnPV2 (32), and tentative species RnPV3, RnPV4, and
RnPV5 (52), while no chrysovirus is known to infect fruit-patho-
genic fungi (12–17, 45). To our knowledge, this is the first report
of a chrysovirus and a partitivirus infecting B. dothidea and the
first report of a chrysovirus associated with the hypovirulence of a
phytopathogenic fungus (50). This chrysovirus therefore appears
to be a good candidate for the biological control of a serious dis-
ease induced by B. dothidea.
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