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A Novel Partitivirus That Confers Hypovirulence on Plant Pathogenic
Fungi

Xueqiong Xiao,a,b Jiasen Cheng,b Jinghua Tang,c Yanping Fu,b Daohong Jiang,a,b Timothy S. Baker,c Said A. Ghabrial,d Jiatao Xieb

State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan, Hubei Province, People’s Republic of Chinaa; Provincial Key Lab of Plant
Pathology of Hubei Province, College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, Hubei Province, People’s Republic of Chinab;
Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California, USAc; Department of Plant Pathology, University of Kentucky,
Lexington, Kentucky, USAd

ABSTRACT

Members of the family Partitiviridae have bisegmented double-stranded RNA (dsRNA) genomes and are not generally known to
cause obvious symptoms in their natural hosts. An unusual partitivirus, Sclerotinia sclerotiorum partitivirus 1 (SsPV1/WF-1),
conferred hypovirulence on its natural plant-pathogenic fungal host, Sclerotinia sclerotiorum strain WF-1. Cellular organelles,
including mitochondria, were severely damaged. Hypovirulence and associated traits of strain WF-1 and SsPV1/WF-1 were read-
ily cotransmitted horizontally via hyphal contact to different vegetative compatibility groups of S. sclerotiorum and interspecifi-
cally to Sclerotinia nivalis and Sclerotinia minor. S. sclerotiorum strain 1980 transfected with purified SsPV1/WF-1 virions also
exhibited hypovirulence and associated traits similar to those of strain WF-1. Moreover, introduction of purified SsPV1/WF-1
virions into strain KY-1 of Botrytis cinerea also resulted in reductions in virulence and mycelial growth and, unexpectedly, en-
hanced conidial production. However, virus infection suppressed hyphal growth of most germinating conidia of B. cinerea and
was eventually lethal to infected hyphae, since very few new colonies could develop following germ tube formation. Taken to-
gether, our results support the conclusion that SsPV1/WF-1 causes hypovirulence in Sclerotinia spp. and B. cinerea. Cryo-EM
(cryo-electron microscopy) reconstruction of the SsPV1 particle shows that it has a distinct structure with similarity to the
closely related partitiviruses Fusarium poae virus 1 and Penicillium stoloniferum virus F. These findings provide new insights
into partitivirus biological activities and clues about molecular interactions between partitiviruses and their hosts.

IMPORTANCE

Members of the Partitiviridae are believed to occur commonly in their phytopathogenic fungal and plant hosts. However, most
partitiviruses examined so far appear to be associated with latent infections. Here we report a partitivirus, SsPV1/WF-1, that was
isolated from a hypovirulent strain of Sclerotinia sclerotiorum and describe its biological and molecular features. We have dem-
onstrated that SsPV1 confers hypovirulence. Furthermore, SsPV1 can infect and cause hypovirulence in Botrytis cinerea. Our
study also suggests that SsPV1 has a vigorous ability to proliferate and spread via hyphal contact. SsPV1 can overcome vegetative
incompatibility barriers and can be transmitted horizontally among different vegetative compatibility groups of S. sclerotiorum,
even interspecifically. Cryo-EM reconstruction of SsPV1 shows that it has a distinct structure with similarity to closely related
partitiviruses. Our studies exploit a novel system, SsPV1 and its hosts, which can provide the means to explore the mechanisms
by which partitiviruses interact with their hosts.

Plant pathogenic fungi cause many destructive crop diseases
worldwide, and the control of these diseases poses one of the

greatest challenges to sustainable agriculture (1, 2). Since it is often
difficult to obtain disease-resistant cultivars for many crops, farm-
ers rely heavily on fungicides to control fungal diseases. However,
fungicide overuse is likely to enhance the emergence of fungicide-
resistant pathogens in the field. Furthermore, excessive use of fun-
gicides has the potential to cause serious problems for the envi-
ronment and for human health. Consequently, there is an urgent
need to develop novel methods to reduce the dosage of chemicals
used to control plant diseases. In nature, some mycoviruses are
known to be responsible for debilitation/hypovirulence of plant
pathogens, and hence, they represent potential agents that can be
exploited in combating fungal disease (3–5). Moreover, a classical
example of mycovirus-based biocontrol was implemented suc-
cessfully in Europe to help manage chestnut blight caused by Cry-
phonectria parasitica (6). Recently, a bipartite, double-stranded
RNA (dsRNA) mycovirus, Rosellinia necatrix megabirnavirus 1
(RnMBV1), and a DNA mycovirus, Sclerotinia sclerotiorum hypo-

virulence-associated DNA virus 1 (SsHADV-1), have been shown
to be very promising in controlling fungal diseases (7–9). There-
fore, mycoviruses have attracted the attention of many phyto-
pathologists, and a growing number of mycoviruses that reduce
virulence and suppress growth of their hosts have been identified
in plant pathogenic fungi (3–5, 8, 10, 11). Moreover, mycovirus-
associated hypovirulence also provides opportunities for elucidat-
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ing fundamental aspects of mycovirus-host interactions and the
potential of fungal virus spread in nature (12–14).

Members of family Partitiviridae are characterized by having
genomes comprised of two linear, monocistronic dsRNA seg-
ments (1.4 to 2.4 kbp in length) (15, 16). Most partitiviruses ex-
amined to date are typically associated with latent infections of
their fungal, plant, and protozoan hosts (16). Partitiviruses that
infect fungi are transmitted vertically via spores or horizontally via
hyphal anastomosis (16, 17). As more partitiviruses were isolated
and their genomes were sequenced, it became clear that some
fungal partitiviruses are phylogenetically more closely related to
plant partitiviruses than to some other fungal partitiviruses (18,
19); therefore, the host-based taxonomic classification of partiti-
viruses is no longer suitable. To address this inconsistency, the
classification of genera in this family has recently been reevaluated
(20–22). A proposal to have the family Partitiviridae be reorga-
nized to include four new genera, Alphapartitivirus, Betapartitivi-
rus, Gammapartitivirus, and Deltapartitivirus, was recently ap-
proved by the International Committee for Taxonomy of Viruses
(http://talk.ictvonline.org/files/proposals/taxonomy_proposals
_fungal1/m/fung04/4772.aspx). In the new reorganization, the
genera Alphapartitivirus and Betapartitivirus contain a mixture of
fungal and plant viruses, whereas the genera Gammapartitivirus
and Deltapartitivirus contain only fungal or plant viruses, respec-
tively (22). Recently, phylogenetic analysis of the coat protein se-
quences of some partitiviruses revealed that incidences of hori-
zontal gene transfer had occurred between viruses and eukaryotic
organisms (18, 19). A system in which partitivirus particles (i.e.,
Rosellinia necatrix partitivirus 1-W8 [RnPV1-W8]) can be trans-
fected into fungal protoplasts has been successfully established
and was utilized to confirm that RnPV1-W8 has a broad host
range in Sordariomycetes (23, 24). Particle structures determined
by cryo-electron microscopy (cryo-EM) and three-dimensional
(3D) image reconstruction, as well as one determined by X-ray
crystallography, have shown three different partitivirus capsids to
have a so-called “T�2” organization comprising 60 capsid protein
(CP) dimers arranged on a T�1 icosahedral lattice (25–27). These
developments and technological advances have facilitated re-
search on different aspects of the biology of fungal partitiviruses,
such as virus-host interactions, virion structure, virus evolution,
and host range.

Sclerotinia sclerotiorum is a typical necrotrophic, destructive,
soilborne, plant pathogenic fungus that infects a large number of
economically important crops, such as rapeseed (Brassica napus),
soybean (Glycine max), and the model plant Arabidopsis thaliana
(28). The diseases caused by S. sclerotiorum result in substantial
losses of yield in crop production each year. Because there is a lack
of resistant cultivars, Sclerotinia diseases are controlled at low ef-
ficiency via fungicides and cultural approaches, e.g., crop rotation
(29). Since hypovirulence and dsRNA elements (possibly mycovi-
ruses) in S. sclerotiorum were first reported in the early 1990s (30),
many novel mycoviruses, including members of the families Hy-
poviridae, Alphaflexiviridae, Partitiviridae, and Narnaviridae and
an unassigned, single-stranded DNA (ssDNA) mycovirus, were
isolated recently from S. sclerotiorum and are well characterized (5,
8, 9, 31). Furthermore, most of these viruses were shown to be
responsible for reducing the virulence and growth of S. sclerotio-
rum (5, 9, 31, 32). These hypovirulence-associated mycoviruses of
S. sclerotiorum provide an opportunity for developing innovative
approaches to control annual crop diseases caused by S. sclerotio-

rum. Here we report the discovery and characterization of a novel
partitivirus, Sclerotinia sclerotiorum partitivirus 1 from hypoviru-
lent strain WF-1 (SsPV1/WF-1), which exhibits unique character-
istics that distinguish it from all previously reported partitiviruses.
Our experiments demonstrate that SsPV1/WF-1 does cause hypo-
virulence in S. sclerotiorum, Sclerotinia nivalis, Sclerotinia minor,
and Botrytis cinerea. Furthermore, this virus can be transmitted
and spread via hyphal contact among different vegetative compat-
ibility groups of S. sclerotiorum and can also be transmitted inter-
specifically to S. nivalis and S. minor, two sister species of S. scle-
rotiorum. The cryo-EM structure of SsPV1/WF-1 was also
analyzed and is discussed.

MATERIALS AND METHODS
Fungal strains and growth conditions. Sclerotinia sclerotiorum strain
WF-1 was originally isolated from a sclerotium collected from a diseased
Japanese thistle (Cirsium japonicum) in Suizhou County, Hubei Province,
People’s Republic of China. Ep-1PNA367hyg is a normal, virus-free strain
obtained from single-ascospore-isolation progeny of strain Ep-1PN, and
virus-free strain Sunf-MAhyg is a single-ascospore-isolation progeny of
strain Sunf-M that was originally isolated from sclerotia on a diseased
sunflower plant (Helianthus annuus). These two S. sclerotiorum strains
were labeled with a hygromycin resistance gene by using Agrobacterium
tumefaciens-mediated transformation, and the hygromycin-resistant iso-
lates showed no significant differences in colony morphology from their
parental isolates. Virus-free strain 1980 was kindly supplied by Jeffrey A.
Rollins (Department of Plant Pathology, University of Florida). S. nivalis
strain Let-19 was isolated from diseased lettuce at Shennongjia, Hubei
Province, People’s Republic of China (33). S. minor strain SM-1 was in-
fected with a new dsRNA virus, Sclerotinia minor RNA virus 1 (SmRV1/
SM-1) (data not shown). B. cinerea strain KY-1, a virus-free strain, was
originally isolated from diseased blueberry and was identified via se-
quencing of the contiguous internal transcribed spacer region. All strains
were grown on potato dextrose agar (Difco) medium amended with 0.5%
yeast extract (PDAY medium) at 20°C to 22°C and stored on PDAY slants
at 4°C to 6°C. Sclerotia produced on PDAY plates were collected, air dried,
and stored at �20°C.

Phenotypic characteristics and virulence assay. To assess the growth
characteristics of the different fungal strains used in this study, agar plugs
of fresh mycelium were transferred from colony margins of old cultures
onto fresh PDAY medium. The colony radius of each strain was measured
daily for 3 days, and the growth rate of each strain was calculated. To
evaluate the virulence of the fungal strains on their hosts, freshly grown
mycelial agar plugs were inoculated onto the stem or detached leaves of
rapeseed, A. thaliana, soybean, or tomato plants and incubated at 20°C
with 90% humidity. There were more than three replicates for each treat-
ment, and all biological characterization experiments were conducted at
least twice.

Transmission electron microscopy of hyphal cells. Ultrastructural
characterization of hyphal cells of Ep-1PNA367hyg and WF-1 was done by
using transmission electron microscopy (TEM) and a protocol described
previously by Zhang et al. (34).

Virion purification and dsRNA isolation. Fungal strains were grown
in stationary cultures containing potato dextrose broth. Mycelium (�100
g [wet weight]) of each fungal strain was harvested after an 8- to 10-day
culture period by straining through Miracloth in a Buchner funnel. The
protocol for extracting viral particles was performed according to a
method described previously by Tang et al. (27). After two cycles of high-
speed centrifugation, virus particles were purified by centrifugation
through a layer of 36% (wt/wt) CsCl in buffer A (0.05 M Tris-HCl [pH
7.6] containing 150 mM NaCl and 5 mM EDTA) for 17 h at 45,000 rpm in
a Beckman SW55 rotor. Purified virus particles were collected by punc-
turing the centrifuge tube with a needle and a syringe. The harvested
sample was diluted 1:1 with buffer A and centrifuged at 40,000 rpm for 4
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h in a Beckman 50Ti rotor. The final pellet was resuspended in buffer A
and then used for dsRNA extraction, structural analysis of virus particles,
and infectivity assays.

The dsRNA was isolated from purified virus particles by using phenol-
chloroform extraction, whereas dsRNA was isolated from fungal mycelia
by CF-11 cellulose (Sigma-Aldrich, Dorset, England) chromatography, as
described previously (35, 36). The dsRNA nature of the samples was fur-
ther confirmed based on resistance to DNase I and S1 nuclease (TaKaRa,
Dalian, People’s Republic of China). The isolated dsRNA was analyzed by
electrophoresis on 1% agarose or 15% nondenaturing polyacrylamide
gels. The dsRNA samples were further purified with a gel extraction kit
(Axygen Biosciences) and stored at �80°C before use.

Viral genome cloning, sequencing, and bioinformatics analyses.
The purified viral genomic dsRNA was used as a template for the con-
struction of cDNA libraries according to a protocol described previously
by Xie et al. (37), using a cDNA synthesis kit (Fermentas) with tagged
random primers-dN6. To obtain the complete viral genome sequence, a
series of reverse transcription-PCRs (RT-PCRs) and viral terminal rapid
amplification of cDNA ends (RACE) PCRs were conducted according to
the manufacturer’s protocols to amplify overlapping fragments that cov-
ered the entire viral genome. All expected PCR fragments were ligated into
the pMD18-T vector (TaKaRa) and sequenced. M13 universal primers or
sequence-specific primers (see Table S1 in the supplemental material)
were used for sequencing or RT-PCR, and each base was identified by
sequencing of at least three independent, overlapping clones in both ori-
entations.

The sequences of the dsRNA genomes of previously reported partiti-
viruses referenced in this paper were retrieved from the NCBI GenBank
database (http://www.ncbi.nlm.nih.gov/genomes) and used for compar-
ative analyses. Multiple-sequence alignments were computed by using the
DNAMAN, CLUSTAL_W, and BLAST software packages (http://blast
.ncbi.nlm.nih.gov/Blast.cgi). Based on these alignments, we constructed
phylogenetic trees using the neighbor-joining method, as computed with
MEGA version 4.0 programs (38). Phylogenetic trees were plotted with
TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html) and
manually edited.

RNA extraction and RT-PCR. Total RNA was prepared by using TRI-
zol reagent (Invitrogen) according to the manufacturer’s instructions and
treated with DNase I. To verify the presence of dsRNA in virus-infected
colonies, cDNAs were synthesized by using Moloney murine leukemia
virus (M-MLV) transcriptase (Promega) and an oligo(dT) primer. Four
primers (CP1049F, CP1348R, RAPD1260F, and RAPD1579R) were used
to detect coat protein and RNA-dependent RNA polymerase (RdRp) (see
Table S1 in the supplemental material).

Cryo-EM and 3D image reconstruction of SsPV1. Small aliquots (2 to
3 �l) of purified SsPV1 virions were vitrified, and cryo-EM image data
were recorded essentially as described previously for the partitivirus Pen-
icillium stoloniferum virus S (PsV-S) (25). A total of 23 micrographs were
recorded at 200 keV under low-dose conditions (�15 e/Å2) at underfocus
settings ranging between 3.8 and 11 �m on a Gatan Ultrascan 4K2

charge-coupled-device (CCD) camera with an FEI Polara Tecnai mi-
croscope at a nominal magnification of �76,900 (yielding an effective
pixel size of 1.8 Å).

The RobEM program (http://cryoem.ucsd.edu/programDocs/run
Robem.txt) was used to extract individual particle images from the mi-
crographs and to estimate the defocus level of each micrograph. A total of
1,266 particle images were boxed, and all of them were used to compute
the final 3D reconstruction. Image processing was carried out essentially
as described previously for structural studies of PsV-F and PsV-S (27).
Briefly, the current version of Auto3DEM was used to compute an ab
initio 3D reconstruction from 150 particle images by using the Random
Model Computation procedure (39, 40). This initial reconstruction was
used as a reference model to refine the origin and orientation parameters
for all 1,266 particles and led to a 3D reconstruction at an �18-Å resolu-
tion. The subprograms P3DR and PO2R were next used as standalone

applications to refine and improve the map by manual processing to a
final resolution of 12 Å, as estimated from a Fourier shell correlation plot
and a 0.5-threshold criterion. These manual processing steps involved the
iterative use of different combinations of inverse temperature factors, as
described previously (27). An inverse temperature factor of 1/(200 Å2)
was applied to the final, reconstructed density map, and the absolute hand
of the SsPV1 structure was set to be the same as those found for PsV-S,
PsV-F, and Fusarium poae virus 1 (FpV1).

Transmission test of SsPV1/WF-1. To verify that the mycovirus
SsPV1/WF-1 causes hypovirulence in S. sclerotiorum strain WF-1 and to
determine if SsPV1/WF-1 can be transmitted among different vegetative
groups of S. sclerotiorum, horizontal transmission of SsPV1/WF-1 from
strain WF-1 to S. sclerotiorum strains Ep-1PNA367hyg, Sunf-MAhyg, and
R6V was carried out by dual cultures on PDAY medium, as described
previously by Zhang et al. (34).

To test if SsPV1/WF-1 can be transmitted horizontally to S. nivalis or
S. minor, two sister species of S. sclerotiorum, strain WF-1 of S. sclerotio-
rum and strain Let-19 of S. nivalis (or strain SM-1 of S. minor) were dually
cultured on a PDAY plate at 20°C to 22°C. Ten mycelial agar discs were cut
from the Let-19 (or SM-1) colony and transferred individually into fresh
PDAY plates. Based on the colony morphology of Let-19 (or SM-1), which
differs significantly from that of S. sclerotiorum, new cultures of Let-19 (or
SM-1) were subcultured and stored on PDAY slants at 4°C to 6°C for
further study. Subcultures of Let-19 (or SM-1) were subjected to dsRNA
analysis to verify infection with SsPV1/WF-1.

Transfection of protoplasts with viral particles. Protoplast prepara-
tions of virus-free S. sclerotiorum strain 1980 and B. cinerea strain KY-1
were made according to the method described previously by Zhang et al.
(34). For transfection, approximately 5 � 106 protoplasts in 100 �l STC
buffer (1.2 M sorbitol, 10 mM Tris-HCl [pH 7.5], 10 mM CaCl2) were
mixed gently with 10 to 20 �g of purified SsPV1/WF-1 particles and in-
cubated at 20°C. After 20 to 30 min, 200-, 200-, and 800-�l aliquots of
polyethylene glycol (PEG) solutions (60% PEG 400 in 10 mM Tris [pH
7.5] and 50 mM CaCl2) were gradually added to the protoplast suspension
containing SsPV1/WF-1 particles in three steps and incubated at 20°C for
20 min. The protoplast suspension containing SsPV1/WF-1 particles was
diluted with 5 to 10 ml STC buffer and centrifuged at 3,000 rpm at 4°C for
10 min. The pellet was resuspended in 500 �l STC buffer, and the proto-
plast suspension was spread onto regeneration medium and incubated at
20°C for 7 to 8 days. More than 10 mycelial plugs were cut from the
regenerated colonies with a cork borer at random and transferred onto
fresh PDAY plates. To verify that the transferred cultures were transfected
by SsPV1/WF-1, the colony morphologies of newly transfected isolates of
S. sclerotiorum strain 1980 and B. cinerea strain KY-1 were compared with
those of the original, virus-free strains 1980 and KY-1, respectively. These
transfections were further confirmed by dsRNA extraction and/or PCR
amplification of viral genomic fragments using gene-specific primers (see
Table S1 in the supplemental material), which were designed based on the
sequence of the coat protein or RdRp.

Data analyses. Experimental data were subjected to analysis of vari-
ance by using the SAS8.0 program. Treatment means were compared by
using the least-significant-difference test at a significance level of a P value
of 0.05.

Nucleotide sequence accession numbers. The complete nucleotide
sequences of SsPV1 reported here have been deposited with the EMBL/
GenBank/DDBJ databases under accession numbers JX297510 and
JX297511.

RESULTS
Hypovirulence traits associated with dsRNA in Sclerotinia scle-
rotiorum. Strain WF-1 exhibited abnormal colony morphology
compared to virus-free strains Ep-1PNA367hyg (Fig. 1A) and
Sunf-MAhyg (data not shown). Strain WF-1 grew slowly on PDAY
medium and showed excessive hyphal branching and cytoplasmic
extrusion at most hyphal tips (Fig. 1B). Furthermore, strain WF-1
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was less virulent in its hosts, including rapeseed, soybean, tomato,
and A. thaliana (Fig. 1C). In addition, the sclerotia of strain WF-1
failed to produce apothecium in a rapeseed field or under labora-
tory conditions (data not shown). Thus, these biological charac-
teristics suggest that strain WF-1 is a hypovirulent strain.

The hyphal ultrastructure of strain WF-1 was compared with
that of strain Ep-1PNA367hyg. Strain WF-1 exhibited a granulated
cytoplasm, and only a few normal mitochondria were observed,
with all others containing abnormal cristae (Fig. 1D), suggesting
that strain WF-1 was likely infected by at least one kind of myco-

FIG 1 Phenotypes associated with hypovirulence of different strains of S. sclerotiorum. (A) Colony morphology of strains WF-1, Ep-1PNA367hyg, and Ep-
1PNA367hygV. The latter strain represents the strain that arises from contact between Ep-1PNA367hyg and hypovirulent strain WF-1. All strains were cultured on
plates with 20 ml PDAY medium at 20°C to 22°C for 3 days prior to photography. Compared to strain Ep-1PNA367hyg, strains WF-1 and Ep-1PNA367hygV
exhibit low growth rates. (B) Strains WF-1 and Ep-1PNA367hygV exhibit excessive branching compared to strain Ep-1PNA367hyg. Moreover, cytoplasm was
observed to extrude from some mycelial tips in the strains that contain the 2.3-kb dsRNA segments. (C) Assay of A. thaliana leaves that show hypovirulence when
infected with strains WF-1 and Ep-1PNA367hygV (20°C; 4 days postinfection). (D) Ultrastructure of cells of S. sclerotiorum strain WF-1 examined by thin-section
transmission electron microscopy (TEM). The ultrastructure of the hyphal tip of strain Ep-1PNA367 shows a well-distributed cytoplasm with many mitochon-
dria whose membranes appear normal and contain many intact cristae. The ultrastructure of the hyphal tips in hypovirulent strain WF-1 shows a granulated
cytoplasm and damaged mitochondria with abnormal cristae; only a few normal mitochondria remained. W, cell wall; M, mitochondria. (E) Detection of dsRNA
in mycelia of strains Ep-1PNA367hyg (lanes 1 and 4), WF-1 (lanes 2 and 5), and Ep-1PNA367hygV (lanes 3 and 6). Lane M, DNA size markers.
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virus. Furthermore, dsRNA with an estimated size of 2.3 kb was
extracted and fractionated by agarose gel electrophoresis from hy-
povirulent strain WF-1. The double-stranded nature of WF-1
dsRNA was confirmed based on its resistance to digestion with
DNase I and S1 nucleases (Fig. 1E).

Horizontal transmission of hypovirulence and dsRNA. Fol-
lowing hyphal contact of strain WF-1 with recipient strains Ep-
1PNA367hyg and Sunf-MAhyg, mycelial agar discs were obtained
from the colony contact zones and placed onto hygromycin-con-
taining PDAY medium. Several derivative cultures that developed
from hygromycin-containing PDAY medium were examined for
hypovirulence and dsRNA content. The results of these experi-
ments showed that hypovirulence and its associated traits, as well
as the 2.3-kb dsRNA element of strain WF-1, were cotransmitted
to virulent strains Ep-1PNA367hyg (Fig. 1A) and Sunf-MAhyg

(data not shown). These results were further confirmed by dsRNA
extraction (Fig. 1E). Moreover, strain WF-1 is vegetatively incom-
patible with strain Ep-1PNA367hyg (31) and Sunf-MAhyg (data not
shown). Therefore, since the 2.3-kb dsRNA segment is associated
with hypovirulence and other related traits of strain WF-1, this
dsRNA segment also overcomes transfer barriers between vegeta-
tively incompatible strains.

Properties of mycoviral particles and mycoviral genome
analysis. Viral particles isolated from mycelia of strain WF-1 via
differential centrifugation were negatively stained and examined
by TEM; they were shown to be spherical and �40 nm in diameter
(Fig. 2A). Nucleic acids extracted from viral particles had the same
electrophoretic mobility as those extracted directly from myce-
lium of strain WF-1 (Fig. 2C and D). SDS-PAGE analysis of puri-
fied viral particles showed a single major protein band with a mo-
lecular mass of �75 kDa (Fig. 2B). Although the 2.3-kb dsRNA
segment appeared as a single band on the 1% agarose gel, two
clearly separated dsRNA bands (Fig. 2C and D) were detected on
nondenaturing 15% polyacrylamide gels. Thus, strain WF-1 con-
tains two similarly sized dsRNA segments, which we named
dsRNA-1 and dsRNA-2. These segments were recovered and pu-
rified from 1% agarose gels and subjected to cDNA cloning and
sequence analysis.

The complete nucleotide sequences of dsRNA-1 and dsRNA-2
were determined by using RT-PCR and terminal RACE amplifi-
cation clones (data not shown). Excluding an interrupted poly(A)
tail, dsRNA-1 contains 2,287 bases and a single, large open reading
frame (ORF), which encodes a putative protein of 704 amino acids
(aa) with a calculated molecular mass of 82 kDa. The coding re-
gion of dsRNA-1 is flanked by a 5= untranslated region (UTR)
(nucleotides [nt] 1 to 92) and a 3=UTR (nt 2208 to 2287), with the
latter being followed by a poly(A) tail. Also excluding an inter-
rupted poly(A) tail, dsRNA-2 contains 2,274 bases, a 5=UTR (nt 1
to 82), a 3= UTR (nt 2120 to 2274), and a single ORF (nt 83 to
2119) that encodes a putative 678-aa protein with a calculated
molecular mass of 74 kDa. Furthermore, the CAA repeat motif
was found at the 5=UTRs of both dsRNAs (data not shown). These
CAA motifs are similar to the translational enhancer elements
present at the 5= UTRs of some plant viruses and some mycovi-
ruses, including Rhizoctonia solani virus 717 and Penicillium
chrysogenum virus (36, 41, 42).

A BLASTp search of the NCBI protein database and multiple-
sequence alignments were performed with the putative proteins
encoded by dsRNA-1 and dsRNA-2. The protein encoded by
dsRNA-1 is closely related to the RdRps encoded by other myco-

viruses of the genus Betapartitivirus, such as Fusarium poae virus 1
and Rhizoctonia solani virus 717, with 47% and 45% identities,
respectively. The protein encoded by dsRNA-2 has high sequence
similarity to the capsid proteins (CPs) of mycoviruses belonging
to the genus Betapartitivirus, such as Rhizoctonia solani virus 717
and Rosellinia necatrix partitivirus 1-W8, with 33% and 31% iden-
tities, respectively. Hence, these dsRNA-1 and dsRNA-2 se-
quences represent the genome of a novel mycovirus species be-
longing to family Partitiviridae, and it was given the name
Sclerotinia sclerotiorum partitivirus 1 (SsPV1/WF-1). Further-
more, phylogenetic analysis based on the full-length amino acid
sequences of the putative RdRp and CP viral proteins of SsPV1/
WF1 compared to other recognized partitiviruses further con-
firmed that SsPV1 is a new member of the genus Betapartitivirus
(Fig. 2E and F).

Cryo-EM and 3D image reconstruction of SsPV1/WF-1.
Twenty-three transmission electron micrographs of unstained,
vitrified samples of purified SsPV1/WF-1 virions were recorded
(see Materials and Methods). These micrographs showed fields of
regularly sized, intact, spherical particles with diameters of nearly
400 Å, consistent with our assessment of negatively stained sam-
ples (Fig. 3A). A total of 1,266 images of individual SsPV1/WF-1
virions was extracted from these micrographs and used to com-
pute a 3D reconstruction at an estimated resolution of �12 Å (Fig.
3A and D).

The outer surface topography of the SsPV1/WF-1 capsid is
quite convoluted and resembles that seen for other partitiviruses
such as FpV1 (Fig. 3B and E) and PsV-F (Fig. 3C and F). All three
partitivirus capsids are characterized by deep depressions at each
of the icosahedral symmetry axes (I2, I3, and I5), with the broadest
pits encompassing the 5-fold (I5) and 3-fold (I3) axes. Each ico-
sahedral 2-fold (I2) axis is crossed by a long and narrow linear
canyon, with capsid structures rising steeply on both sides. A sec-
ond long and narrow linear canyon traverses the distal side of each
of these elevated regions and runs nearly parallel to the I2 canyon.
SsPV1/WF-1 is about the same size (�420-Å maximum outer
diameter) as FpV1 but is noticeably larger than PsV-F (�376-Å
diameter).

Just as was found for the capsid structures of FpV1, PsV-S, and
PsV-F (20), SsPV1/WF-1 has 60 identical, elevated regions (2 of
which are outlined by boxes in Fig. 3A to C), each of which exhib-
its a strong, 2-fold-symmetric appearance and a centrally located
protrusion that extends to a large radius. In SsPV1/WF-1, the
elevated regions closely resemble those of FpV1 in morphology
and orientation (Fig. 3A, B, D, and E), but the protrusions in
SsPV1/WF-1 rise a bit more steeply than those in FpV1. In con-
trast, PsV-F has narrow, arch-like structures that adopt a distinctly
different orientation (i.e., more vertical than horizontal, as seen in
the views of SsPV1/WF-1 and FpV1 depicted in Fig. 3A and B).
The presence of 60 dimeric structural features in SsPV1 is com-
pletely consistent with the conclusion that the SsPV1 capsid con-
tains 120 CP monomers, organized as 60 CP dimers in a pseudo-
T�2 icosahedral lattice, which appears to be a universal signature
of dsRNA viruses (20).

Equatorial cross-sectional views of the SsPV1/WF-1 (Fig. 3G),
FpV1 (Fig. 3H), and PsV-F (Fig. 3I) virions demonstrate that all
three capsids have inner surfaces with topographies that are much
smoother than the outer surfaces. The innermost diameters of
these capsids are about 270, 270, and 240 Å, respectively. In addi-
tion, the equatorial view of each density map shows interior den-
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sity features that represent the packaged, genomic dsRNA. In
FpV1 (Fig. 3H), this density appears as four well-defined rings
(progressively decreasing in density from high to low radii), which
indicates that the dsRNA is tightly packed into concentric shells.
However, the packing of dsRNA in the cores of SsPV1 (Fig. 3G)
and PsV-F (Fig. 3I) is less defined (i.e., more diffuse) and therefore
more disorganized than that in FpV1. Consistent with the reorga-
nized taxonomy of partitiviruses, structural differences were
shown to be greater between the genera Betapartitivirus and Gam-
mapartitivirus (FpV1 and SsPV1 versus PsV-F) than within the

genus Betapartitivirus (FpV1 versus SsPV1). SsPV1 and FpV1 have
similar-sized particles with the same central dimer orientation,
while PsV-F is much smaller, with a tilted central dimer.

Confirmation of SsPV1/WF-1-associated hypovirulence of
Sclerotinia sclerotiorum by completion of Koch’s postulates us-
ing a transfection assay. S. sclerotiorum strain 1980 is a virus-free
strain isolated from Phaseolus vulgaris in Nebraska, and its ge-
nome was recently completely sequenced (43). Strain 1980 devel-
ops normal colonies at an average growth rate of 3.0 cm/day on
PDAY medium and causes typical necrotic lesions on soybean

FIG 2 Characterization of SsPV1/WF-1 isolated from hypovirulent strain WF-1. (A) TEM images of negatively stained particles of SsPV1/WF-1. (B) SDS-PAGE
of purified SsPV1/WF-1 virus particles showing one prominent band (right lane) corresponding to the viral CP. (C) Agarose gel electrophoresis of dsRNA
extracted from SsPV1/WF-1 (lane 1) and mycelia of strain WF-1 (lane 2). (D) Ethidium bromide-stained, nondenaturing 15% polyacrylamide gel electrophoresis
of dsRNA extracted from purified SsPV1/WF-1 (lane 1) and mycelia of strain WF-1 (lane 2). All dsRNA samples were treated with DNase I and S1 nuclease prior
to electrophoresis. (E and F) Neighbor-joining phylogenetic trees constructed based on the complete amino acid sequences of the viral RdRp (E) or CP (F) of
SsPV1/WF-1 and numerous other members of the family Partitiviridae. Bootstrap values (percent) obtained with 2,000 replicates are indicated on the branches,
and branch lengths correspond to genetic distances; the scale bar at the bottom left corresponds to the genetic distance. Abbreviations of virus names and
GenBank accession numbers are listed in Table S2 in the supplemental material.
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stems, with an average lesion length of 7.2 cm at 96 h postinocu-
lation (hpi) (Fig. 4). To determine whether SsPV1/WF-1 causes
hypovirulence and its associated traits in S. sclerotiorum, proto-
plasts of strain 1980 were transfected with SsPV1/WF-1 particles
by using PEG-mediated protoplast transfection. More than 10 re-
generated colonies selected at random from five plates were as-
sayed to verify mycovirus infection. RT-PCR analysis and dsRNA
extraction indicated that all regenerated colonies were infected
with SsPV1/WF-1, but no mycovirus was detected in noninocu-
lated control strain 1980 (Fig. 4E). The regenerated colonies in-
fected by SsPV1/WF-1 were designated 1980V1 and 1980V2.
SsPV1/WF-1 in strain 1980 remained unchanged during subcul-
turing of 1980V1 and 1980V2. The colony morphologies of iso-
lates 1980V1 and 1980V2 differed significantly from that of paren-
tal strain 1980 in showing irregular hyphal extensions at the
colony margin (Fig. 4A). Hyphal extension of isolates 1980V1 and
1980V2 occurred at a significantly lower rate than for strain 1980
(Fig. 4B). Isolates 1980V1 and 1980V2 produced fewer sclerotia in
the mature colony, with average numbers reaching only 20 scle-
rotia/plate, compared to the �30 sclerotia/plate for strain 1980
(Fig. 4C). Moreover, similarly to SsPV1-infected strain Ep-
1PNA367hygV, cytoplasm leaked out from the hyphal tips of iso-
lates 1980V1 and 1980V2, but this phenomenon did not occur in
wild-type strain 1980 (data not shown). The virulence of strains

1980V1 and 1980V2 was significantly reduced, and lesions in-
duced by strains 1980V1 and 1980V2 on stems and detached
leaves of soybean were significantly smaller than those induced by
wild-type strain 1980 (Fig. 4D). The results of the viral transfec-
tion assay provided strong, direct evidence that SsPV1/WF-1 in-
fection was responsible for hypovirulence and its associated traits
in S. sclerotiorum.

Horizontal transmission of SsPV1/WF-1 to Sclerotinia niva-
lis and Sclerotinia minor. To determine whether SsPV1/WF-1
has the ability to be transmitted between different Sclerotinia spe-
cies via hyphal contact, S. nivalis strain Let-19 was dually cultured
with strain WF-1 on the same PDAY plate. After dual culturing on
a PDAY plate, subcultures of S. nivalis were tested for infection
with SsPV1/WF-1. All 10 subcultures of strain Let-19 showed an
abnormal phenotype of S. nivalis (Fig. 5A), and two of them (Let-
19V1 and Let-19V2) were further examined by dsRNA extraction
and RT-PCR amplification to confirm infection by SsPV1/WF-1.
The dsRNA extraction experiment showed that strain Let-19 car-
ried two dsRNA segments, whereas Let-19V1 and Let-19V2 both
carried three dsRNA bands. Two of these segments were similar to
the segments in wild-type strain Let-19, while the smallest dsRNA
segment was found have a size similar to that of a segment ex-
tracted from strain WF-1 (Fig. 5D). RT-PCR amplification further

FIG 3 Three-dimensional structures of SsPV1/WF-1 capsids. (A to C) Surface view of three related partitiviruses, SsPV1 (A), FpV1 (B), and PsV-F (C). Two
dimers in SsPV1 are highlighted in blue-shaded regions in the center. (D to F) Close-up view of the surface protrusions in SsPV1 (D), FpV1 (E), and PsV-F (F).
(G to I) Central section of SsPV1 (G), FpV1 (H), and PsV-F (I) showing RNA genomes inside the particles. The capsid is radially depth cued, with the radial color
bar shown on the right. The surface view of the reconstruction of SsPV1 was rendered with UCSF Chimera together with FpV1 and PsV-F.
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confirmed that SsPV1/WF-1 was interspecifically transmitted suc-
cessfully to strain Let-19 of S. nivalis (Fig. 5D).

Compared to wild-type strain Let-19, virus-infected strain
Let-19 exhibited hypovirulence and its associated traits. Unlike
wild-type strain Let-19, virus-infected strains Let-19V1 and Let-
19V2 did not induce lesions on leaves of A. thaliana or lettuce (Fig.
5C). These strains also grew slowly on PDAY medium and formed
colonies with abnormal morphology, and cytoplasm was seen fre-
quently leaking from the hyphal tips (Fig. 5A and B). These results
suggest that SsPV1/WF-1 can be transmitted to S. nivalis interspe-
cifically through colony contact and causes hypovirulence in S.
nivalis.

Similar results were obtained for S. sclerotiorum strain WF-1
and S. minor strain SM-1. SsPV1/WF-1 also transmitted horizon-
tally from strain WF-1 to strain SM-1 via hyphal contact. More-
over, the phenotypes of strain SM-1V showed hypovirulence in
the presence of SsPV1/WF-1 (data no shown).

SsPV1/WF-1 causes hypovirulence in Botrytis cinerea. Since
our data strongly supported the conclusion that the partitivirus
SsPV1/WF-1 is responsible for hypovirulence in S. sclerotiorum,
our next goal was to determine whether SsPV1/WF-1 also affects
other plant pathogenic fungi such as B. cinerea. Indeed, proto-
plasts of B. cinerea (strain KY-1) were successfully transfected with
SsPV1/WF-1 by using a PEG-mediated method. Mycelial agar

discs were selected from a protoplast-regenerated colony and
transferred individually into fresh PDAY plates. All new cultures
were subsequently found to be infected with SsPV1/WF-1, as ver-
ified by dsRNA extraction and RT-PCR amplification analyses
(Fig. 6B). Virus-infected strain KY-1 isolates were designated KY-
1V1 and KY-1V2, etc.

Two virus-infected strains, KY-1V1 and KY-1V2, were further
characterized to examine their biological properties. The results
showed that compared to wild-type strain KY-1, KY-1V1 and KY-
1V2 exhibited abnormal colony morphology (Fig. 6A), low
growth rates, production of few sclerotia, excessive hyphal
branching (Fig. 6C and D), and leakage of cytoplasm from hyphal
tips (data not shown). SsPV1-infected KY-1V1 and KY-1V2 had re-
duced virulence on detached leaves of tomato (data not shown) or A.
thaliana (Fig. 6E). Therefore, the hypovirulence and its traits exhib-
ited by SsPV1-infected strains KY-1V1 and KY-1V2 were very similar
to those exhibited by virus-infected S. sclerotiorum strain 1980. More-
over, the hypovirulence and its traits exhibited by KY-1V1 and
SsPV1/WF-1 were cotransmitted to virus-free B. cinerea strain
BC05.10 via hyphal fusion (data not shown). Therefore, the partiti-
virus SsPV1/WF-1 also causes hypovirulence in B. cinerea.

Unexpectedly, SsPV1-infected strains KY-1V1 and KY-1V2
produced abundant conidia (Fig. 6A), which germinated on
PDAY medium. However, when �50 single germinating conidia

FIG 4 Transfection of protoplasts of S. sclerotiorum virulent strain 1980 with purified SsPV1/WF-1 particles. (A) Comparison of colony morphologies of
parental strain 1980, strain WF-1, and the SsPV1-transfected isolates 1980V1 and 1980V2. (B) Comparison of hyphal growth rates of strains 1980, WF-1, 1980V1,
1980V2, and 1980R1 (the latter is an isolate from regenerated nontransfected control protoplasts of strain 1980) on PDAY medium (20°C). (C) Numbers of
sclerotia per plate produced by strains 1980, WF-1, 1980V1, 1980V2, and 1980R1 on PDAY medium (20°C; 20 days postinfection). (D) Lesion length caused by
strains 1980, WF-1, 1980V1, 1980V2, and 1980R1 (20°C; 4 days postinfection) on the stems of soybean (Glycine max). (E) RT-PCR detection of SsPV1/WF-1 in
individual isolates. The actin gene is used as an internal control. The predicted lengths of the RT-PCR products for CP and RdRp are 300 and 320 nt, respectively.
Results in each of the histograms shown in panels B to D are expressed as arithmetic means � standard errors of the means. Asterisks indicate a significant
difference (P 	 0.05) among strains of S. sclerotiorum according to the Student t test.
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were selected individually and transferred onto fresh PDAY plates,
no visible colonies appeared on the PDAY plate. A conidial sus-
pension (200 �l) from virus-infected strains KY-1V1 and KY-1V2
was spread onto the PDAY plate at a concentration of 105 spores
per PDAY plate; only 13 colonies appeared on five PDAY plates.
The phenotypes of these colonies were similar to those of virus-
infected strains KY-1V1 and KY-1V2, and all of them were in-
fected with SsPV1/WF-1 (data not shown). These results thus re-

vealed that most of the conidia produced by virus-infected
cultures can germinate but fail to develop an intact colony due to
the presence of SsPV1/WF-1 (Fig. 6F).

SsPV1/WF-1 is horizontally transmitted to vegetatively in-
compatible host strains. To clarify whether transmission to veg-
etatively incompatible host strains, i.e., breaking incompatibility
transmission barriers, is a function of SsPV1/WF-1, strain WF-1,
or a combination of both, SsPV1/WF-1 was horizontally transmit-

FIG 5 Interspecies transmission of SsPV1/WF-1 from S. sclerotiorum to S. nivalis via hyphal contact. (A) Comparison of colony morphologies of S. nivalis strain
Let-19 and SsPV1-infected isolates Let-19V1 and Let-19V2, which were obtained from Let-19 after the mycelia of Let-19 contacted those of hypovirulent strain
WF-1, at 5 and 10 days postinfection. (B) The hyphal tips of strains Let-19V1 and Let-19V2 showed excessive branching compared to strain Let-19. Moreover,
cytoplasm (marked with black arrows) was released from some hyphal tips of strains Let-19V1 and Let-19V2. (C) Virulence assays of S. nivalis. Let-19V1 and
Let-19V2 did not infect detached A. thaliana leaves at 4 days postinfection, but Let-19 did. (D) RT-PCR detection of SsPV1/WF-1 dsRNA in extracts from strain
Let-19, two representative Let-19V isolates, and strain WF-1. All dsRNA samples were treated with DNase I and S1 nuclease prior to electrophoresis. The actin
gene was used as an internal control. The predicted lengths of the RT-PCR products for CP and RdRp of SsPV1/WF-1 are 300 and 320 nt, respectively.
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ted to S. sclerotiorum strain R6 and S. minor strain SM-1 via hyphal
contact. Strain R6 was a protoplast-derived isolate of hypovirulent
strain SZ-150, which is coinfected with two viruses, Sclerotinia
sclerotiorum RNA virus 1 (SsRV1/SZ150) and Sclerotinia sclerotio-
rum hypovirus 1 (SsHV1/SZ150) (37). Once strain R6 acquired
SsPV1/WF-1 from strain WF-1, SsPV1-infected strain R6 was
named strain R6V. When the mycelium of R6V contacted that of
virus-free strain 1980 on a PDAY plate, SsPV1/WF-1 was horizon-
tally transferred to strain 1980, but SsRV1/SZ150 and SsHV1/
SZ150 were not (Fig. 7A and C). Similar results were observed for
the interaction between strain SM-1 and strain 1980. Strain SM-1
carries an uncharacterized dsRNA virus, SmRV/SM-1, and
SM-1V is strain SM-1 coinfected with two distant viruses, SsPV1/
WF-1 and SsRV/SM-1. When the mycelium of strain SM-1V con-
tacted that of virus-free strain 1980 on a PDAY plate, SsPV1/WF-1
was horizontally transmitted into different Sclerotinia species, but
SmRV1 was not (Fig. 7B and C). It is important to note that the
hypovirulence-associated traits and SsPV1/WF-1 were cotrans-
mitted between different vegetatively incompatible strains (Fig.
7). Based on the above-described results, we conclude that the
transmission properties are a function of SsPV1/WF-1.

DISCUSSION

In the present study, we isolated and characterized a novel myco-
virus, SsPV1/WF-1, from a hypovirulent strain (WF-1) of the
plant fungal pathogen S. sclerotiorum. Based on three separate

properties (nucleotide sequence, genome organization, and virus
structure), SsPV1/WF-1 was unambiguously identified as a new
member of the family Partitiviridae. Our experiments convinc-
ingly demonstrate that SsPV1/WF-1 causes hypovirulence in S.
sclerotiorum. Previously, members of the family Partitiviridae
were considered to be associated typically with latent infections,
since they seldom have any significant impact on their hosts (16).
However, at least three different partitiviruses are likely responsi-
ble for inducing abnormal phenotypes or virulence reduction in
their hosts. First, Flammulina velutipes browning virus (FvBV) is
known to be associated with the cap color of the fruiting bodies of
Flammulina velutipes; FvBV was detected in strains that produce
browning cups, whereas virus-free strains produce white cups
(44). Second, Aspergillus fumigatus partitivirus 1 (AfuPV-1)-in-
fected strain Af-237y-88 of Aspergillus fumigatus showed abnor-
mal colony phenotypes, including slow growth, sectoring, and
production of light pigmentation. However, any impact of
AfuPV-1 on the virulence of its host is still unknown (45). Third,
Rhizoctonia solani partitivirus 2 (RsPV2) was demonstrated to be
associated with hypovirulence in Rhizoctonia solani AG-1IA (46).
Recently, RnPV2 (Rosellinia necatrix partitivirus 2) without defec-
tive interfering dsRNA1 (DI-dsRNA1) was introduced into a Di-
cer-like 2 knockout mutant (
dcl-2) and a wild-type strain of the
nonnatural host C. parasitica. The RnPV2-infected 
dcl-2 mutant
strain displayed disease symptoms, but the RnPV2-infected wild-
type strain displayed a normal phenotype (47).

FIG 6 Transfection of protoplasts of virulent Botrytis cinerea strain KY-1 with purified SsPV1/WF-1 particles. (A) Comparison of colony morphologies of
parental strain KY-1 and SsPV1-transfected isolates KY-1V1 and KY-1V2 at 5 and 20 days postinfection. (B) RT-PCR detection of SsPV1/WF-1 dsRNA in extracts
from individual isolates. The predicted lengths of the PCR products for CP and RdRp are 300 and 320 nt, respectively. (C) Comparison of hyphal growth rates
for strains KY-1, KY-1V1, and KY-1V2 on PDAY medium (20°C). (D) Comparison of numbers of sclerotia per plate produced by strains KY-1, KY-1V1, and
KY-1V2 on PDAY medium (20°C; 20 days postinfection). The results plotted in each histogram are expressed as arithmetic means � standard errors of the means.
Asterisks indicate a significant difference (P 	 0.05) among strains of S. sclerotiorum according to the Student t test. (E) Virulence testing on detached leaves of
A. thaliana with different isolates of B. cinerea (20°C; 2 days postinfection). Strains KY-1V1 and KY-1V2 show hypovirulence. (F) Infection of B. cinerea conidia
with SsPV1 is eventually lethal to infected hyphae. Plates of PDAY medium were seeded with 200-�l conidial suspensions (105 spores) of B. cinerea KY-1 and
KY-1V1. Most SsPV1/WF-1-infected conidia of B. cinerea can produce a germination tube after 36 h but are unable to develop into colonies. This phenomenon
was further confirmed by light microscopy.
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Clearly, SsPV1/WF-1 caused severe weakening of its host. Be-
sides exhibiting reduced virulence, virus-infected strains grew
more slowly with frequent sectoring, abnormal colony morphol-
ogy, reduced sclerotium production, as well as defects in apoth-
ecium formation under field conditions and in the laboratory.
These altered phenotypes caused by SsPV1/WF-1 are similar to
those previously reported for hypovirulent strains of S. sclerotio-
rum (8, 11, 32, 48) and other phytopathogenic fungi (7, 48–50).
Moreover, virus-infected strains showed excessive hyphal branch-
ing at the colony margin, and cytoplasmic extrusion at hyphal tips
was often observed.

In general, reduced conidium production is a characteristic
property of many fungi that are infected by hypovirulence-asso-
ciated mycoviruses. Depressed production of conidia has been
observed for hypovirus-infected strains of C. parasitica (51) and
mycovirus-infected strains of Diaporthe ambigua (52). In addi-
tion, previous studies indicated that conidium production was
reduced significantly in mycovirus-associated, hypovirulent
strains of B. cinerea (53, 54). Unexpectedly, we found that al-
though wild-type strain KY-1 produced conidia in a normal fash-
ion, SsPV1-infected strains KY-1V1 and KY-1V2 of B. cinerea pro-
duced more conidia than did strain KY-1. Furthermore, although
the conidia produced by virus-infected strains could germinate on
PDAY medium, most germinating conidia, when transferred into
fresh PDAY medium, could no longer develop new colonies. This
phenomenon suggested that SsPV1/WF-1 boosts conidium pro-
duction in an unusual manner but also suppresses mycelial
growth of B. cinerea subsequent to germ tube formation.

Although SsPV1/WF-1 markedly affects its hosts, its produc-
tive infection and spread via hyphal contact are evidently main-

tained in S. sclerotiorum and B. cinerea. We made several attempts
to eliminate SsPV1/WF-1 from strain WF-1 using different ap-
proaches, as previously described (10), but these attempts proved
unsuccessful. In many fungus-mycovirus systems, some conidia
do not harbor any virus, and strains developed from these conidia
remain virus free (50). Our attempts to cure B. cinerea strains
KY-1V1 and KY-1V2 of SsPV1/WF-1 by isolating single conidia
also failed. This result was quite unexpected since, as mentioned
above, most conidia produced by virus-infected strains did not
develop new colonies, although all isolates still carried virus. Fur-
thermore, SsPV1/WF-1 also persists in the mycelia and sclerotia of
its new hosts (S. sclerotiorum strain 1980 and B. cinerea strain
KY-1) even when transfectants are successively subcultured via
hyphal tip isolation or single-sclerotium isolation for more than
five rounds. Therefore, SsPV1/WF-1 replicates stably in mycelia
and sclerotia of S. sclerotiorum and B. cinerea.

The success in the use of hypoviruses to control chestnut blight
disease continues to inspire and stimulate phytopathologists to
identify mycoviruses that can be exploited for biological control of
other fungal diseases. However, owing to the vegetative incom-
patibility of fungal pathogens and the subsequent poor trans-
mission of mycoviruses in nature (55), there are major obsta-
cles that must be overcome to achieve effective means of
virocontrol of fungal diseases. Previously, we reported that a
DNA mycovirus, SsHADV-1, of S. sclerotiorum was easily and ef-
ficiently transmitted among different vegetative compatibility
groups (8). In the present study, we showed that SsPV1/WF-1 can
be transmitted and spread in different vegetative compatibility
groups and can also be transmitted to S. nivalis interspecifically.
Thus, we believe that other mycoviruses with robust productive

FIG 7 Transmission of SsPV1/WF-1 between vegetatively incompatible host strains. (A) Colony morphology of strains R6, R6V, and 1980/R6V. R6V represents
the strain that arises from R6 after contact with hypovirulent strain WF-1, whereas 1980/R6V represents strain 1980 after dual culturing and contact with strain
R6V. (B) Colony morphology of strains SM-1, SM-1V, and 1980/SM-1V. SM-1V is a strain of S. minor SM-1 after strain SM-1 was dually cultured with strain
WF-1 on a PDAY plate. 1980/SM-1V was a subculture that was cut out from side of strain 1980 after mycelia of strain SM-1V and 1980 contacted on a PDAY plate.
(C) dsRNA extraction and RT-PCR detection of SsPV1/WF-1 in individual strains. All dsRNA samples were treated with DNase I and S1 nuclease prior to
electrophoresis. The actin gene was used as an internal control. The predicted lengths of the RT-PCR products for CP and RdRp of SsPV1/WF-1 are 300 and 320
nt, whereas the predicted PCR products from SsHV1/SZ150, SsRV/SZ150, and SmRV/SM-1 are 252, 462, and 424 nt, respectively. The primers for virus detection
are shown in Table S1 in the supplemental material.
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infection and spread do exist, regardless of the nature of their
genomes (double/single-stranded RNA or ssDNA), and they may
be effective agents for controlling fungal diseases, especially those
that occur annually.

B. cinerea is closely related phylogenetically to S. sclerotiorum:
they are both typical necrotrophic pathogens with wide host
ranges and share similar ecological niches (43). Recently, B. ci-
nerea was ranked by fungal pathologists as being the second most
important pathogenic fungus based on scientific/economic im-
portance in the journal Molecular Plant Pathology (56). Some hy-
povirulence-associated mycoviruses from B. cinerea and its re-
lated species Botrytis porri have been isolated and characterized
(10, 54, 57), but these Botrytis viruses are unlikely to be used for
control of diseases caused by these fungi under field conditions
because they are easy to be eliminated via asexual propagation (see
below). Expansion of the host range of mycoviruses has been ac-
complished for many fungus-mycovirus systems (7, 8, 24, 58–60).
Here we have also shown that SsPV1/WF-1 can transfect B. cinerea
protoplasts in the presence of PEG, and we further demonstrated
that this virus strongly impacts its new host. Indeed, virus-infected
B. cinerea showed hypovirulence and produced many inviable
conidia. B. cinerea produces abundant conidia continuously dur-
ing the infection season, and the prevalence of gray mold in crops
is dependent mainly on conidia. Thus, SsPV1/WF-1 can inhibit
the disease cycle of gray mold by affecting both plant infection and
conidial germination.

The cryoreconstruction of SsPV1/WF-1 clearly shows that
SsPV1/WF-1 has a capsid whose structure and arrangement of CP
dimers follow the basic principles of all other fungal partitiviruses
that have been characterized to date by cryo-EM or X-ray crystal-
lography (25–27). Dimers in partitiviruses, as opposed to those in
other T�2 dsRNA viruses, uniquely consist of two CP monomers
in a head-to-head arrangement (20). However, in totiviruses and
reoviruses, for example, the CPs adopt side-by-side arrangements.
Compared to the other partitiviruses, SsPV1/WF-1 has the steep-
est protrusions, but the functional significance of any of the ele-
vated structural features of partitiviruses remains a mystery, since
none of these viruses exist extracellularly, nor do they require
binding to a receptor to gain entry into their hosts. It is certainly
possible (but unproven) that distinct features of the SsPV1/WF-1
capsid, including the steeper projections, may enable this virus to
uniquely transfect fungi of different compatibility groups or in-
terspecifically and cause hypovirulence.

In summary, we have isolated and characterized an unusual
partitivirus, SsPV1/WF-1, from S. sclerotiorum and showed that
this virus causes hypovirulence in its host. SsPV1/WF-1 is infec-
tious as purified virions and can transmit and spread easily via
hyphal contact among different vegetative compatibility groups of
its host. It can be transmitted to S. nivalis or S. minor interspecifi-
cally through direct contact between strain WF-1 of S. sclerotiorum
and strain Let-19 of S. nivalis or strain SM-1 of S. minor. SsPV1/
WF-1 virions can also transfect and cause hypovirulence in B.
cinerea, which, like S. sclerotiorum, is a member of the family Scle-
rotiniaceae. The results of this study suggest that partitiviruses
significantly impact the viability of their fungal hosts and, hence,
that they are potentially useful agents for controlling fungal dis-
eases of plant crops. Finally, these studies highlight an excellent
system that can provide the means to explore the mechanisms by
which partitiviruses interact with their hosts.
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