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ABSTRACT

A recombinant strain of Sclerotinia sclerotiorum hypovirus 2 (SsSHV2) was identified from a North American Sclerotinia sclero-
tiorum isolate (328) from lettuce (Lactuca sativa L.) by high-throughput sequencing of total RNA. The 5'- and 3'-terminal re-
gions of the genome were determined by rapid amplification of cDNA ends. The assembled nucleotide sequence was up to 92%
identical to two recently reported SSHV?2 strains but contained a deletion near its 5’ terminus of more than 1.2 kb relative to the
other SsHV2 strains and an insertion of 524 nucleotides (nt) that was distantly related to Valsa ceratosperma hypovirus 1. This
suggests that the new isolate is a heterologous recombinant of SSHV2 with a yet-uncharacterized hypovirus. We named the new
strain Sclerotinia sclerotiorum hypovirus 2 Lactuca (SsSHV2L) and deposited the sequence in GenBank with accession number
KF898354. Sclerotinia sclerotiorum isolate 328 was coinfected with a strain of Sclerotinia sclerotiorum endornavirus 1 and was
debilitated compared to cultures of the same isolate that had been cured of virus infection by cycloheximide treatment and hy-
phal tipping. To determine whether SSHV2L alone could induce hypovirulence in S. sclerotiorum, a full-length cDNA of the
14,538-nt viral genome was cloned. Transcripts corresponding to the viral RNA were synthesized in vitro and transfected into a
virus-free isolate of S. sclerotiorum, DK3. Isolate DK3 transfected with SSHV2L was hypovirulent on soybean and lettuce and
exhibited delayed maturation of sclerotia relative to virus-free DK3, completing Koch’s postulates for the association of hypo-
virulence with SsHV2L.

IMPORTANCE

A cosmopolitan fungus, Sclerotinia sclerotiorum infects more than 400 plant species and causes a plant disease known as white
mold that produces significant yield losses in major crops annually. Mycoviruses have been used successfully to reduce losses
caused by fungal plant pathogens, but definitive relationships between hypovirus infections and hypovirulence in S. sclerotio-
rum were lacking. By establishing a cause-and-effect relationship between Sclerotinia sclerotiorum hypovirus Lactuca (SsSHV2L)
infection and the reduction in host virulence, we showed direct evidence that hypoviruses have the potential to reduce the sever-
ity of white mold disease. In addition to intraspecific recombination, this study showed that recent interspecific recombination
is an important factor shaping viral genomes. The construction of an infectious clone of SSHV2L allows future exploration of the
interactions between SsHV2L and S. sclerotiorum, a widespread fungal pathogen of plants.

Sclerotinia sclerotiorum (Lib.) de Bary is a cosmopolitan fungal
plant pathogen that causes necrotic diseases (e.g., Sclerotinia
stem rot) in more than 400 plant species, which result in yield
losses in major crops each year (1-3). However, the diseases
caused by S. sclerotiorum have not been adequately controlled by
conventional technologies thus far (4, 5). A number of mycovi-
ruses have been molecularly characterized and associated with
attenuation of the virulence of S. sclerotiorum, including a DNA
virus (6, 7), a negative-sense RNA virus (8), mitoviruses (9, 10),
and double-stranded RNA (dsRNA) (11) and single-stranded
positive-sense RNA [ss(+)RNA)] viruses (12—17). Given the ob-
servations that mycoviruses transmitted intercellularly through
hyphal anastomosis and extracellularly via viral particles can in-
duce hypovirulence in S. sclerotiorum (7, 18), mycoviruses offer a
promising approach to reduce crop damage caused by the fungus.

To date, two hypoviruses have been identified that infect S.
sclerotiorum, Sclerotinia sclerotiorum hypovirus 1 (SsHV1) (17)
and Sclerotinia sclerotiorum hypovirus 2 (SsHV2) (15, 16). SsHV1
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was identified from S. sclerotiorum colonizing rapeseed (Brassica
napus L.) and has a 10-kb RNA genome that contains a single large
open reading frame (ORF) that encodes a polyprotein closely re-
lated to Cryphonectria hypovirus 3 (CHV3) and CHV4 (17). Cul-
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tures of S. sclerotiorum infected with SsHV1 also contained a
3.6-kb satellite RNA, the 5’ untranslated region (UTR) of which
shared high nucleotide sequence identity with the 5" UTR of
SsHV1 (17). Based on comparisons of the dsRNA profiles and
virulence properties of protoplast regenerants, SSHV1 alone did
not appear to induce hypovirulence in S. sclerotiorum. Two strains
of SsHV2, SsHV2/5472 and SsHV2/sx247, have been identified,
one from S. sclerotiorum infecting tomato (Solanum lycopersicum
L.) and one from S. sclerotiorum infecting rapeseed, respectively
(15, 16). The genome sequences of the two SsHV2 strains con-
tained single large ORFs that encoded polyproteins most closely
related to the large polyprotein of CHV1. Both SsHV2-infected
fungal isolates were originally coinfected with other mycoviruses
(15, 16). The association of SsHV2 with hypovirulence also was
characterized by comparing dsRNA patterns and relative viru-
lence on host plants of fungal cultures derived from protoplast
regenerants (15, 16). Unlike SsHVI1, both SsHV2/5472 and
SsHV2/sx247 were associated with reduced virulence in S. sclero-
tiorum, with greater variation in hypovirulence with SsSHV2/5472.

Hypoviruses have been identified infecting four other fungal
species, Cryphonectria parasitica, Diaporthe (syn. Phomopsis) lon-
gicolla, Fusarium graminearum, and Valsa ceratosperma (19-22).
Despite what the family name implies, infection of fungal hosts by
members of the Hypoviridae does not always induce hypoviru-
lence. Three of the four hypoviruses of C. parasitica, CHV1,
CHV?2, and CHV3, and the two strains of SSHV2 have been asso-
ciated with hypovirulence of their fungal hosts (15, 16, 23). In
contrast, analysis of dsSRNA patterns and virulence properties of
multiple C. parasitica isolates suggested that CHV4 has little effect
on fungal virulence (24). Similar analyses of dsRNA patterns and
virulence properties suggested that Fusarium graminearum hypo-
virus 1 (FgHV1), Phomopsis longicolla hypovirus 1 (PIHV1), and
Valsa ceratosperma hypovirus 1 (VcHV1) produced hypoviru-
lence only when the fungal hosts were coinfected with separate
satellite RNAs (20-22).

Because hypoviruses do not form particles for extracellular
transmission, transfection of virus-free isolates with infectious
full-genome cDNA clones is required to prove cause-and-effect
relationships between hypovirus infection and hypovirulence.
Only in the case of CHV1 has a virus-free fungal host been trans-
fected with synthetic viral RNAs to demonstrate a cause-and-ef-
fect relationship between hypovirus infection and hypovirulence
(25-27).

In this study, we identified a strain of SSHV2, named SsHV2L,
from a North American isolate of S. sclerotiorum through a novel
metatranscriptomic approach, chemically analyzed the secondary
structure of its 5" untranslated region (UTR), and characterized
the relationship between SsHV2L and S. sclerotiorum. Two ap-
proaches were used to investigate whether SSHV2L induces hypo-
virulence in S. sclerotiorum. First, SSHV2L-infected S. sclerotiorum
was treated with cycloheximide and hyphal tipped to produce a
virus-free culture of the fungus. Second, protoplasts of a virus-free
S. sclerotiorum isolate were transfected with full-length infectious
transcripts of SSHV2L synthesized in vitro.

MATERIALS AND METHODS

Fungal isolates and growth conditions. A collection of 138 isolates of S.
sclerotiorum from various hosts and locations in North America, main-
tained by the authors, was used in this research. Virus-infected isolate 328
was collected from lettuce in Arizona, USA, and virus-free S. sclerotiorum
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isolate DK3 was collected from soybean (Glycine max L. Merr.) in Illinois,
USA (28). Cultures were maintained on potato dextrose agar (PDA)
(Difco, Detroit, MI) at 22 to 24°C. For extraction of total RNA, cultures
were grown in potato dextrose broth (PDB) for 5 to 7 days, and mycelia
were collected on Whatman filter discs using Buchner funnels. One hun-
dred milligrams of mycelia was transferred to 2-ml screw-cap tubes and
frozen at —80°C until homogenization. Mycelia were homogenized with
zinc-coated metal beads (3 mm in diameter) by dipping the tubes in liquid
nitrogen for 10 s and pulverizing the tissue using a Mini Spec bead beater.
The freezing in liquid nitrogen and beating were repeated until the myce-
lia were fully pulverized.

Extraction of total RNA and high-throughput sequencing (HTS).
Total RNA was extracted from pulverized mycelia of 138 individually
cultured field isolates of S. sclerotiorum using the RNeasy plant minikit
(Qiagen, Valencia, CA). RNA samples were combined into three pools to
facilitate identification of mycovirus-infected isolates and reduce the
number of individual isolates that needed to be screened for individual
mycoviruses. After depletion of the samples of rRNA with a Ribozero
plant kit (Epicentre, Madison, WI), sequencing libraries were prepared
from each of the three pooled RNA samples using the TruSeq stranded
RNA sample preparation kit (Illumina, San Diego, CA). Libraries were
quantitated by quantitative PCR (qPCR) and sequenced on three lanes for
101 cycles from each end of the fragments on an Illumina HiSeq 2000
sequencer using a TruSeq SBS sequencing kit version 3 (Illumina). FastQ
files were generated with Casava 1.8.2 (Illumina), and reads with lengths
of 100 nucleotides (nt) were used for de novo transcriptome assembly with
Trinity (29). A multiple-kmer strategy was used for de novo transcriptome
assembly, which increased contiguity and thus viral genome identifica-
tion. kmers of 20, 25, and 30 were used. Sclerotinia sclerotiorum-derived
sequences were removed by comparing the contigs to S. sclerotiorum gene
models available from the Sclerotinia sclerotiorum Sequencing Project,
Broad Institute of Harvard and MIT (http://www.broadinstitute.org/),
using BLASTN (30). The remaining scaffolds were subjected to homology
searches with BLASTX against the NCBI nonredundant amino acid se-
quence database.

RT-qPCR and RACE. When sequence reads from SsHV2L or SsEV1
were detected in an RNA pool, total RNA from each S. sclerotiorum isolate
in that pool was analyzed by reverse transcriptase gPCR (RT-qPCR) with
primers specific for SSHV2L (14576F [5'-GCGTTTGGCGTTCTCACTA
T-3'] and 14675R [5'-CGACACTCTCATCGCTCAAG-3']) or SsEV1
(80F [5'-TTTGGGTCCCTCTCAAAAGA-3"] and 200R [5'-TGGGGTTA
GGCGTAAGTTTG-3']) using the Power SYBR green RNA-to-CT 1-Step
kit (Life Technologies, Grand Island, NY) in an ABI 7500 sequence detec-
tion system (Applied Biosystems, Foster City, CA) to determine which
isolate(s) was infected with the viruses. To complete the genome sequence
of SsHV2L, the 5'- and 3'-terminal sequences were determined using the
FirstChoice RLM-RACE (rapid amplification of cDNA ends) kit (Life
Technologies). Primers 315R (5'-TCTTCTAGGGCACTACTCCACAG
A-3") and 264R (5'-GAAAATTCAGGACCATCACGCACA-3') were
used for 5" RACE as outer and inner primers, respectively. Primers 14391F
(5'-ACATGTCAAGTCAAGAAGGGAGCA-3') and 14604F (5'-GGTTA
CCTTCCATCCCCTCTCTTC-3") were used for 3" RACE as outer and
inner primers, respectively.

Phylogenetic and sequence analyses. For phylogenetic analyses,
amino acid sequences of the large polyproteins of CHV1 (NP_041091),
CHV2 (NP_613266), CHV3 (NP_051710), CHV4 (YP_13851), FgHV1
(YP_00901106P1), PIHV1 (YP_009051683), SsHV1 (YP_004782527), SsHV2/
5472 (YP_008828161), SsHV2L (KF898354), SsHV2/sx247 (AIA61616), and
VcHV1 (YP_005476604) were downloaded from GenBank. The plum
pox virus (NP_040807) polyprotein amino acid sequence was used as an
outgroup to root trees. Sequences were aligned using MUSCLE (31), and
neighbor-joining trees were constructed using MEGA 6.0 (32). GeneDoc
(33) was used to calculate percent nucleotide and amino acid sequence
identities to other hypovirus-like viruses. Recombination events were pre-
dicted using RDP4.36 (34) and the Recombination Analysis Tool (35).
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The nucleotide sequences of the three SSHV2 isolates were aligned using
MAFFT (36), and conserved protein domains were identified with the
HMMER web server (37).

“Curing” of S. sclerotiorum isolate 328 of virus infections and viru-
lence assays. Sclerotinia sclerotiorum 328 was cured of infection by
SsHV2L and SsEV1 by growth on PDA amended with 355 uM cyclohex-
imide on the lab bench at room temperature (22 to 24°C) without sup-
plemental lighting for 10 days and hyphal tipping (38). Reductions in
virus titers were evaluated by RT-qPCR with total RNA extracted from
cycloheximide-treated cultures and electrophoretic analysis of dSRNA ex-
tracts. Colony morphologies on PDA and virulence levels on detached
leaves of lettuce (Lactuca sativa L. var. longifolia) were compared. Young
lettuce leaves (~5 cm long) were inoculated with each S. sclerotiorum
isolate by placing a single 5-mm PDA disc from the edge of 4-day-old
actively growing cultures on the center of a freshly harvested leaf. Two
perpendicular measurements of lesion diameter were taken daily and av-
eraged. The pair of isolates was compared twice with six and 30 replica-
tions for each trial, respectively. The GLM procedure of SAS ver. 9.4 (SAS
Institute, Cary, NC) was used to compare lesion diameters produced by
virus-free and virus-infected S. sclerotiorum cultures infected with SSEV1
and SsHV2L by Fisher’s least significant difference test.

Construction of an infectious full-length clone of SSHV2L. A full-
length cDNA clone of the SSHV2L genome was made from two overlap-
ping cDNA fragments by RT-PCR from total RNA extracted from S. scle-
rotiorum isolate 328 infected with SSHV2L that were then joined via a
native Sacll site at position 5975. Specifically, cDNA was synthesized us-
ing primer 6890R (5'-ATGAGCACTCTGGCCAGGTATTC-3") and total
RNA as the template. The 5 half of the SSHV2 genome was amplified
using a 5"-specific forward primer (5'-TTTTTGGGGATGGTACTCTCA
GGTTTGATC-3") and 6012R (5'-AAAAGTTGGTGTGATGAATCCCT
TCTCGATCTAC-3") using iProof DNA polymerase (Bio-Rad Laborato-
ries, Hercules, CA), cloned into pCR-Blunt II-TOPO (Life Technologies),
gel purified, and digested with SacI and Sacll. Using primer 3P [5'-GAG
AGAGCTC(T),sGCTTTTACGCGTTCACACCAT-3'], which contained
a Sacl recognition site (underlined), 26 T residues, and a sequence com-
plementary to the 21 nt of SSHV2L immediately upstream of the poly(A)
tail, cDNA was synthesized from total RNA. The 3" half of the SSHV2L
genome was amplified using primers 5898F (5" CGTATTGTCAACAGG
TGTGGCCTTCCTTTTATCACTTTTGGTCTGG-3") and 3P, gel puri-
fied, and digested with SacI and Sacll. Ligation of the two pieces resulted
in a full-length cDNA clone of SsSHV2L.

Transfection of S. sclerotiorum protoplasts with synthetic tran-
scripts, virulence assay, and sclerotium quantification. The full-length
clone of SSHV2L was cleaved with Sacl and transcribed in vitro by T7 RNA
polymerase using the mMessage mMachine T7 transcription kit (Life
Technologies). Protoplasts were prepared from virus-free S. sclerotiorum
isolate DK3 as described by Kohn et al. (39) with an enzyme digestion time
of 3 h. Approximately 1.3 X 10° cells/100 ul were transfected with in vitro
transcripts as previously described (25). Transfected protoplasts were
plated on PDA and transferred weekly to fresh plates. Infection of S. scle-
rotiorum with SsSHV2L was detected by RT-qPCR using total RNA ex-
tracted from fungal hyphae as described above and confirmed by analysis
of dsRNA patterns.

Levels of growth and sclerotium production on PDA and virulence on
detached leaves of lettuce and soybean (line LD9148) were compared for
virus-free isolates DK3 and DK3 transfected with SSHV2L. One 5-mm
PDA disc from the edge of a 4-day-old actively growing culture was inoc-
ulated onto the center of a fresh PDA plate. Numbers of sclerotia pro-
duced by the cultures were recorded in two trials of three and four repli-
cations a week after inoculation. For virulence assays, a single 5-mm PDA
disc from the edge of a 4-day-old actively growing culture was placed on
the center of a freshly harvested lettuce leaf or a detached center leaflet (4
to 5 cm long) from the first trifoliate leaf of a soybean seedling. All leaves
were incubated at room temperature on a lab bench in sterile petri dishes
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without supplemental lighting. Two perpendicular measurements of le-
sion diameter were averaged daily.

Extraction of dsRNA. A modified procedure was used to purify
dsRNA based on the method of Depaulo and Powell (40). The extracts
were further purified to remove most of the single-stranded RNA and
chromosomal DNA by CF-11 cellulose chromatography (41). The eluates
were treated with S1 nuclease (Promega, Madison, WI) and Turbo DNase
(Life Technologies) and visualized on 0.8% agarose gels.

TEM. Discs (5 mm) of mycelia from isolate 328, virus-free DK3, and
DK3 transfected with SSHV2L grown on PDA were fixed in Karnovsky’s
fixative in phosphate-buffered 2% glutaraldehyde and 2.5% paraformal-
dehyde. Standard microwave procedures were used for embedding (42).
The tissue was subjected to ultrathin sectioning, stained, and visualized
for transmission electron microscopy (TEM) with a Hitachi H600 trans-
mission electron microscope at the Frederick Seitz Materials Research
Laboratory, University of Illinois.

Structure of the SSHV2L 5’ UTR. The secondary structure of the
SsHV2L 5" UTR was evaluated by selective 2’ -hydroxyl acylation analyzed
by primer extension (SHAPE) (43, 44). First, a template for in vitro tran-
scription of an RNA corresponding to the 5'-terminal 428 nt of the
SsHV2L genome was amplified using primers 5'-GAACCGGACCGAAG
CCCGATTTGGATCCGGCGAACCGGATCGACGCACTGGTCTATTT
CCAAGGGGG-3' and 5'-GAGAGAGTGGTAATACGACTCACTATAG
GGCCTTCGGGCCAATTTTTGGGGATG-3', which added a T7 RNA
polymerase promoter and bounding structures to the RNA template (43).
The amplicon was transcribed in vitro by T7 RNA polymerase using the
RiboMax large-scale RNA production system (Promega). RNA tran-
scripts (36 pmol) were folded and treated with 12 mM or 20 mM N'-
methylisatoic anhydride (NMIA) (dissolved in dimethyl sulfoxide
[DMSO]) or DMSO alone for 45 min at 22°C or 37°C. 6-Carboxyfluores-
cein (FAM)- and hexachlorofluorescein (HEX)-labeled primers (5'-GAA
CCGGACCGAAGCCCG-3") complementary to the 3" adapter (43) and
FAM- and HEX-labeled primers complementary to nt 262 to 285 of the
SsHV2L 5" UTR were used for reverse transcription. Transcripts treated
with NMIA or DMSO alone were extended with FAM-labeled primers.
Untreated transcripts were reverse transcribed in the presence of ddCTP
to generate a sequence ladder to align extension products to the reference
sequence. Data were normalized and reactivities were calculated by
QuShape (45). Reactivity values greater than 0.85 were used to constrain
RNA secondary structure predictions by Mfold 2.3 (46). Nucleotide po-
sitions with reactivities between 4.0 and 0.85 were used to select between
structures with similar free energies.

Nucleotide sequence accession numbers. We deposited the SSHV2L
sequence in GenBank under accession number KF898354. The assembled
sequence of SSEV1 from isolate 328 was deposited under GenBank acces-
sion number KC460912.

RESULTS

Metatranscriptomic identification of mycoviruses infecting S.
sclerotiorum. Each HTS library produced from 5.3 X 107 to 1.7 X
10® 100-nt reads. Homology searches of the assembled sequences
against the NCBI virus amino acid sequence database using
BLASTX identified contigs of 14,512 nt in the kmer = 25 and
kmer = 30 assemblies from a pool of 64 S. sclerotiorum isolates that
aligned with sequences of strains of SSHV2 from China (SsHV2/
sx247, GenBank accession number KJ561218) and New Zealand
(SsHV2/5472, GenBank accession number YP_008828161) (15,
16). A total 0£20,322 100-nt reads aligned to each of the contigs for
an average 140-fold depth of coverage. No sequence reads gener-
ated from the other two total RNA pools aligned to the contigs.
Using primers designed based on the HTS assembly, RT-qPCR
identified only S. sclerotiorum isolate 328 as infected with the virus.
A second contig of 10,585 nt (GenBank accession number
KM923990) was identified in the kmer = 25 assembly and con-
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FIG 1 Comparisons of the organizations of three isolates of Sclerotinia sclerotiorum hypovirus 2 (SsHV2), isolates SSHV2L, SsSHV2/5472, and SsHV2/sx247, with
those of Cryphonectria hypoviruses 1, 2, 3, and 4 (CHV1, -2, -3, and -4). (A) Comparisons of the genome sequences of SSHV2L, SsHV2/5472, and SsHV2/sx247
showing the positions of deletions (dotted lines) and insertion of a sequence distantly related to Valsa ceratosperma hypovirus 1 (VcHV1) in SsHV2L. (B) Plot of
the nucleotide sequence identities of SSHV2L with SsHV2/5472 and SsHV2/sx247 created with the Recombination Analysis Tool (35). (C) Genome organizations
of CHV1, -2, -3, and -4. The positions of the glucosyl transferase, helicase, peptidase, and RNA-dependent RNA polymerase (RdRp) signature sequences are

indicated for each open reading frame (ORF).

firmed to be present in isolate 328 by RT-qPCR with a nucleotide
sequence that was 92% identical to SSEV1 (GenBank accession
number KC852908) and 81% identical to Sclerotinia sclerotiorum
endornavirus 2 (GenBank accession number KJ123645) (47). A
total of 20,460 100-nt reads aligned to the contig for an average
193-fold depth of coverage. The assembled sequence represented
98% of the 10,770-nt SSEV1 genome. Hence, S. sclerotiorum iso-
late 328 was infected with two viruses, a hypovirus-like virus with
a 14-kb genome and an endornavirus-like virus with a 10-kb ge-
nome. Rapid amplification of cDNA ends extended the hypovirus
contig to 14,538 nt. We named the U.S. strain Sclerotinia sclerotio-
rum hypovirus 2 Lactuca (SsSHV2L).

Molecular characterization and phylogenetic analysis of the
hypovirus. The complete genome sequence of SSHV1L contained
one 13,786-nt-long ORF that was predicted to encode a 519-kDa
polyprotein. The OREF starts at the AUG triplet at nt 425 and ends
with a UAG termination codon at nt 14209. As reported for
SsHV2/5472 and SsHV2/sx247, the polyprotein was predicted to
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contain domains for a papain-like protease (nt 1798 to 2073),
RNA-dependent RNA polymerase (RARP; nt 9793 to 10437), and
helicase (nt 11646 to 12894) (15, 16) (Fig. 1A). In addition, the
first 86 residues of the SSHV2L polyprotein were 28% identical to
the amino-terminal region of the VcHV1 polyprotein and con-
tained a second domain conserved among C8 peptidases. The as-
sembled sequence of SSEV1 from isolate 328 also contained a sin-
gle long ORF starting at nt position 5 and extending to position
10480. The ORF was predicted to encode a polyprotein of 393 kDa
that included domains for a methyltransferase (nt 809 to 1582), a
DEAD-like helicase (nt 1012 to 3625), a viral RNA helicase (nt
5363 to 6052), and RdRp (nt 9191 to 9913).

Strain SsHV2L differed from SsHV2/sx47 and SsHV2/5472 by
a 1.2-kb deletion near the 5" terminus of the virus genome and
insertion of 524 nt (Fig. 1A). The sequence of the 5" UTR of
SsHV2L diverged from those of the other two isolates beginning at
position 313, which disrupted the first AUG codon for the large
ORF in SsHV2L/sx247. The AUG codon at this position also was
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TABLE 1 Percent nucleotide and amino acid sequence identity between SSHV2L and other confirmed and proposed members of the Hypoviridae

% sequence identity of virus”:

Virus SsHV2L SsHV2/sx247 SsHV2/5472 SsHV1 VcHV1 CHV1 CHV2 CHV3 CHV4 PIHV1 FgHV1
SsHV2L 84 85 11 11 10 10 10 10 10 9
SsHV2/sx247 80 85 11 11 10 10 11 10 10 9
SsHV2/5472 86 79 11 11 11 10 11 10 10 9
SsHV1 28 26 27 52 11 10 43 42 52 10
VcHV1 29 27 29 47 11 11 48 45 62 11
CHV1 27 26 27 24 25 10 10 10 19
CHV2 27 25 27 25 26 47 9 10 10 19
CHV3 29 28 29 48 53 25 26 36 49 10
CHV4 24 23 24 40 44 22 23 43 45 10
PIHV1 29 28 29 48 55 25 26 55 43 10
FgHV1 28 27 28 25 26 24 25 25 23 25

@ Values above the diagonal are nucleotide identity; values below the diagonal are amino acid identity.

not conserved in SsHV2/5472. At position 845, the SSHV2L nu-
cleotide sequence resumed aligning to SsHV2/sx47 and SsHV2/
5472 at positions 1527 and 1529, respectively. Therefore, the
SsHV2L nucleotide sequence contained a deletion of 1,216 and
1,215 nt relative to SSHV2/sx47 and SsHV2/5472, respectively. In
addition, SsHV2/5472 appeared to contain a 672-nt deletion rel-
ative to SSHV2L and SsHV2/sx47, which starts at position 1763 in
the SsHV2/5472 sequence. SSHV2L shared 86% and 93% identity
in nucleotide sequences in 96% and 91% of its genome to SSHV2/
sx247 and SsHV2/5472, respectively. As mentioned above, the
predicted amino acid sequence of the 524-nt insertion in SSHV2L
was more similar to, but clearly distinct from, the amino acid
sequence of the amino-terminal region of the polyprotein en-
coded by VcHVI than to those of SsHV2/sx47 or SsHV2/5472
(Fig. 1B). The divergence of the SsHV2L nucleotide sequence
from those of SsHV2/5472 and SsHV2/sx47 suggests that the 5’
recombination breakpoint with the hypovirus similar to VcHV 1 is
located between positions 312 and 313 in the 5" UTR of SsHV2L.

Besides being up to 92% identical to SsHV2/5471 and SsHV2/
sx247, the SsSHV2L polyprotein sequence was 10% identical to
CHV1and CHV2and 9% to FgHV1 (Table 1). A neighbor-joining
tree based on alignment of full-length amino acid sequences of the
eight reported hypovirus-like viruses showed relationships similar
to those previously described for SsHV2 where SsHV2L was
within a clade separate from CHV3, CHV4, SsHV1, and VcHV1
(15, 16) (Fig. 2). However, its genome structure (Fig. 1C) was
more similar to CHV3 and CHV4, which have a single ORF, than
to CHV1 and CHV2, which have two overlapping ORFs.

Effects of SSHV2L infection on fungal growth and virulence.
The levels of growth in culture and virulence on plants were com-
pared for the original S. sclerotiorum isolate 328 that was coin-
fected with SsEV1 and SsHV2L and isolate 328 cured of mycovirus
infection. Analysis of SSHV2L RNA content of S. sclerotiorum cul-
tures by RT-qPCR produced average threshold cycle (C;) values
for cycloheximide-treated cultures of greater than 35 compared to
an average of less than 16 for cultures infected with SSHV2L. This
represented at least a 5 X 10°-fold reduction in SSHV2L RNA
content in the cycloheximide-treated cultures. Compared to the
original S. sclerotiorum isolate 328 that was infected with SsEV1
and SsHV2L, cultures of cured isolate 328 showed darker pigmen-
tation in both mycelia and sclerotia and enhanced production of
sclerotia (Fig. 3A). In detached leaf assays on lettuce, average le-
sion diameters caused by cycloheximide-treated isolate 328 were
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significantly larger than those caused by the original isolate 328
(P < 0.05) (Fig. 3B and C).

To establish a cause-and-effect relationship between SsSHV2L
infection and hypovirulence in S. sclerotiorum, protoplasts of a
virus-free S. sclerotiorum isolate, DK3, were transfected with
SsHV2L in vitro transcripts. Transfection of isolate DK3 with in
vitro transcripts of SSHV2L was verified by RT-qPCR (average
C; = 18) and dsRNA analysis. As expected from the HTS data,

100

84 FgHV1

100 SsHV2-Sx247
SsHV2-5472

SsHV2L (KF898354)
CHV4

SsHV1

100 —— CHV3

100 VcHV1
3L piHv1

100

100

PPV

—
02

FIG 2 Neighbor-joining tree depicting the relationships of the predicted
amino acid sequences of the large polyproteins of SSHV2L and other con-
firmed and proposed members of the Hypoviridae. Large polyprotein amino
acid sequences of Cryphonectria hypovirus 1 (CHV1, NP_041091), Cryphonec-
tria hypovirus 2 (CHV2, NP_613266), Cryphonectria hypovirus 3 (CHV3,
NP_051710), Cryphonectria hypovirus 4 (CHV4, YP_13851), Fusarium
graminearum hypovirus 1 (FgHV1, YP_00901106P1), Phomopsis longicolla hy-
povirusl (PIHV1, YP_009051683), Sclerotinia sclerotiorum hypovirus 1
(SsHV1, YP_004782527), Sclerotinia sclerotiorum hypovirus 2/5472 (SsHV2/
5472, AHA56680), Sclerotinia sclerotiorum hypovirus 2L (SsHV2L, KF898354),
Sclerotinia sclerotiorum hypovirus 2/sx247 (SsHV2-sx247, YP_008828161),
and Valsa ceratosperma hypovirus 1 (VcHV1, YP_005476604) were aligned
with MUSCLE, and trees were inferred using MEGA6. Horizontal branch
lengths are scaled to the expected underlying number of amino acid substitu-
tions per site. Bootstrap percentages of clades are shown (when approximately
>50%) along internal branches of the trees. Topologies of the bootstrap ma-
jority-rule consensus trees were identical to those inferred from the nonresa-
mpled data sets. The plum pox virus (PPV) polyprotein amino acid sequence
was used as an outgroup to root the tree.
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FIG 3 Comparison of the growth and virulence of Sclerotinia sclerotiorum isolate 328 infected with SSHV2L and SsEV1 and isolate 328 cured of mycovirus
infection. (A) Colony morphology of S. sclerotiorum grown on potato dextrose agar at 22°C for 10 days. (B) Comparison of S. sclerotiorum virulence on detached
lettuce leaves inoculated with agar plugs containing the pathogen and incubated at 22°C for 72 h. (C) Box plot comparison of mean lesion diameters (cm) on
detached lettuce leaves from one of the two trials measured at 48 h after inoculation with mycelial agar plugs.

dsRNA extracted from S. sclerotiorum isolate 328 contained two
bands, a 14-kb band corresponding to SSHV2L and a 10-kb band
corresponding to SsEV1 (Fig. 4A). Double-stranded RNA ex-
tracted from transfected isolate DK3 contained a 14-kb dsRNA
band corresponding to SsSHV2L but not the 10-kb dsRNA band
from SsEV1. The 10-kb dsRNA band was not observed in isolate
DK3 transfected with SsSHV2L in vitro transcripts even after mul-
tiple passages. These results indicated that SSHV2L replicative-
form RNA was produced after transfection with the ss(+)RNA
transcripts and that the RNA transcripts were infectious. In de-
tached leaf assays, lesions produced by virus-free DK3 were signif-
icantly (P < 0.0005) larger than those produced by DK3 trans-
fected with SSHV2L on both soybean and lettuce leaves (Fig. 4B
and D). Significantly (P < 0.05) fewer sclerotia were produced,
and their production was notably delayed, in isolate DK3 trans-
fected with SSHV2L compared to virus-free DK3 (Fig. 4C). In a
trial of four replications, virus-free DK3 produced 52 sclerotia,
more than twice that, 22, of SSHV2L/DK3 cultures (Fig. 4D).

Electron microscopy of virus-infected and virus-free myce-
lia. Thin sections of mycelia from isolate DK3 transfected with
SsHV2L contained lipid vesicles with diameters of 30 to 40 nm
located proximal to cell walls (Fig. 5B) that were not observed in
sections of virus-free DK3 (Fig. 5A). The sizes were similar to
those observed in hypovirus-infected C. parasitica (48-50). Im-
ages of sections from S. sclerotiorum isolate 328 coinfected with
SsEV1 and SsHV2L contained lipid vesicles with diameters of 50
to 60 nm within nuclei (Fig. 5C and D) that were not present in
SsHV2L-transfected DK3.

Recombination and secondary structure. In agreement with
sequence alignments described above, RDP4 analysis of amino
acid sequences of the eight assigned and tentative members of the
Hpypoviridae predicted one significant (P = 0.01) interspecific re-
combination event near the 5’ end of the genome between the
progenitor of SSHV2L (possibly SsSHV2/5427) and an unknown
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major parent related to VcHV1 to form SsHV2L. Additionally,
RDP4 analyses of the aligned nucleotide sequences of the three
SsHV?2 isolates detected significant intraspecific events that in-
volved the unknown major parent related to SsHV2/5427 and
SsHV2/sx247 as the minor parent (P < 10~7) beginning at nt 4551
and ending at nt 7453 in SsHV2L. Within this region, the SSHV2L
sequence was 96% identical to SsSHV2/5427 but only 81% identical
to SsHV2/sx247. In contrast, the region of the SSHV2L genome
downstream of nt 7454 was on average 90% and 86% identical to
SsHV2/5427 and SsHV2/sx247, respectively (Fig. 1B).

Predictions of the structure of the 5" UTRs of SsHV2L con-
strained by reactivity with NMIA showed that the region con-
tained multiple stem-and-loop structures that were stable at both
22°C and 37°C (Fig. 6). A subset of the structures were similar to
the prediction reported by Khalifa and Pearson (16). The RNA
secondary structure derived from the SHAPE data included a large
stem-and-loop structure spanning positions 268 through 338 that
included the putative breakpoint for recombination with the
VcHV1-like virus (Fig. 1). In the RNA fragment analyzed, the
AUG codon at position 425 was predicted to be unpaired.

DISCUSSION

High-throughput sequencing technologies for metagenomics
have opened a new era for discovery of viruses that are relatively
undersurveyed in nature (51-54), including mycoviruses (55). In
this study, bioinformatic analysis of HTS data was used to assem-
ble a nearly complete genome sequence of a recombined isolate of
SsHV2 and SsEV1 without first purifying dsRNA. This allowed the
unbiased detection of mycoviruses infecting the different S. scle-
rotiorum isolates. The North American strains of SsHV2 and
SsEV1 discovered were two of more than 50 novel mycoviruses
that were identified using HTS in these analyses (S. L. Marzano,
B. D. Nelson, O. Ajayi, C. A. Bradley, T. J. Hughes, G. L. Hartman,
D. M. Eastburn, and L. L. Domier, unpublished data). Similarly,
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FIG 4 Comparison of the growth and virulence of virus-free Sclerotinia sclerotiorum isolate DK3 and isolate DK3 transfected with SSHV2L. (A) Agarose gel of
dsRNAs from S. sclerotiorum isolates 328, virus-free DK3, and DK3 transfected with in vitro transcripts from a full-length cDNA clone of SSHV2L (0.8% gel; 3-h
running time). All samples were purified by CF-11 cellulose chromatography and treated with DNase I. Sizes of DNA ladder standards (lane M) are indicated in
kilobase pairs (kb). (B) Box plot comparisons of mean lesion diameters (cm) at 72 h after inoculation with mycelial agar plugs on detached soybean (30 biological
replicates) and lettuce (eight biological replicates) leaves. (C) Comparison of colony morphologies of virus-free S. sclerotiorum isolate DK3 and isolate DK3
transfected with SSHV2L grown on potato dextrose agar for 3, 7, and 17 days at 22°C. (D) Attenuation of S. sclerotiorum virulence by SSHV2L on detached soybean

leaves at 48 h after inoculation with mycelial agar plugs at 22°C.

HTS analysis of the transcriptomes of field-grown grape (Vitis
vinifera L.) identified 26 putative mycoviruses infecting grape-
associated fungi (56). The nearly complete genome sequence as-
sembled from HTS made RACE reactions to determine the full-
length genome straightforward and facilitated the construction of
a full-length infectious cDNA clone of the viral genome, which
allowed us to establish a cause-and-effect relationship for the at-
tenuation of S. sclerotiorum virulence by SsHV?2.

Similar to observations with other fungi infected with hypovi-
ruses, polyadenylated genomic RNAs of SsSHV2L do not encode
structural proteins and are not packaged in proteinaceous virus
particles (57). Instead, fungal cells infected with CHV1 contain
pleomorphic lipid vesicles with diameters of 50 to 80 nm that
contain viral dsRNA and replicase protein (58-60). Similar mem-
brane structures were observed in the cytoplasm of S. sclerotiorum
isolate DK3 transfected with SSHV2L and in nuclei of isolate 328
naturally coinfected with both SsHV2L and SsEV1. While it is
possible that the nucleus-localized vesicles were produced by
SsEV1, subcellular fractionation studies indicated that membrane
vesicles associated with endornavirus infections were localized
within the cytoplasm (61, 62).

Infection of fungi with multiple mycoviruses is common,
which complicates the association of a particular mycovirus with a
change in fungal virulence because of potential interactions of the
mycoviruses and the possibility of additive or synergistic effects
(23, 63). Cultures of S. sclerotiorum from which SSHV2/sx247 was
isolated were coinfected with an alphaflexivirus (15), and cultures
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infected with SsSHV?2/5427 were coinfected with an endornavirus
and a negative-sense RNA virus (16). Protoplast-regenerant cul-
tures of S. sclerotiorum containing only dsRNAs from SsHV2/
sx247 were hypovirulent on rapeseed, but it was not clear whether
coinfection with the alphaflexivirus increased hypovirulence (15).
Khalifa and Pearson (47) found that protoplast-derived cultures
of S. sclerotiorum containing only dsRNAs from SsHV2/5427 were
less hypovirulent on tomato than cultures that appeared to be
coinfected with SsHV2/5427 and the endornavirus. In this study,
both HTS and dsRNA data indicated that S. sclerotiorum isolate
328 was infected with strains of SSHV2 and SsEV 1. To fully eluci-
date their roles in hypovirulence, an infectious clone of SsEV1
would have to be made to characterize the interaction between the
two viruses.

Inter- and intraspecific recombination have played important
roles in speciation and emergence of new variants in multiple
virus lineages, including hypoviruses (19, 20, 64—67). Likewise,
strains of SSHV2 appear to have multiple intra- and interspecific
recombination and deletion events. The comparatively greater
variation in the 5’ terminus of SSHV2 strains resembles the greater
variation among Cryphonectria hypoviruses (Fig. 1C). Alignments
of the nucleotide and amino acid sequences of SSHV2L to other
hypoviruses suggested that it is the product of an interspecific
recombination event that involved the papain-like protease be-
tween an SsHV2 isolate and a hypovirus distantly related to
VcHVI1. In a similar manner, the genome of FgHV1 appears to be
recombinant, with its 5’ -proximal ORF derived from a virus sim-
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FIG 5 Transmission electron micrographs of thin sections of Sclerotinia sclerotiorum isolates 328 and DK3 showing the degradation of mitochondria (M) and
of nuclei (N) and the formation of lipid vesicles (V) associated with mycovirus infection. Cross sections through mycelia of virus-free S. sclerotiorum isolate DK3
(A), isolate DK3 transfected with SSHV2L showing vesicles associated with cell walls (B), and isolate 328 infected with SSHV2L and SsEV1 (C) and a high-
magnification image of isolate 328 infected with SSHV2L and SsEV1 showing vesicles associated with the nucleus and cytoplasm (D).

ilar to CHV4 and VcHV1 and its larger 3’-proximal ORF derived
from a virus similar to CHV1 and CHV2 (20). For these recombi-
nation events to have occurred, a fungal host must have been
infected with both viruses to allow the cross-species exchange. All
three S. sclerotiorum isolates infected with SSHV2 were coinfected
with other mycoviruses, suggesting that mixed mycovirus infec-
tions are common in S. sclerotiorum and thus provide opportuni-
ties for interspecific recombination.

Like CHV1, the 5’ noncoding region of SsHV2/5472 was pre-
dicted to contain multiple stem-and-loop structures that resemble
internal ribosome entry sites (IRES) (16, 68). Probing the struc-
ture of the SSHV2L 5" UTR by SHAPE indicated that the region
contained multiple highly stable stem-and-loop structures, the
largest of which contained the putative recombination event with
the hypovirus related to VcHV1. Stem-and-loop structures have
been shown to be important for similarity-nonessential recombi-
nation in RNA viruses (69-71). Because the 5" UTRs of hypovi-
ruses often are highly structured, it is possible that stem-and-loop
structures in this region facilitated the shift of viral replicase from
the RNA of one progenitor virus species to the other during virus
replication. Both host and virus factors have been shown to be
involved in RNA-RNA recombination of hypoviruses in C. para-
sitica, including a host Argonaute enzyme and viral RNA silencing

May 2015 Volume 89 Number 9

Journal of Virology

suppressor (RSS) (72, 73). Additional studies are needed to eval-
uate the roles of secondary structures in the 5" UTR of SsHV2 in
translation initiation and recombination.

Strains of SSHV2 varied in the degree to which they attenuated
growth culture and aggressiveness on plants of S. sclerotiorum (15,
16). Unlike SsHV2/sx247, SSHV2L infection did not cause a com-
plete loss of sclerotium production. Instead, S. sclerotiorum in-
fected with SSHV2L showed reduced and delayed production of
sclerotia. Hence, SSHV2L may not be as debilitating as SsSHV2/
sx247. The difference in sclerotium production between these two
strains of the viruses may be due to differences in the 5'-proximal
regions. To evaluate the relative contributions of different por-
tions of the SSHV2 genome to variations in the abilities of the two
isolates to induce hypovirulence, chimeric viruses can be engi-
neered (26, 74). Such analyses could also elucidate interactions
between the hypovirus and its fungal host that could be used to
enhance the biocontrol potential of the virus.

Like the p29 protein encoded by ORF A of CHV1, the amino-
terminal regions of the polyproteins of the three isolates of SSHV2
contained sequences similar to the active sites of papain-like pro-
teases. In CHV1, p29 is dispensable for viral replication, but dele-
tion of the p29 coding sequence resulted in enhanced pigmenta-
tion and conidiation relative to wild-type CHV1, suggesting that
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FIG 6 Secondary structure model for the 5" untranslated region (nt 1 to 428) of the Sclerotinia sclerotiorum hypovirus 2L (SsSHV2L) genome. Nucleotides are
highlighted according to their SHAPE reactivity: black letters, low reactivity; gray letters, medium reactivity; white-filled letters, strong reactivity. The position of
the putative 5’ recombination breakpoint in SSHV2L with a virus distantly related to Valsa ceratosperma hypovirus 1 is indicated in the large stem-loop structure

beginning at nt 265.

p29 is a major symptom determinant for CHV1 (75). The p29
protease of CHV1 has been shown to function as an RSS and share
functional and sequence similarities with the helper-component
proteases of potyviruses, which also suppress host RNA silencing
and are major virulence determinants (76, 77). Similar to experi-
mentally generated deletions in the p29 coding sequence of CHV1
(78), SsSHV2L and SsHV2/5472 contain deletions proximal to the
putative active site of the protease yet still replicated in S. sclero-
tiorum. The presence of deletions in the region of the genomes of
SsHV2L and SsHV2/5472 putatively encoding a major symptom
determinant may partially explain why S. sclerotiorum infected
with SSHV2L or SsHV2/5472 produced sclerotia but S. sclerotio-
rum infected with SsHV2/sx247 did not. The reduction in pig-
mentation in S. sclerotiorum isolates infected with SSHV2L may
result from RNA silencing-mediated disruption of polyketide syn-
thase gene expression that is required for melanin biosynthesis
(79), which in turn could result in faster degradation of sclerotia in
soil (80). Additional studies are needed to identify the RSS ex-
pressed by SsSHV2 and investigate its potential role in suppression
of pigmentation and sclerotium production. Identification of the
RSS could lead to a further understanding of how RNA mycovi-
ruses disrupt the antiviral defenses of their fungal hosts and effects
on host gene expression that lead to alterations in fungal growth,
morphology, and virulence (73, 81).

Vegetative incompatibility in fungi is thought to function to
reduce transmission of harmful cytoplasmic genetic elements, in-
cluding parasitic nuclei, transposable elements, and mycoviruses
(82). Multiple studies have documented the existence of large
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numbers of S. sclerotiorum mycelial compatibility groups (MCGs)
within relatively narrow geographic regions (28, 39, 83). The large
numbers of MCGs could limit spread of mycoviruses in S. sclero-
tiorum or, as suggested by Brusini and Robin (84), provide a dis-
continuous network through which mycoviruses could spread in
the field. Genes for vegetative incompatibility often are hypervari-
able and appear to be under diversifying selection (82). Taking
advantage of this hypervariability and genetic markers associated
with vegetative incompatibility phenotypes, six vic genes were
identified in C. parasitica that limit the horizontal transmission of
CHV1 (85, 86). The S. sclerotiorum genome contains a large rep-
ertoire of genes putatively involved in vegetative incompatibility
(87), which is likely responsible for the high diversity of MCGs
observed in the field and the difficulty of associating molecular
markers with particular MCGs in S. sclerotiorum (39, 88-91). Dis-
ruption of the expression of genes for vegetative incompatibility
through virus-induced gene silencing could facilitate the spread of
SsHV2L or other hypovirulence-inducing mycoviruses through
incompatible populations. The construction of a cDNA infectious
clone of SSHV2 may facilitate such disruptions of gene expression
in S. sclerotiorum and eventually provide biocontrol alternatives
and knowledge toward understanding the pathways involved in
hypovirulence caused by SsHV2.
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