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3.4. Transfection of Dicer Gene Deletion Mutants with SsSHV2-L or SSHADV-1 Viruses Consistently Results in
Severe Debilitation in the Adcl-1/dcl-2 Mutant

To examine the effect of viral infection on strains containing deletions of dcl-1, dcl-2 or both genes,
mutants were transfected with SSHV2-L or SSHADV-1 via the methods described in the Materials and
Methods section. As shown in Figure 3A, the Adcl-1 and Adcl-2 mutants infected with either mycovirus
showed no significant difference in growth or morphology compared to virus-infected wtDK3. In sharp
contrast, the Adcl-1/dcl-2 mutant showed severe debilitation following virus infection as evidenced
by significantly slower growth and hypovirulence on three different crop species (Figure 3B-D).
Complementation of dcl-1 in the double dicer mutant, named as Comp-dcl-1, resulted in growth and
phenotype similar to the wild-type strain prior to and following virus infection.

3.5. Infectious Clone of SSHADV-1 Causes Severe Debilitation and Significantly Reduced Virulence in wtDK3
at Lower Temperatures

The SSHADV-1-transformed and serial transferred fungal DNA was extracted to determine the
infectivity of the infectious clone. Rolling circle amplification followed by Xbal digestion resulted
in a 2.2 kb band. Inverse PCR amplification of the viral genome and sequencing confirmed that the
synthetic virus is identical to the Chinese strain. Initial viral infection at room temperature (~24 °C)
resulted in fairly asymptomatic infection in wtDK3; however, we found that incubation at lower
temperatures (~20 °C) in a growth chamber resulted in severe debilitation including significantly
slower growth and little to no virulence on inoculated leaves incubated at the same temperature
(Figure 3B-D).

QY (B-D)

Figure 3. (A) Colony morphology of virus-free and virus-infected wild-type, mutant, and complemented
strains: (Top row) virus-free wtDK3, Adcl-1, Adcl-2, Adcl-1/dcl-2 and Comp-dcl-1. (Middle row) strains
infected with hypovirus, SSHV2-L; and (Bottom row) strains infected with SSHADV-1. Cultures were
grown for seven days on PDA at room temperature. Virulence assays on: (B) detached canola leaves;
(C) detached soybean leaves; and (D) detached sunflower leaves. Plugs were taken from the edge of
actively growing wtDK3, Adcl-1 (not shown), Adcl-2 (not shown) and Adcl-1/dcl-2 cultures and inoculated
onto detached leaves stored at 20 & 1 °C. Lesion size was measured 36 h post-inoculation.

3.6. Double Dicer Disruption Mutant Has Reduced 21-24 nt SRNA Accumulation

To examine whether sSRNA accumulation is affected by disrupting both dicers, sSRNA sequences
were profiled by size distribution and 5’ terminal nucleotide in the virus-free Adcl-1/dcl-2 mutant and
wild-type strain. Although the 5 terminal nucleotide remained uracil-biased, the size distribution
of small RNAs was drastically changed in the double dicer mutant compared to the wild-type strain
(Figure 4A,B). Specifically, there was a reduction in the 21-24-nt sSRNA fraction in the double mutant
compared to the wild-type strain. Notably and similar to B. cinerea, SRNA production in S. sclerotiorum
is not completely eliminated after both dicers are deleted.
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3.7. SsHADV-1 and SsHV2-L Are both Processed by Virus-Infected wtDK3

Sequence analysis of the small RNAs produced by either SSHADV-1 or SsHV2-L infected wtDK3
revealed the presence of virus-derived sSRNAs (vsiRNAs) within the pool of total small RNAs extracted
from these cultures. On average, 14.4% of the total small RNA reads from the SsHV2-L-infected
wild-type strain were derived from SsHV2-L, whereas 2.26% of the total small RNA reads from
the SSHADV-1 infected wild-type strain were derived from SSHADV-1. Three replicates of each
virus infected wild-type strain were analyzed. Surprisingly, only one of the three libraries from
SsHADV-1-infected wtDK3 had vsiRNAs. For each barcoded library, 5-10 million reads were obtained
and passed QC. The 22-nt sSRNAs were the most abundant for both virus-infected wild-type strains
(Figure 4C,D) with a preference (>90%) for uracil at the 5’ position. Overall, 77.89% of SsHV2-L derived
sRNA aligned to the negative strand, and 22.01% to the positive strand (Figure 4E). Virus-derived small
RNAs from all five replicates of SSHV2-L-infected wtDK3 displayed the same even distribution along
the viral genome. SSHADV-1 derived sRNA reads aligned non-uniformly to both strands (Figure 4E)
with strand biases for the negative strand in the first 350 bases of the coat protein encoding gene
and strand biases for the positive strand between nucleotide bases 1000-2200 of the replicase protein
encoding gene; overall, 51.6% of the reads aligned to the published positive strand sequence and 48.3%
to the negative strand. We found that a significant number of virus-derived sRNAs contained 1-nt
terminal mismatches. The majority of SSHADV-1 vsiRNAs contained an A or T at the mismatched
3'-terminus and mismatched A nucleotide at the 5'-terminus. SsHV2-L vsiRNAs contained mismatches
primarily at the 3/-terminus involving A and T. Mismatches involving G or C were also found but to
a much lower extent (Table 1). SSHV2-L vsiRNAs were also found to contain a high number of internal
mismatches at specific positions (Figure S3). For example, the 22-nt long sRNAs have an internal peak
of mismatches at the 11th nucleotide.
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Figure 4. Small RNA: (A) Size distribution (left) and frequency of 5’ terminal nucleotides (right) of
small RNAs in wtDK3; (B) size distribution (left) and frequency of 5’ terminal nucleotides (right) of
small RNAs in Adcl-1/dcl-2 disruption mutant; (C) size distribution (left) and frequency of 5 terminal
nucleotides (right) of small RNAs aligned to SsHV2-L genome; (D) size distribution (left) and frequency
of 5’ terminal nucleotides (right) of small RNAs aligned to SSHADV-1 genome; and (E) distribution of
small RNA reads that aligned to the SSHADV-1 genome plus or minus strands (left) and distribution of
small RNA reads that aligned to the SSHV2-L genome plus or minus strands (right). Bars above zero
indicate alignment to the positive strand, and bars below zero indicate alignment to the negative strand.
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Table 1. Percentage of SSHV2-L and SSHADV-1 derived small RNAs containing mismatches relative to
viral genomes.

SsHADV-1 5’-terminal mismatch (%) 3/-terminal mismatch (%)
vsiRNA Sequence length A C G T A C G T
18 16.9 1.9 1.1 0.8 18.2 5.0 3.0 14.6
19 4.2 1.1 1.0 2.8 21.0 7.3 39 19.6
20 10.3 0.8 0.8 1.1 24.5 48 3.2 224
21 5.0 0.6 0.8 1.6 27.9 3.2 47 224
22 26.8 0.8 0.8 1.0 20.2 3.0 2.7 12.3
23 46.1 0.6 0.9 0.7 12.5 2.5 15 9.1
24 59 1.7 2.0 0.6 28.0 34 2.0 24.4
SsHV2-L 5’-terminal mismatch (%) 3/-terminal mismatch (%)
vsiRNA Sequence length A C G T A C G T
18 1.1 0.4 14 0.5 16.6 3.0 6.6 23.1
19 1.2 0.6 1.0 0.3 18.5 3.0 6.1 26.9
20 0.6 0.5 1.1 0.3 211 2.6 5.0 26.9
21 0.7 0.5 1.0 04 17.1 2.6 5.1 20.6
22 2.3 04 1.0 04 11.7 3.2 4.5 17.1
23 0.8 0.7 1.7 0.3 14.1 25 4.6 19.0
24 0.2 1.3 2.8 0.5 19.6 19 5.2 22.0

4. Discussion

We previously compared the three hypovirus strains of SSHV2 and detected inter- and
intra-specific recombination near the 5" end of the genome where a putative virus silencing suppressor
is predicted to be located, suggesting the existence of RNA silencing in the host fungus (9). Our study
demonstrated that a robust RNA silencing mechanism does exist in the plant pathogenic fungus,
Sclerotinia sclerotiorum, and established the vital role played by dicer genes in this regulatory pathway.
RNA silencing mechanisms in fungi have been said to function primarily in defense against viral
nucleic acids, and our results provide additional support for this theory by demonstrating the antiviral
function of S. sclerotiorum RNA silencing pathways, although we cannot rule out the possibility of other
functions as well. Wild-type strains of S. sclerotiorum displayed fairly normal phenotype and virulence
following virus infection, while RNA-silencing-deficient mutants (specifically a double dicer mutant)
displayed significantly slower growth and decreased virulence upon virus infection. Complementation
of a single dicer gene in the double dicer mutant reverted viral susceptibility to the wild-type state.

Additionally, our study demonstrated that a ss(+)RNA virus and, notably, a ssDNA virus are not
only the triggers but also the targets of RNA silencing in S. sclerotiorum based on the production of
virus-derived small RNAs (vsiRNAs) in virus-infected wtDK3. Small RNAs are known to influence
various cellular functions by altering gene expression at the transcriptional and post-transcriptional
level. For this reason, it may be informative to study the impact the accumulation of mycovirus-derived
small RNAs may have on S. sclerotiorum gene expression since vsiRNAs can encompass a sizeable
proportion of total small RNA accumulation in virus-infected strains. In our study, for example, up
to 14% of the total small RNA accumulation in SsHV2-L-infected wtDK3 were vsiRNAs. A small
number of studies have shown that vsiRNAs may be able to silence certain plant host genes that
share an amount of complementarity to them (reviewed in [23]). Furthermore, studies have shown
that strand bias during the formation of siRNAs plays a role in determining the functionality of
siRNAs [24]. This suggests that vsiRNAs, which displayed strong strand biases in our study, may
become incorporated into RISCs in a manner similar to functional endogenous siRNAs and act to
silence host fungal genes. Studies involving the pulldown of fungal Argonaute proteins and sequencing
of bound small RNAs could be used to test this hypothesis. Finally, additional related studies may
involve the introduction of mutations into regions of mycovirus genomes where purported viral
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suppressors of RNA silencing (VSRs) exist or introducing VSRs into viral genomes that lack them and
examining the changes in virus infectivity and in the production of vsiRNAs that occur. Such a study
is relevant because it has been shown that viruses that possess VSRs can circumvent RNA silencing
processes by various means and limit the production of vsiRNAs [25]. These findings along with
others such as ours will provide valuable information on virus-host counter-defense mechanisms.

It is unlikely that the high percentage of virus derived sRNAs that contained terminal mismatches
is due to chance or the introduction of errors during the amplification of small RNAs. This is
because an obvious pattern of mismatches involving primarily A or T nucleotides at the 5 and
3’ termini is evident. This suggests that non-random modifications of vsiRNAs may have occurred.
A similar pattern of terminal mismatches was also discovered in vsiRNA present in virus-infected
C. parasitica [26]. One possibility is that mismatches are generated during the production of secondary
siRNAs. This would indicate that a significant portion of SSHV2-L and SSHADV-1 derived siRNAs
are associated with secondary silencing. The abundance of 22 nt long vsiRNAs found in our study
may further support this hypothesis since in plants 22 nt long miRNAs are associated with secondary
siRNA production [27].

Only one of the three small RNA libraries from SsSHADV-1-infected wtDK3 cultures had a well
accumulated small RNA profile. Acute/initial SSHADV-1-infection is marked by severe debilitation,
with sectoring growth and an absence of virus-derived small RNA production. This is followed by
a strong host immune reaction resulting in the silencing of viral nucleic acids and the remission of acute
symptoms. Virus-derived small RNAs become detectable in this latter stage. The two samples with no
virus-derived small RNAs detected were possibly obtained from debilitated, sectoring hyphae that had
not progressed to symptom remission and hence no vsiRNAs were detectable. A plant geminivirus,
Pepper gold mosaic virus, is also associated with a recovery phenotype in plant hosts accompanied by
the presence of virus-derived small RNAs [28]. Further quantification of viral titer sector-by-sector
to confirm a reduction of the viral DNA titers during the recovery process and a corresponding
accumulation of SSHADV-1 derived small RNAs are needed. In the small RNA data from SSHADV-1
infected tissue, hotspots were observed in virus-derived small RNAs from this virus with a 700 bp gap
similar to the small RNAs profiled for tomato yellow leaf yellow curl china virus [29]. Opposite strand
biases were also observed between the two clusters, possibly because the direction of transcription for
the two genes is opposite.

Besides establishing a role for S. sclerotiorum dicer genes in antiviral mechanisms, our study also
demonstrated that S. sclerotiorum dicers contribute to endogenous gene regulation likely through
the action of small RNAs generated by these genes. The important roles played by dicer-generated
small RNAs are well documented (reviewed in [30]). We found that the deletion of both dicer genes
resulted in compromised growth and virulence in the double mutant prior to virus infection. Similar
changes were observed in another member of Sclerotiniaceae, Botrytis cinerea [13], where slower growth
and reduced pathogenicity were observed when both dicer genes were disrupted. As in B. cinerea,
the changes observed in the S. sclerotiorum double mutant may be attributable to a significant reduction
in small RNA effectors produced by the mutant. Small RNA-seq analysis revealed a reduction
in small RNAs 22nt long in the virus-free double dicer mutant compared to the wild-type strain.
Notably, production of small RNAs is not completely eliminated upon deletion of both dicer genes
(again similar to B. cinerea [13]), and this indicates that there may be other dicer-independent pathways
that contribute to the generation of sSRNAs. By conserved domain search, we found a putative
RNaseL gene (GenBank Ss1G_04823), also an RNA-endonuclease-III, which may be responsible for the
remaining small RNA processing. RNaseL endonucleases share similarities with yeast Irelp proteins
which are said to be involved in fungal mRNA splicing [31].

The high level of debilitation observed in the double dicer mutant following virus infection was
not observed in the virus-infected single dicer mutants. Furthermore, complementation of a single
dicer gene was sufficient to restore viral susceptibility to the wild-type state. These findings imply
that there is redundancy in the antiviral function of S. sclerotiorum dicer genes. Redundancy in dicer
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antiviral function has not been reported in fungal species; however, a redundancy in dicer function in
transgene-induced gene silencing has been found in Neurospora crassa [6]. Dicer redundancy in antiviral
RNA silencing mechanisms in S. sclerotiorum could be validated by small RNA sequence analysis
of virus-infected single dicer knockout mutants to demonstrate that the small RNA accumulations
(particularly vsiRNAs) are identical to the wild-type strain due to the presence of an intact dicer
gene (dcl-1 or dcl-2) in each mutant. This further investigation is outside the scope of this study,
however. Once validated, dicer redundancy would then appear to have evolved in a specific lineage
of ascomycetes as a conserved anti-invasive nucleic acid mechanism because it is not the case for
Cryphonectria parasitica [5] or Colletotrichum higginsianum [4].

Mycoviruses belonging to the families Hypoviridae and Genomoviridae are widespread. S. sclerotiorum
is the host of the sole representative of Genomoviridae, SSHADV-1. This viral family is considered part
of an emerging group of infectious agents [32] due to its association with other eukaryotes such
as vertebrates and invertebrates in addition to fungi. Furthermore, circular ssDNA viruses have
polyphyletic origin [33] and SSHADV-1 has been reported to replicate in distant hosts [34]. The unique
properties of this virus warrant further studies into its interaction with its host and other organisms.
We have demonstrated in our study that SSHADV-1 can be the trigger and target of RNA silencing
pathways; however, more studies are needed to help us understand how and when the RNA silencing
pathway, which is traditionally triggered by dsRNA molecules, is triggered by DNA viruses. Thus far,
one hypothesis that has been put forth for dsSDNA viruses is that overlaps in viral transcripts resulting
from overlapping or adjacent genes or secondary structures in viral RNA transcripts may serve as
the initiators of the RNA silencing response against these viruses [35]. It is unclear how dsRNAs that
result in primary siRNA are made in the case of ssDNA viruses but secondary siRNAs are speculated
to be made from host-encoded RNA-dependent RNA polymerases and these comprise the majority of
siRNAs found in a plant geminivirus (reviewed in [36]).

Overall, the results derived from this study will have broad relevance to efforts to understand the
complex interactions between viruses and host RNA silencing pathways. The literature has illustrated
the role antiviral RNA silencing mechanisms play in mammalian cells as superimposed on the type
I-interferon pathway [37,38]. These interactions may also have implications on developing innovative
techniques that utilize viruses for in vivo targeted gene silencing. Using synthetic viruses, disarmed
viral nanoparticles have shown high efficiencies in intracellular delivery of gene-targeted therapy
using adeno-based vectors in mammals. However, strategies to cross the blood-brain barrier still await
to be improved [39]. Although still understudied and rare, single stranded eukaryotic DNA viruses
can naturally invade the central nervous system and cause diseases in humans [40,41]. The availability
of the SSHADV-1 infectious clone will provide a unique opportunity to understand how animal hosts
recognize and defend against foreign single stranded circular DNA.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/4/214/s1,
Table S1: Primers used in this study. Table S2: Primers and expected sizes of nested PCR reactions performed
to confirm monokaryotic deletion of dicer genes with the corresponding gel image in Figure S1. Figure S1:
Electrophoresis gel image to confirm monokaryotic deletion of dicer genes by nested PCR. Lanes as indicated in
Table S1. Lane 1-12 from right to left on the upper half of the agarose gel image. Lane 13-18 from right to left on the
lower half of the agarose gel image. Ladders are shown on the farthest right and left lanes with corresponding size
labelled. Figure S2: Inverse PCR product amplified using SSHADV-1-specific primers to confirm the infectivity
of the infectious clone from a >6 times transferred culture. A 2.2 kb band was amplified and confirmed by
Sanger sequencing. The product shows the dimer clone has recombined circular template of SSHADV-1 genome
and demonstrates the infectivity of the infectious clone assembled from synthetic DNA. Left Lane: 1 kb ladder.
Right Lane: 2.2 kb amplicon. Figure S3: Frequency and distribution of mismatches occurring in SSHADV-1 and
SsHV2-L-derived sRNAs. A majority of mismatches occur at the 5" and 3’ termini; however, a significant number
of internal mismatches occur at non-terminal positions in SSHV2-L-derived vsiRNAs.
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Abstract: The European race of the ascomycetous species Gremmeniella abietina (Lagerberg) Morelet
includes causal agents of shoot blight and stem canker of several conifers in Europe and North
America, which are known to host a diverse virome. GaRVé6 is the latest and sixth mycovirus species
reported within G. abietina. Before its description, one victorivirus and one gammapartitivirus species
were described in biotype A, two mitoviruses in both biotypes A and B and a betaendornavirus in
biotype B. Possible phenotypic changes produced by mycoviruses on G. abietina mycelial growth
have been reported in Spanish mitovirus-free and GaRVé-hosting G. abietina isolates, which had
higher growth rates at the optimal temperature of 15 °C, but no other major differences have been
observed between partitivirus-like dsSRNA and dsRNA-free isolates. In this review, we reappraise
the diversity of viruses found in G. abietina so far, and their relevance in clarifying the taxonomy of
G. abietina. We also provide evidence for the presence of two new viruses belonging to the families
Fusariviridae and Endornaviridae in Spanish isolates.

Keywords: Brunchorstia pinea; conifers; mycovirus; dsRNA; ssRNA; phylogeny; evolution

1. Taxonomy of G. abietina and Relevance in Forestry

Gremmeniella abietina is a virulent haploid ascomycete responsible for shoot dieback and
Scleroderris canker on conifers including spruces, firs, larches, pines, and junipers in North, Central,
and South Europe, northeastern North America, and East Asia [1-6].

The taxonomy of G. abietina and its relation to forestry is a complex issue, since the taxon is divided
into a number of varieties, races, and biotypes. These include two varieties: G. abietina var. abietina that
mainly affects pines, and G. abietina var. balsamea that attacks firs and spruces [7]. Within G. abietina
var. abietina, three races—Asian, North American, and European—were described based on serological
analyses [8]. It has also been proposed that these races would be considered as separate species [9,10].
In the European race, three biotypes have been identified on the basis of symptoms, septa numbers,
spore length, and molecular markers; namely, the alpine biotype, biotype A (LTT, large tree type), and
biotype B (STT, small tree type) [11-14]. Furthermore, there is a distinctive population of G. abietina in
Spain that may stem from biotype A of the European race [15,16].

In a taxonomic context, obligate parasites without an extracellular phase, such as mycoviruses,
may be considered especially informative because they can only spread through mycelial contacts [17].
Therefore, determining the presence and evolutionary history of mycoviruses in different populations
of G. abietina will shed light on the origin and pathways of its spread. In the literature, there are a
number of examples that support the use of mycoviruses as tracers of the origin and pathways
of different plant pathogens, i.e., Hymenoscyphus fraxineus [18], Cryphonectria parasitica [19] and
Heterobasidion annosum [20].
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The study of mycoviruses may also clarify the level of fungal compatibility between species.
There is growing evidence suggesting differences in the fungal incompatibility rate [21], and a number
of cases of mycovirus co-specificity in phylogenetically separated fungi have been reported, not only
in the laboratory, but also in nature [20,22-29].

2. Occurrence of Viruses in G. abietina: Description of Their Genome and Structure, and
Phylogenetic Relationships

The presence of putative mycoviral dsRNA was first described in G. abietina biotype A by
Tuomivirta et al. [30]. They found two independent dsRNA banding patterns in a single G. abietina
isolate, and later characterised one totivirus (Gremmeniella abietina RNA virus-lone 1, GaRV-L1) and
two partitiviruses (Gremmeniella abietina RNA virus multisegmented, GaRV-MS1 and GaRV-MS2),
but could not find dsRNA in ascospore isolates [31,32]. Narnaviruses were observed later, and are
now known to be present in both biotypes of G. abietina [33,34]. Thereafter, biotype B has also been
shown to host an endornavirus (Gremmeniella abietina RNA virus XL, GBRV-XL) [35] and, within the
Spanish population, a taxonomically uncategorised mycovirus (Gremmeniella abietina RNA virus 6,
GaRVe6) [36,37].

2.1. Partitiviruses

Three full-length genomes have been characterised in three different strains of G. abietina, two in
Finnish isolates of biotype A (GaRV-MS1 and 2) [31,32], and one in an isolate of the Spanish population
of G. abietina (GaRV-MS1-3) [38]. GaMRV-MSI1 has its genome divided into three segments, and the
largest one contains the ORF (open reading frame) that codes for an RNA-dependent RNA polymerase
(RdRp) and has a size of circa (ca.) 1.7 kb, the medium segment (ca. 1.5 kb) codes for a capsid protein
(CP), and the smallest one (III) (ca. 1.1 kb) codes for a protein with unknown function (Figure 1A).
The comparison of amino acid sequences of the CP, RdRp, and unknown protein revealed that the three
full-length sequences described belong to the same species of the genus Gammapartitivirus [31,32,38].
Interestingly, GaRV-MS1 appears to have low genetic variability, and it is highly conserved not only
in Europe, but also in North America [38]. GaRV-MS1 was detected in 28% of 162 investigated
isolates. It primarily occurs in G. abietina biotype A (Table 1) but is also present in biotype B in
Turkey [29]. When the occurrence of GaRV-MS1 was analysed within each population/biotype, the
highest incidence was found in the Spanish population (56% of 50 isolates), followed by the biotype A
population in North America (45% of 11 isolates), biotype A in most of Europe (16% of 68 isolates),
and biotype B (and the Alpine biotype; in only 6% of 33 isolates). The virus GaMRV-MS1 evolves
not only through purifying selection but also, to some extent, via recombination. Strain GaRV-MS1-2
seemed to be a recombinant between the complete CP sequences of GaRV-MS1-1 and GaRV-MS1-3,
suggesting that GaRV-MS1-2 or one of its ancestors was a recombinant. Likewise, recombination was
identified in the full-length RdRp sequences of GaRV-MS1-3 and 2, with GaRV-MS1-1 indicated to be a
recombinant [38].
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A) Gremmeniella abietina RNA virus- MS1 (3 dsRNA segments)

100 155 1.8 kb
100 CP (444 aa) 150 1.6 kb
347 1 : 126 1.2 kb

B) Gremmeniella mitovirus 1

255 04| 2.5kb

C) Gremmeniella mitovirus 2

D) Gremmeniella abietina RNA virus-L (1 dsRNA segment)

} auca

275 CP (776 aa) 51kb

E) Gremmeniella Betaendornavirus (1 dsRNA segment)

F) Gremmeniella abietina RNA virus 6 (1 dsSRNA segment)

115 ¢ 2.1kb

Figure 1. Schematic illustration of the genomic organisation of all fully sequenced G. abietina
mycoviruses. ORFs and conserved domains are represented by rectangular coloured boxes indicating
the coded proteins and the size of their amino acid sequences. They are flanked by 5'- and
3/-UTRs, numbers represent base pairs (bp). The full-length dsRNA segment size is indicated on
the right. (A) Gremmeniella abietina RNA virus-MS1; (B) Gremmeniella mitovirus 1 (previously
named Gremmeniella abietina RNA virus-S1); (C) Gremmeniella mitovirus 2; (D) Gremmeniella
abietina RNA virus-L; (E) Gremmeniella betaendornavirus 1 (previously Gremmeniella abietina
RNA virus-XL) consists of a polyprotein of 3249 and five conserved regions: viral methyltransferase
(VMet), cysteine-rich region (CRR), DExH box helicase (DExH), viral RNA helicase 1 (VHell), and
RNA_dep_RNApol2 (RdRp); (F) Gremmeniella abietina RNA virus 6.
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We reanalysed the taxonomic statuses of G. abietina viruses as the sequence information in
GenBank is increasing quickly. This was done simply by using a BLAST search (amino acid sequences)
to find the most similar RdRp genes, and MAFFT alignment using BLOSUM62 cost matrix to determine
identities [39]. The reanalysis was carried out in October 2018. Based on this analysis, the closest
relatives of GaRV-MSI1 (and other partitiviruses of G. abietina) were 20 strains of Pseudogymnoascus
destructans partitiviruses (PdPV-pa) [40] and Valsa malicola partitivirus (VmPV; (GenBank accession
number AIS37554) with 77-78% identities. The closest strain of PAPV-pa (APG38267.1) with a partial
sequence covering amino acid positions 53-362 of GaRV-MS1 RdRp had 78% identity to GaRV-MS1.
The VmPV sequence was very short, and covered only amino acid positions 198-331 of GaRV-MS1
RdARP and had 76% identity with it.

2.2. Narnaviruses

Two separate narnavirus populations of the genus Mitovirus have been characterised and reported
in G. abietina: Gremmeniella mitovirus 1 (GMV1) (originally named as GaMRV-S) and Gremmeniella
mitovirus 2 (GMV2) (Table 1) [32-34]. They share 94% identity at aa-level, and have a typical mitovirus
monopartite genome of around 2.5 kb and GC content of 30% (Figure 1B,C). Using the mitochondrial
translation table, both of them code for a single large ORF of ca. 2 kb.

Based on the screening of the 2.5 kb band in 353 isolates of G. abietina [34], there was no evidence
of mitoviruses in the six Swiss (Alpine biotype), two Turkish (biotype B), and six North American
isolates (EU race or biotype A in North America). However, 68 of the 91 Spanish isolates harboured the
dsRNA band. Similarly, among the 211 biotype A Finnish isolates analysed, 51 isolates (24%) carried a
2.5 kb dsRNA segment. Only three putative mitoviruses were found among the 37 Finnish biotype B
isolates tested (8%).

The population genetic parameters calculated for the two populations suggest that GMV1 is
genetically more variable than GMV2. The evolution of both GMV1 and GMV2 is mainly driven by
mutation and selection, as no recombination events were detected [34]. Based on the comparison
to sequences in the GenBank, GMV1 is most closely related to soybean leaf-associated mitovirus 4
(SlaMV4) [41], soybean leaf-associated mitovirus 2 (SlaMV2) [41], Alternaria arborescens mitovirus
1 (AaMV1) [42], and Alternaria brassicicola mitovirus 1 (AbMV1) [43]. The highest similarity was
observed to the partial sequence of SSlaMV4, which was aligned with amino acid positions 1-529 of
GMV1 RdRp with 44% identity. For the full sequences of SlaMV2, AaMV1, and AbMV1, RdRp had
43%, 42% and 42% identities with that of GMV1, respectively.

GMV1 is only observed in the Finnish biotype A and Spanish strains, whereas GMV2 infects the
Finnish biotype B and the Spanish population. Thereby, the Spanish population of G. abietina harbours
mitovirus strains that, in Finland, occur separately in biotype A and B strains. Therefore, the Spanish
population is the first one hosting distantly related mycoviruses of a single genus in one population
of G. abietina. This may suggest that horizontal transmission of viruses could have occurred between
biotype B and the Spanish population (A type origin) in Spain, although biotype B has never been
observed there. Furthermore, GMV2 has been observed only in one of the four studied localities in
Spain, suggesting a certain local differentiation of virus populations among the Spanish G. abietina [34].

2.3. Totiviruses

GaRV-L1 and GaRV-L2 are putative members of the same species belonging to the genus
Victorivirus. They were sequenced from two Finnish isolates belonging to biotype A [31]. Their genome
lengths are ca. 5 kb, and show 90% overall identity (RARp 98%). GaRV-L1 and 2 contain two large
partially overlapping ORFs (Figure 1D). The first ORF starts at approximately nucleotide 270 from
the 5" end of the coding strand. Starting nucleotides for the second ORF were located in positions
located 2.6 kb from the 5" end in both cases. The protein encoded by the second ORF contained all eight
conserved motifs of RARps of viruses infecting lower eukaryotes [44]. Based on BLAST analysis using
the RdRp amino acid sequence, the closest relatives of these viruses are Penicillium aurantiogriseum
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totivirus 1 (PaTV1) [45], Penicillium digitatum virus 1 (PdV1) [46], and Aspergillus mycovirus 178
(AMV178) [47]. PaTV1 and PdV1 covered the full RARp sequence of GaRV-L1 with identities of 60%
and 59%, whereas AMV178 covered positions 53-825 of GaRV-L1 RdRp sequence with an identity
of 60%. The first ORF in both isolates coded for a putative CP, as BLAST searches indicated high
similarity with analogous proteins of the viruses described above.

Although there are no population studies available on GaRV-L, it should be noted that these
viruses have only been observed in biotype A [31].

2.4. Endornaviruses

The virus with the largest genome found to date is GaBRV-XL, described in two Finnish isolates
of G. abietina B type (Table 1) [35]. It is a linear, monopartite dsSRNA virus of ca. 11 kb (Figure 1E),
and belongs to the genus Betaendornavirus. The GaBRV-XL genomic structure has five conserved
sites, and encodes for a putative 3249 aa polyprotein with four regions showing high similarity to
putative viral methyltransferases, DExH box helicases, RNA helicase 1 of viruses, and RNA-dependent
RNA polymerases. The closest relatives of GaBRV-XL, according to the BLAST search with RdRp
motif of the polyprotein, are Discula destructiva virus 3 (DdV3) [48] and several endornaviruses from
Sclerotinia sclerotiorum (including SsEV2-A) [49]. The DdV3 sequence covered only amino acid positions
107-165 in GaBRV-XL sequence with 72% identity, whereas SSEV2-A sequence covered the complete
RdRp motif with 69% identity. In order to follow the International Committee on Taxonomy of Viruses
(ICTV) rules, we propose renaming this virus as Gremmeniella betaendornavirus 1 (GBEV1).

2.5. Gremmeniella abietina RNA Virus 6

GaRV6 consists of a polymerase segment of ca. 2.1 kb with 54.7% GC content (Figure 1F) [36].
It seems to be part of an unclassified mycovirus group that is likely to be proposed as a novel virus
family [37]. Its members are hosted by important plant pathogens, such as Fusarium graminearum [50],
Rhizoctonia solani [51], C. parasitica (GenBank accession numbers KC549809 and KC549810),
H. annosum [20], and the endophyte Curvularia protuberata [52]. The closest relatives of GaRV6 based
on BLAST search using RdRp gene are Fusarium graminearum dsRNA mycovirus 5 (FgV5) [53] and
Fusarium graminearum dsRNA mycovirus-4 (FgV4) [50]. The FgV-5 and FgV4 sequences covered
amino acid positions 95-638 and 60-638 of GaRV6 RdRp with identities of 48% and 46%, respectively.
This virus group is closely related to the Partitiviridae family [20,37,50]. Most of these viruses have
bipartite genomes with sizes resembling those of partitiviruses (1700 to 2400 bp). The larger segment
encodes the RARp, whereas the smaller segment appears to have one or two ORFs coding proteins
with unknown functions. However, the smaller genome segment of Ustilaginoidea virens RNA virus 4
(UvRV4) [54] and Heterobasidion RNA virus 6 (HetRV6) [20] have not been detected.

GaRV6 primarily appeared in the Spanish population of G. abietina, where its genetic diversity
was minimal, despite its relatively high abundance (46% of 50 isolates screened) [36]. GaRV6 has
also been detected by RT-qPCR in three other isolates belonging to biotype A in Italy, Canada, and
Finland [55].

2.6. Multiple Virus Infections and Evidence of the Existence of Novel Viruses

G. abietina commonly hosts more than one virus in a single isolate [30-32,36]. In biotype A, up to
five dsRNAs are found in some isolates [30], in B type three [35] and, in the Spanish population, there
are up to eight different dsRNA-banding patterns described, some of which include up to eight bands
(Figure 2), suggesting the existence of other Gremmeniella viruses not reported yet. Nothing is known
about the interactions of multiple viruses co-inhabiting the same mycelia, nor of their effects on the
host phenotype.

Here, we provide further information about the exceptional richness of the virus community
hosted by Spanish isolates of G. abietina noted by Botella et al. [36]. Two dsRNA bands of putative
viruses were detected in several isolates, including P3-7 and 06P (Figure 2) which were further analysed
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as previously (Supplementary Data). These isolates of G. abietina have been included in the previously
mentioned studies about GaRV-MS1, GMV1 and GaRV6 [34,36,38].
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Figure 2. dsRNA banding pattern of the isolates 003P, P3-7, and 06P of Gremmeniella abietina after
DNase I and S1 nuclease treatment. M, DNA marker (GeneRuler 1 kb Plus DNA Ladder, 75-20,000 bp,
Thermo Scientific); F, dsSRNAs corresponding to a putative fusarivirus; V, dsRNA corresponding to
a putative victorivirus, U, unknown band, Mi, dsRNA corresponding to Gremmeniella mitovirus 1;
6, dsRNA band corresponding to GaRV6; P, dsRNA corresponding to Gremmeniella abietina RNA
virus MS1.

2.6.1. The ca. 6 kb dsRNA Band

A partial 2309 bp sequence of the ca. 6 kb dsRNA fragment (GenBank accession number LR031261;
Figure 2) from isolate P3-7 was determined as previously described (Supplementary Data) [21,23,27,29].
The comparison in BLASTX (Table 2), resulted in the highest similarity (65%) with the RdRp of
Macrophomina phaseolina single-stranded RNA virus 1 (MpSRV1) followed by Neofusicoccum
luteum fusarivirus 1 (62%). These viruses are unclassified ssRNA viruses belonging to Fusariviridae,
which is a recently proposed family not yet officially accepted by the ICTV. The sequence included a
332 bp conserved domain with an E-value of 3.34 x 1073, belonging to a hypothetical ATP-dependent
RNA helicase HrpB of Haemophilus influenzae (Accession number PRK11664).

Table 2. BLASTX comparison of a 2228 bp RdRp sequence obtained from cloning 6 kb dsRNA of P3-7
G. abietina isolate.

GenBank BLASTX Database Sequence ID Family Identities Matching Region !

Macrophomina phaseolina single-stranded  x 690941 Fusariviridac *  217/335 (65%) 512 to 845
RNA virus 1

Neofusicoccum luteum fusarivirus 1 ARO52688.1 Fusariviridae * 205/333 (62%) 527 to 856
Penicillium aurantiogriseum fusarivirus 1 YP_009182154.1 Fusariviridae * 198/328 (60%) 511 to 838
Penicillium roqueforti ssRNA mycovirus 1 YP_009052456.1 Fusariviridae * 177/313 (57%) 500 to 812
Fusarium graminearum dsRNA mycovirus-1 YP_223920.2 Fusariviridae * 179/334 (54%) 530 to 863
Sodiomyces alkalinus fusarivirus 1 ATP75827.1 Fusariviridae * 183/326 (56%) 445 to 770
Rosellinia necatrix fusarivirus 1 YP_009047147.1  Fusariviridae * 80/329 (55%) 522 to 850
Pleospora typhicola fusarivirus 1 YP_009182158.1  Fusariviridae * 178/329 (54%) 521 to 849
Fusarium poae fusarivirus 1 YP_009272906.1  Fusariviridae * 172/326 (53%) 496 to 818
Agaricus bisporus virus 11 AQM49938.1 Fusariviridae * 151/314 (48%) 592 to 901

* Proposed family not official in the ICTV yet; | Matching region in the aa sequence of the database sequences.
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An ORF with a length of 987 bp, coding for a protein of 328 aa, was detected. This sequence was
obtained from a contig of 3 overlapping clones (682, 743 and 438 bps) and 5 reverse transcription (RT)
PCR products. Specific primers (Table S1) were designed based on the first contig achieved by cloning
the 6 kb dsRNA band (Supplementary Data). The aa sequence had 61% identity with the MpSRV1
RdRp gene. We propose the name Gremmeniella fusarivirus 1 (GFV1) for this mycovirus.

A similar banding pattern has also been found in other isolates of G. abietina [56], such as 003P
(Figure 2). However, the frequency of GFV1 in Spanish or other G. abietina populations has not been
determined, with more specific methods such as reverse transcription (RT) PCR.

2.6.2. The ca. 5 kb dsRNA Band

The 1852 bp and 1261 bp sequences (accession numbers LR030278 and LR030279) were determined
from a 43-clone contig from a ca. 5 kb dsRNA fragment of Spanish isolate 06P (Figure 2). The BLASTX
analyses with the two nucleotide sequences showed that they code for RdRp and CP proteins of a
putative new virus of the genus Victorivirus. The BLASTX comparison of the partial RARp sequence had
the highest similarity (78%) with Sclerotinia nivalis victorivirus 1, followed by Aspergillus foetidus slow
virus 1 (52%) (Table 3), but was distantly related to the previously known victoriviruses, GaRV-MS1
and GaRV-MS2 (39% and 38% identities in Blastx, respectively), from G. abietina biotype A. The partial
RdRp fragment contains an ORF of 1557 bp that codes for a 512 aa protein.

Table 3. BLASTX comparison of a 1852 bp RdRp sequence obtained from cloning 5 kb dsRNA of 06P
G. abietina isolate.

GenBank BLASTX database Sequence ID Family Identities Matching Region !
Sclerotinia nivalis victorivirus 1 YP_009259368.1 Totiviridae 456/587 (78%) 247 to 833
Aspergillus foetidus slow virus 1 YP_009508249.1 Totiviridae 306/584 (52%) 254 to 837
Beauveria bassiana victorivirus 1 AMQI11131.1 Totiviridae 302/585 (52%) 258 to 841
Sphaeropsis sapinea RNA virus NP_047558.1 Totiviridae 314/587 (53%) 254 to 837
Rosellinia necatrix victorivirus 1 BAM36400.1 Totiviridae 397/587 (67% 107 to 692
Beauveria bassiana victorivirus NZL /1980 YP_009032633.1 Totiviridae 301/585 (51%) 258 to 841
Soybean-associated double-stranded RNA virus 1~ ALM62239.1 Totiviridae 311/587 (53%) 255 to 840
Ustilaginoidea virens RNA virus 1 AGO04407.1 Totiviridae 302/584 (52%) 243 to 825
Bipolaris maydis victorivirus 1 AXB26764.1 Totiviridae 289/588 (49%) 253 to 835
Botryotinia fuckeliana totivirus 1 YP_001109580.1 Totiviridae 291/581 (50%) 266 to 836

! Matching region in the aa sequence of the database sequences.

In the case of the partial CP fragment, the consensus sequence derived from a seven-clone contig
of 1261 bp also showed the highest similarity (81%) with Sclerotinia nivalis victorivirus 1, followed
by Tolypocladium cylindrosporum virus 1 (68%) (Table 4). According to the 60% maximum identity
criterion of the ICTV 9th report (2011) for the genus Victorivirus, this virus should be considered a strain
of Sclerotinia nivalis victorivirus 1 because it shows 78% RdRp and 81% CP similarity to Sclerotinia
nivalis victorivirus 1. Therefore, we designate the virus as Sclerotinia nivalis victorivirus 1—strain 1
from Gremmeniella abietina (SnVV1-Gal)

A similar dsRNA banding pattern has also been found in other isolates of Spanish G. abietina [56],
such as 003P and P3-7 (Figure 2), but its presence among G. abietina isolates has not been determined
with specific methods.
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Table 4. BLASTX comparison of a 1261 nt capsid protein (CP) sequence obtained from cloning 5 kb
dsRNA of 06P G. abietina isolate.

GenBank BLASTX Database Sequence ID Family Identities Matching Region !
Sclerotinia nivalis victorivirus 1 YP_009259367.1 Totiviridae 293/363 (81%) 1to 363
Tolypocladium cylindrosporum virus 1 YP_004089629.1  Totiviridae 247/362 (68%) 1to 362
Beauveria bassiana victorivirus NZL /1980 YP_009032632.1 Totiviridae 237/361 (66%) 1to 361
Helminthosporium victoriae virus 190S NP_619669.2 Totiviridae 240/363 (66%) 1to 363
Bipolaris maydis victorivirus 1 AXB26763.1 Totiviridae 240/363 (66%) 1to0 363
Botryotinia fuckeliana totivirus 1 YP_001109579.1 Totiviridae 227/363 (63%) 1to 363
Aspergillus foetidus slow virus 1 YP_009508248.1 Totiviridae 221/360 (61%) 1to 360
Fusarium asiaticum victorivirus 1 AYD49681.1 Totiviridae 225/364 (62%) 1to 363
Ustilaginoidea virens RNA virus L YP_009094184.1 Totiviridae 223/363 (61%) 1to 363
Rosellinia necatrix victorivirus 1 BAM36399.1 Totiviridae 227/362 (63%) 1to 361
Sclerotinia sclerotiorum victorivirus 1 (partial) AWY10937.1 Totiviridae 208/263 (79%) 1t0233

! Matching region in the aa sequence of the database sequences.

3. Mycoviruses and Their Clarifying Message on the Complex Diversity of G. abietina

One of the fundamental questions in evolutionary biology is the degree to which the diversification
of parasites and/or symbionts is associated with the diversification of their hosts [57]. Mycoviruses
with RNA genomes produce mostly cryptic infections, replicate only in the fungal cytoplasm, and
are transferred only through anastomosis and/or via sporal dispersal [58]. Such mechanisms would
indicate that evolutionary patterns of mycoviruses can be expected to follow those of their hosts [59,60].
The diversification of the European race of G. abietina into different biotypes, and possible species [9],
is mostly the outcome of geographical separation and ecological adaptation. Furthermore, its
virus communities provide insights about this history of dispersion, with a special relevancy to
the establishment of new populations in Spain and Turkey.

The European race of G. abietina is known to host only one species of gammapartitivirus
(GaRV-MS1) [38]. In northern Europe, it has only been found in biotype A isolates, but it occurs also in
Turkish isolates, which belong to biotype B (Table 1) [16,34]. On the other hand, the lack of GaRV-MS1
in biotype B in northern Europe and its occurrence in Turkey suggests that the virus transmission must
have occurred between biotypes A and B during their evolutionary history. This virus transmission
may have happened prior to the introduction of G. abietina to Turkey or, alternatively, in Turkey with
an unrecognised biotype A population. In the first scenario, biotype B isolates arrived in Turkey with
GaRV-MS1 viruses and, in the second scenario, they would have received the viruses in Turkey. A third
possibility is that GaRV-MS1 viruses occurred in both biotypes during their evolutionary history, but
were later lost in B-type with the exception of the Turkish population. The presence of GaRV-MS1 in
the European race (biotype A) in North America, introduced from Europe in 1977 [61], indicates that
the virus travelled with its host, and has not changed much over these years.

The virus community inhabiting the Spanish G. abietina population supports its origin as biotype
A [16] because (i) recombination events have been detected between three strains of GaRV-MS1
present in Finland and Spain and (ii) GaRV6 primarily appears in Spain, but was also found in
single isolates of biotype A from Canada, Italy and Finland, and (iii) the Spanish population also
harbours both mitovirus species GMV1 and GMV2, associated with biotype A and B strains in northern
Europe, respectively.

The occurrence of GMV2 in both biotype B and the Spanish population, together with its extremely
low genetic variability, would be in accordance with a recent host switch and subsequent adaptation
to a new host [34]. Natural interspecies transmission of viruses has been shown for Cryphonectria
sp. and Cryphonectria parasitica [22], Sclerotinia homoeocarpa and Ophiostoma ulmi [23], O. ulmi and
Ophiostoma novo-ulmi [24], and within species of the genera Heterobasidion [20,25,26], Sclerotinia [27,28],
and Rhizoctonia [29]. However, biotype B of G. abietina has never been shown to exist in Spain and,
therefore, the timing and place of this possible host jump remains open. It could have occurred in the
past, or even today, in the mountains of northern Spain, where the snow cover in wintertime is enough
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to fulfil its need [12,13,62]. Further light on this issue would be obtained by a more detailed study on
the presence of biotype B in possible candidate areas.

No evidence is available for the presence of mitoviruses in the Swiss (Alpine biotype), Turkish
(biotype B), and North American isolates (biotype A). Therefore, the Spanish population of G. abietina
is the only one hosting the two different mitoviruses, which underlines its unique position within the
taxonomy of G. abietina var. abietina, extending also to its mycovirus community.

A certain level of specialisation is detected in Finland [31,32,35], where both G. abietina biotypes
(or species) cohabit. In Finland, viruses occurring in biotype A and biotype B diverge (Table 1).
The Finnish biotype A is known to host four viruses (GaRV-MS1, GMV1, GaRV6, and GaRV-L) while,
within the G. abietina biotype B, two different viruses (GMV2 and GBEV1) have been reported [35].

Interestingly, we report, here, that the Spanish population hosts a fusarivirus, GFV1, and also an
unrelated victorivirus, SnVV1, the presence of which, in other populations of G. abietina, has not been
tested directly, but the lack of corresponding dsRNA banding patterns in Finnish populations suggests
its unlikeliness. Therefore, it can also be hypothesised that these viruses represent transmission
from some distantly related fungi, such as Sclerotinia nivalis, to the Spanish population of G. abietina.
This possibility is supported by the emerging evidence of virus transmissions over wide taxonomic
distances known from other fungi [60,63-65] and, therefore, should be tested in the future.

Altogether, phylogenetic and prevalence studies of the distinct viruses provide evidence that
support separation of biotypes A and B from each other, as well as on the origin of separate populations
of G. abietina in North America, Spain, and Turkey.

4. Consequences of Viral Infections on G. abietina

Two pathogenicity tests with G. abietina biotype A isolates harbouring GaRV-L and GaRV-MS
dsRNA patterns were performed, but no firm conclusion could be drawn on the effect of dsRNA
viruses on G. abietina pathogenicity towards Pinus sylvestris [32]. All isolates were pathogenic to host
plants, but both dsRNA-containing and dsRNA-free isolates were found among the most pathogenic
isolates, and there was no difference between the pathogenicity of isolates containing GaRV-L and
GaRV-MS patterns. However, it should be noted that no pairs of isogenic dsRNA-containing and
dsRNA-free isolates were available for the pathogenicity tests. Additionally, the inoculated trees were
genetically different, and the pathogenicity test setup could only measure how mycelium is able to
grow in phloem after inoculation [32].

Romeralo et al. [66] noted that the existence of GMV1 appeared to have a substantial increasing
effect on the growth rate of G. abietina at its optimum growing temperature, 15 °C. Whether this
increase in mycelial growth is connected to the virulence of their hosts has not been tested. In contrast,
GaRV6 occurrence had a negative impact on the growth rate of G. abietina on artificial media [45].

Based on the results described above, at least some viruses may have effects on the phenotype
of G. abietina. However, conclusions about the real and specific role of each type of these
viruses cannot be fully determined, since multiple virus infections are common in this conifer
pathogen [30-32,35,36,55,56]. For example, isolate P3-7, has a large viral dsSRNA load (Figure 2). It hosts
GaRV6, GaRV-MS1, and GMV1, as well as both novel species of Fusarivirus and Victorivirus reported
in this review, and had the lowest growth rate in the experiment by Botella et al. [55]. Conversely,
in the same study, isolate 06P had the highest growth rate in the three temperatures tested, and it
only hosts the possible victorivirus reported here. Thus, it is very necessary to carry out experiments,
including pairs of cured and single virus infected isogenic G. abietina isolates; unfortunately, up to now,
virus removal trials with higher temperatures or cycloheximide have failed with this pathogen [55].
Furthermore, it has not been possible to infect viruses of G. abietina in dual culture experiments used for
C. parasitica since the 1960s (and, thereafter, for many other fungi) and, therefore, artificial transmission
methods should also be developed for G. abietina viruses.
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5. Conclusions

G. abietina hosts a distinct and abundant community of viruses belonging to different genera
and families of mycoviruses. Its diversification and spread in different countries has also affected
the divergence of its virus community. Based on a single study, it appears that multiple virus
infections may affect the phenotype of the host, but the effects of single viruses remain obscure,
and should be determined by in vivo and in vitro experiments using isogenic pairs of single-infected
and virus-free isolates.

Supplementary Materials: The following is available online at http://www.mdpi.com/1999-4915/10/11/654/s1,
Table S1: Primers used in this study for the determination of the virus sequences.
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Abstract: Cryphonectria hypovirus 1 (CHV-1) infects the chestnut blight fungus Cryphonectria parasitica
and acts as a biological control agent against this harmful tree disease. In this study, we screened
the recently characterized C. parasitica population in Eurasian Georgia for the presence of CHV-1.
We found 62 CHV-1 infected C. parasitica isolates (9.3%) among a total of 664 isolates sampled in
14 locations across Georgia. The prevalence of CHV-1 at the different locations ranged from 0%
in the eastern part of the country to 29% in the western part. Sequencing of two specific regions
of the viral genome one each in ORFA and ORFB revealed a unique CHV-1 subtype in Georgia.
This subtype has a recombinant pattern combining the ORFA region from the subtype F2 and the
OREB region from subtype D. All 62 viral strains belonged to this Georgian CHV-1 subtype (subtype
G). The CHV-1 subtype G strongly reduced the parasitic growth of C. parasitica isolates from Georgia,
with a more severe effect on the European genepool compared to the Georgian genepool. The CHV-1
subtype detected in Georgia provides a valuable candidate for biological control applications in the
Caucasus region.

Keywords: mycovirus; populations study; Cryphonectria parasitica; chestnut blight; Castanea sativa;
biological control

1. Introduction

Mycoviruses in plant pathogenic fungi have attracted interest because of their potential to be used
as biological control agents against plant diseases [1]. One of the best studied examples is Cryphonectria
hypovirus 1 (CHV-1), which infects the chestnut blight fungus Cryphonectria parasitica [2,3]. This fungus
is native to east Asia and has been introduced into North America and Europe [4]. After introduction
of the pathogen, both continents experienced severe chestnut blight epidemics, which in eastern
North America eliminated the American chestnut (Castanea dentata) as a dominant tree species [4].
The epidemic in Europe on the native European chestnut (Castanea sativa) initially took a very similar
course, but after a certain time, recovery of many chestnut stands was observed [5]. This recovery has
been attributed to hypovirulence, which refers to the viral disease caused by CHV-1 in C. parasitica [6].
The hypovirus induces a hypovirulent phenotype characterized by reduced virulence and sporulation
capacity of the infected C. parasitica strains [7]. CHV-1 has an RNA genome, which contains two open
reading frames (ORFs A and B). Both ORFs encode polyproteins, which are autocatalytically processed.
The viral polymerase and helicase genes are located in the larger ORFB of the viral genome [2].

CHV-1 is located in the cytoplasm of the fungus and can be horizontally transmitted between
fungal individuals through hyphal anastomosis [8]. From hypovirus-infected strains, CHV-1 may be
vertically transmitted into asexual spores, which carry the hypovirus to new hosts [7,9]. The discovery
of hypovirulence has led to the development of a biological control method against chestnut blight
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based on treatments of chestnut blight cankers with hypovirus-infected C. parasitica strains [10].
Hypovirulence is now a widespread phenomenon in many chestnut growing areas of Europe, either
naturally or after biological control treatments [5,11,12].

Different CHV-1 subtypes or lineages have been identified in the European C. parasitica
population [13,14]. Their distribution reflects the different introduction events of the fungal host.
The Italian CHV-1 subtype (subtype I) is the most widespread and is linked to the introduction of
C. parasitica into Italy in the 1930s [13]. Together with its fungal host, this subtype has spread across
a large part of the chestnut growing areas in central, southern and southeastern Europe, including
western Turkey [15-17]. Additional subtypes, designated F1, F2, and D/E, have mainly been found
in western Europe (France, Spain and Germany) [14,18,19]. Interestingly, CHV-1 strains related to
subtype F2 have also been identified in the eastern Black Sea region of Turkey [17]. Some subtypes
apparently originated from recombination events [14,20]. The CHV-1 subtypes differ in their effects on
the fungal host, with some variation within subtypes [7,21]. Strains of the Italian subtype typically
have a mild effect on their hosts while subtypes F1 and F2 have a more severe impact [16,22,23].

Besides CHV-1, several other mycoviruses have been detected in C. parasitica, including not
only additional members in the genus hypovirus (CHV-2, CHV-3, and CHV-4) but also viruses in
other genera [24]. Some of these viruses (e.g., CHV-2, CHV-3) do also affect growth and fitness of
C. parasitica. CHV-1, however, is most relevant for biological control of chestnut blight and to date the
only mycovirus reported in C. parasitica from Europe.

The C. parasitica populations in the Caucasus region, i.e., in the most eastern distribution range of
European chestnut, have only recently been genetically characterized. Microsatellite analysis indicated
that most of the C. parasitica isolates from Georgia and Azerbaijan belong to a genepool, which
largely differ from the genepools previously identified in Europe [25,26]. This finding points to an
independent introduction of the fungus in the Caucasus area. However, C. parasitica isolates belonging
to the European genepool were also identified in the western part of Georgia. These isolates were
closely related to those previously described in neighboring Turkey, suggesting that they migrated
from this country into Georgia.

The objectives of this study were to determine (1) the prevalence of CHV-1 in the C. parasitica
population in Georgia, (2) the relatedness of the local CHV-1 strains to known CHV-1 subtypes from
Europe, and (3) the phenotypic effects of the CHV-1 strains on fungal isolates from the European and
Georgian genepool of C. parasitica.

2. Materials and Methods

2.1. Fungal Isolates

One set of isolates of C. parasitica was obtained from a previous study on the population structure
of the chestnut blight fungus in Georgia [25]. Five additional populations (Shemoqgmedi, Korbouli,
Kumistavi, Satsable, Pshaveli) were sampled for this study in 2012 resulting in a total of 664 C. parasitica
isolates (Table 1). All isolates were screened for the white culture morphology (Figure 1), which
typically is associated with an infection by CHV-1 [7,16]. To assess the culture morphology, the isolates
were grown on potato dextrose agar (PDA, Difco™ Becton Dickinson, Sparks, MD, USA) as described
previously [27]. All isolates exhibiting a white or intermediate (between white and orange) culture
morphology were tested for the presence of CHV-1 by RT-PCR and sequencing.
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Figure 1. Culture morphology of CHV-1-free (orange) and CHV-1 infected (white) C. parasitica isolates
from Georgia on PDA.

2.2. RNA Extraction and RT-PCR

Isolates were grown on PDA plates overlaid with cellophane sheets for at least 6 days at room
temperature in the dark. Mycelia reaching a diameter of approx. 6 cm were harvested, lyophilized,
and ground to a fine powder in a mixer mill (MM 300 from Retsch, Haan, Germany). Total RNA was
extracted from approx. 20 mg mycelial powder using the Norgen Plant/Fungi RNA Purification kit
(Norgen Biotek Corp., Thorold, ON, Canada). Complementary DNA (cDNA) was synthesized from
total RNA with random hexamer primers using the Maxima First Strand cDNA Synthesis kit from
Fermentas (Thermo Fisher, Waltham, MA, USA).

2.3. Sequencing of CHV-1

Two different regions, one in ORFA and one in ORFB, were chosen for sequencing. The ORFA
region corresponds to the positions 14712165 in the nucleotide sequence CHV-1/Euro7 [22] and was
amplified using the primers described by Bryner, Rigling and Brunner [15]. The ORFB region was
slightly modified after Feau et al. [14] and corresponds to the position 6264-6978. The forward
primer ORFB-12aF (5'-AGACCTCAATCGGGTCTCCCT-3') and the reverse primer ORFB-12aR
(5’-TTCAACCACACGACGAGTTCG-3') were used for PCR amplification. Sanger sequencing was
performed using the same primers and the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA). Sequences were assembled and edited with DNADynamo (Blue
Tractor Software Ltd., North Wales, UK). The GenBank accession numbers of all sequences are listed in
Table S1.

2.4. Phylogenetic Analysis of CHV-1

Sequences were aligned using the web service Clustal Omega provided by the European
Bioinformatics Institute (EMBL-EBI). Reference sequences for each CHV-1 subtype were generated
as above or obtained from GenBank and are also listed in Table S1. Phylogenetic trees were
reconstructed by maximum likelihood (ML) using the software PhyML 3.0 [28] on the ATGC platform
(www.atge-montpellier.fr). PhyML treats gaps systematically as unknown characters. Two random
trees were used as starting trees corresponding to two random starts in order to decrease the chance of
becoming trapped in a local maximum of the likelihood function. The starting trees were estimated
using the BioN]J algorithm. Support for each internal branch of the phylogeny was calculated using
the nonparametric bootstrap (B) option with 1000 pseudoreplicates, which estimates a phylogeny for
each replicate. The online execution of PhyML includes the Smart Model Selection [29], which selects
the model that best fit data under the Akaike Information Criterion and uses the selection direct in
phylogenetic reconstruction.
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Single locus trees were used to detect conflicting phylogenetic signal between the ORFA and ORFB
region. For this purpose, clades of individual gene trees were examined for well-supported (>70%
of 1000 replicates) conflict between ML phylogenies. Following Vijaykrishna et al. [30], the change
of the topological position of individuals was interpreted as a sign of reticulate evolutionary history.
Unrooted phylogenies, including branch lengths and bootstrap support values, were graphically
represented with SplitsTree4 (v.4.14.4; [31]).

2.5. Phenotypic Effects of the Georgian CHV-1 Subtype on C. parasitica

The effect of the Georgian CHV-1 subtype on the growth of the infected C. parasitica strains
was assessed by conducting two different experiments in vitro similar as described by Bryner and
Rigling [23]. The experiment on PDA plates was considered to reflect the saprophytic growth
while that on dormant chestnut stems the parasitic growth of the fungus. For the experiments,
9-10 hypovirus-infected isolates with white culture morphology of each of the three Georgian genetic
clusters of C. parasitica (CpGeo20 cluster, CpGeo75 cluster and CpGeo97 cluster) were randomly
chosen among the 62 hypovirus-infected isolates identified in this study (Table S1). The CpGeo20
and CpGeo75 clusters represent the Georgian C. parasitica genepool, whereas the CpGeo97 cluster is
related to isolates in vc type EU-1, which are present in Turkey and belong to the European genepool.
To compare the effects of the Georgian and the Italian CHV-1 subtype, 10 Turkish isolates belonging to
the vc type EU-1 and infected by the Italian CHV-1 subtype [21] were included in these experiments.
From each virus-infected isolate, an isogenic virus-free isolate was obtained through single conidial
isolation as described by Bryner and Rigling [21], resulting in 40 pairs of virus-infected and virus-free
isolates. Virus-free isolates were distinguished from virus-infected isolates by their orange culture
morphology (Figure 1).

2.5.1. Growth on PDA Plates

For this experiment, three mycelial plugs (6 mm in diameter) originating from the growing margin
of a 5-day-old pure culture on PDA of each hypovirus-infected isolate and its corresponding isogenic
hypovirus-free isolate were placed each in the center of a PDA plate. The plates were sealed with
Parafilm and incubated at 20 °C in a climate chamber under a 14L:10D photoperiod. Forty-eight hours
after inoculation, the size of each culture was assessed the first time by measuring with a millimeter
ruler the two cardinal diameters through two orthogonal axes previously drawn on the bottom of each
plate. Measurements were repeated every 24 h for the next four days. Since the shape of the growing
cultures were not perfect circles, the geometric mean diameter of an ellipse was calculated.

2.5.2. Growth on Dormant Chestnut Stems

The same fungal isolates used for the previous experiment were inoculated on dormant chestnut
(Castanea sativa) stems (5-10 cm in diameter, 50 cm in length) that were cut in December from three
different sprout clusters in southern Switzerland (Ticino). Prior to inoculation, both ends of the stems
were sealed with paraffin. For inoculation, four circular wounds (6 mm in diameter) reaching the
cambium were made with a cork borer along the axis of each stem. Wounds were arranged 7 cm
from each end of the stem and 12 cm apart from each other. Each wound was filled with one mycelial
plug (6 mm in diameter) originating from the margin of a pure culture previously grown on PDA
for 5 days in the dark. To prevent desiccation, wounds were subsequently sealed with masking tape.
The inoculated stems were distributed horizontally on plastic grids located 5 cm above the bottom of
12 plastic containers (57 cm x 37 cm x 13 cm) so that each container hosted stems of all three sprout
clusters. Hypovirus-free and hypovirus-infected isolates were assigned in pairs to chestnut stems.
For each of the 40 pairs of isolates, three replicated inoculations were performed which were randomly
distributed across containers and stems to avoid any influence of these factors on fungal growth.
Containers were filled with demineralized water to a depth of 2 cm, closed with nontransparent lids
and incubated at a constant temperature of 20 °C. After 28 days, the sizes of the lesions that developed
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at the inoculation points were determined using a millimeter ruler. Since these lesions had an elliptic
shape, both the longitudinal and transversal diameters were measured. Thereafter, the geometric mean
diameter was calculated.

2.6. Data Analysis

The CHV-1 virulence was quantified as the difference between the mean performances of the
hypovirus-infected isolates and those of the corresponding isogenic hypovirus-free isolates and
were given as a proportion (%) of the performances of the hypovirus-free isolate. A negative value
indicated a higher performance of hypovirus-free isolates, whereas a positive value showed a higher
performance of hypovirus-infected isolates. In the growth experiment on PDA, the performance of
the C. parasitica isolates was estimated as the mean radial growth rate during the phase of linear
growth [23]. To determine this phase, linear regression implemented in Microsoft Excel for Mac
2011 (Version 14.3.9) was performed (criterion: R? > 0.98) on the geometric mean diameters of the
cultures at 72, 96 and 120 h after inoculation. In the experiment with the dormant chestnut stems,
the performance of the inoculated isolates corresponded to the geometric mean diameter of the lesion
28 days after inoculation.

All statistical analyses were performed in SPSS, version 22.0 (IBM® SPSS® Statistics). Mean
performances of isolates were tested for significant differences (p < 0.05) by conducting a Tukey’s
honestly significant difference test (Tukey’s HSD) in conjunction with a one-way analysis of variance
(One Way ANOVA). This test identifies any difference between two means that is greater than the
expected standard error. Model assumptions were checked with a Tukey-Anscombe plot and a Q-Q
plotin R 3.1.2. Residuals were normally distributed and displayed constant error variances. To compare
the effect of the Georgian and Italian CHV-1 subtypes on C. parasitica isolates from the European gene
pool (CpGeo97 cluster from Georgia and EU-1 isolates from Turkey), an independent-samples t-test
(p < 0.01) was performed. To test for a linear relationship between the virus effect on the fungal growth
on dormant stems and on PDA, the Pearson’s correlation was calculated for all tested isolates.

3. Results

3.1. Prevalence and Genetic Characterization of CHV-1

Among the 664 C. parasitica isolates from Georgia, 62 isolates were tested positive for CHV-1
(Table 1). Of these 62 hypovirus-infected isolates, 58 exhibited a white and 4 an intermediate (between
white and orange) culture morphology.

Table 1. Prevalence of CHV-1 in the Cryphonectria parasitica populations sampled in Georgia.

Population ! Region NCp.2 NCHV-1® % CHV-1
Keda (Ked) Adjara 48 0 0
Shemoqmedi (She) Adjara 47 14 29.8
Tkilnari (Tkhi) Adjara 48 5 10.4
Gezruli (Gez) Imereti 45 8 17.8
Korbouli (Kor) Imereti 44 2 45
Kumistavi (Kum) Imereti 50 12 24.0
Satsable (Sab) Imereti 47 11 23.4
Satsire (Sat) Imereti 71 3 4.2
Tskalthashua (Tska) Imereti 46 4 8.7
Mukhuri (Muk) Samegrelo-Zemo Svaneti 48 1 2.1
Taleri (Tal) Samegrelo-Zemo Svaneti 43 2 4.7
Axalsopeli (Axa) Kakheti 29 0 0
Khecili (Khe) Kakheti 49 0 0
Pshaveli (Psh) Kakheti 49 0 0
Total 664 62 9.3

1 Abbreviation of each population in brackets. 2 Number of C. parasitica isolates per population. > Number of
C. parasitica isolates tested positive for CHV-1.
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The prevalence of CHV-1 ranged from 0% to 29.8% with an average of 9.3%. CHV-1 was detected
in three regions in western Georgia (Adjara, Imereti, Samegrelo-Zemo Svaneti), but not in the region
Kakheti (populations of Axa, Khe and Psh), which is located in the eastern part of the country (Figure 2).

RUSSIAN FEDERATION

Black Sea

/ TURKEY

Figure 2. Prevalence and geographical distribution of CHV-1 in the C. parasitica populations in Georgia.

ARMENIA AZERBAIJAN

We obtained ORFA sequences from all 62 CHV-1 strains detected in Georgia. One strain failed
to amplify the ORFB region resulting in 61 sequences for this region. In the ORFA region (695 nt),
100 sites were polymorphic, which corresponds to an average of 0.143 substitutions per site. Among the
62 sequences of the ORFA region, 52 haplotypes were identified. In the ORFB region (715 nt), 95 sites
were polymorphic giving an average of 0.133 substitutions per site. A total of 54 haplotypes were
found among the 61 sequences of the ORFB region. Pairwise identities among the ORFA sequences
ranged from 97.3% to 100% and among the ORFB sequences from 96.6% to 100%.

3.2. Phylogenetic Analysis

Including the reference sequences, the ORFA alignment contained 71 sequences and the ORFB
alignment 70 sequences. Individual trees for both ORFs obtained from maximum likelihood analyses
in PhyML are shown in the Figure 3. In both trees, all CHV-1 strains from Georgia clustered together
in one group. In ORFA, this group was clearly separated from all other CHV-1 subtypes (D, E, F, F2,
and I) with maximal support. A clear separation from the subtypes F1, F2, and I was also evident for
OREB. In this region, the CHV-1 strains from Georgia were closely related to the reference strains in
subtypes D and E.

Comparison of both trees showed gene tree discordance, which occurs when phylogenies obtained
from individual genes differ among themselves. This is clearly evident for the Georgian CHV-1
strains, which are most closely related to CHV-1 subtype F2 in ORFA but to subtype D in ORFB.
Such contrasting tree topographies can be caused by genetic recombination that can occur in host cells
co-infected with different virus strains [14]. Forcing incongruent phylogenies into a single species-tree
analysis may result in discordant molecular convergence, which does not reflect any biological property
of the sites where it occurs, being solely the result of the technical bias [32]. Therefore, the two ORF
regions were not analyzed in a concatenated dataset. Since all CHV-1 strains from Georgia formed
a distinct group in both ORFs, we propose a new subtype designation for this group, namely the
Georgian CHV-1 subtype (CHV-1 subtype G). Subtype G is most closely related to the European
lineage A2B2, i.e., A2 in ORFA and B2 in ORFB, described by Feau et al. [14].
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Figure 3. Individual gene trees of CHV-1 strains from Georgia and reference strains generated under
maximum likelihood criterion (PhyML) using the GTR + gamma substitution model. (A) Gene tree
of 71 ORFA sequences of CHV-1 (695 nt, 211 (30.4%) parsimony informative sites). (B) Gene tree of
70 ORFB sequences of CHV-1 (715 nt, 210 (29.4%) parsimony informative sites). Trees are unrooted.
The scale bar represents the number of substitutions per site for a unit branch length. Numbers beside
branches represent bootstraps support (%) of 1.000 bootstrap replicates. For the sake of simplicity,
values of terminal branches are not shown and all CHV-1 strains from Georgia are indicated by a grey
circle. Samples ID of the CHV-1 reference subtypes (D, E, F, F2 and I) are written beside nodes with the
subtype denomination in brackets.

3.3. Effect of the Georgian CHV-1 Subtype on Growth of C. parasitica

The Georgian CHV-1 subtype had a different effect on the growth of its fungal host on dormant
chestnut stems (parasitic growth) and on PDA medium (saprophytic growth) (Figure 4). On dormant
chestnut stems, bark lesions induced by hypovirus-infected fungal isolates were significantly (p = 0.017)
smaller than those caused by hypovirus-free isolates, independently from the genetic background of
the fungal host. The mean hypovirus effect on lesion size across all isolates ranged from —22.8% (She27)
to —92.7% (Tkhi48), with a mean value of —59.1% =+ 3.8 (& SE; Table S2). The strongest hypovirus effect
was observed on the C. parasitica cluster CpGeo97 (—74.6% =+ 5.9) (Figure 4A). The isolates belonging
to the clusters CpGeo20 and CpGeo75 experienced a milder effect (—48.3% + 4.4 and —58.6% + 6.7,
respectively). Hypovirus-induced growth reduction differences were, however, only significant
(p < 0.05) between cluster CpGeo20 and cluster CpGeo97. On PDA, the presence of the hypovirus
did not significantly (p = 0.44) affect the growth rate of the infected C. parasitica isolates. A hypovirus
infection resulted in a slight growth stimulation (+7.6% + 3.4) and no significant differences were
detected among the different genetic clusters of the fungus (cluster CpGe097: +1.5% = 6.2; cluster
CpGe020: +8.1% = 4.2; cluster CpGeo75: +12.5% =+ 7; Figure 4B).
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Figure 4. Effect of the Georgian CHV-1 subtype on the growth of its fungal host on dormant chestnut
stems (A) and on PDA medium (B). For analyses, C. parasitica isolates were grouped according to their
genetic background into the three genetic clusters CpGeo20 (1 = 10), CpGeo75 (n = 10), and CpGeo97
(n =9). Clusters CpGeo20 and CpGeo75 belong to the Georgian gene pool of C. parasitica, whereas
cluster CpGeo97 to the European gene pool (for details on fungal genotypes see Prospero et al. [25]).
The virus effect was quantified as the difference in performance between the hypovirus-infected and
its isogenic hypovirus-free isolate as percentage of the performance of the hypovirus-free isolate. Error
bars represent standard errors. Values with different letters differ significantly (p < 0.05).

3.4. Comparison of the Georgian and Italian CHV-1 Subtypes

The effect of the Georgian and Italian CHV-1 subtype on growth of the fungal host was compared
in C. parasitica isolates belonging to the CpGeo97 cluster (European genepool). This cluster is
represented by isolates from Georgia infected by the Georgian subtype (1 = 9) and by isolates from
Turkey infected by the Italian subtype (1 = 10). Both subtypes reduced the fungal growth on dormant
chestnut stem (Figure 5A), but the inhibitory effect of the Georgian subtype (—74.6% + 5.9) was
significantly higher (p < 0.01) than that of the Italian subtype (—12.5% =+ 6.9). On PDA medium, both
the Georgian and the Italian CHV-1 subtype slightly stimulated the growth of infected C. parasitica
isolates (Figure 5B). The difference between the two subtypes was minor (Georgian subtype: 1.5% =+ 6.2;
Italian subtype: 15.5% =+ 3.3) and statistically not significant (p > 0.05).
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Figure 5. Effect of the Georgian (G) and the Italian (I) CHV-1 subtypes on the growth of C. parasitica
isolates from the European gene pool on dormant chestnut stems (A) and on PDA (B). The virus
effect was quantified as the difference in performance between the hypovirus-infected and its isogenic
hypovirus-free isolate as percentage of the performance of the hypovirus-free isolate. Error bars
represent the standard errors. Values with different letters differ significantly (p < 0.05).
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4. Discussion

As in Europe, chestnut forests in the Caucasus are suffering from the introduced chestnut blight
fungus, Cryphonectria parasitica. In previous studies, a unique C. parasitica genepool was identified
in this region, which is not related to the genepools occurring in Europe [25,26]. In the present
study, we demonstrate that the Georgian C. parasitica population harbors a unique Cryphonectria
hypovirus population. All hypovirus strains detected formed distinct phylogenetic groups in both
regions analyzed. Following the CHV-1 subtype designation used for European hypoviruses ([13,33],
we propose the new hypovirus group to be named the Georgian CHV-1 subtype (subtype G).

In relation to the previously described CHV-1 subtypes from Europe, conflicting phylogenetic
signals between the ORFA and ORB regions were obtained for the Georgian CHV-1 strains. In ORFA
the analyzed strains were most closely related to the CHV-1 subtype F2 and in OREFB to the subtypes
D/E. Finding gene tree discordance in viral populations is not surprising, as phylogenetic incongruence
has been often observed within viral strains [34,35]. This phenomenon may be the consequence of
viral recombination, which occurs when two different virus strains co-infect a single cell. The viral
RNA-dependent-RNA-polymerase can dissociate from the first genome and continue replication by
using the second distinct genome as template [30,36]. The result is a novel mosaic-like genome with
regions from different sources. Recombination events have been previously described in CHV-1 and
very likely have contributed to the evolution of CHV-1 subtypes in Europe [14,20]. The study of
Feau et al. [14] showed that two recombinant CHV-1 lineages (subtype F1 and I) were more frequent
than the putative parental strains suggesting an increased invasiveness of the recombinants.

Mlinarec et al. [20] recently provided full genome sequences of all European subtypes including
one CHV-1 strain from Georgia. Recombinant analysis suggested that the strain from Georgia has
a recombinant pattern between CHV-1 subtype I (minor parent) and the subtypes F1, D, E (major
parent). Our study indicates that these putative parental strains do not occur in Georgia and suggests
that the recombination event took place outside of this area. Western Europe (France, Spain) could
be the center of origin of the Georgian subtype since all putative parental CHV-1 subtypes have
been found in that area [14,19,37]. However, there is no indication of any relationship between
the C. parasitica population in western Europe and Georgia [25]. To our knowledge there are also
no records for any movement of chestnut plant material between the two areas, which could have
spread hypovirus-infected C. parasitica isolates. Alternatively, and more likely, the Georgian subtype
has evolved somewhere in Asia, i.e., in the native range of C. parasitica and CHV-1. C. parasitica
isolates harboring such recombinant CHV-1 strains were then introduced into Georgia and founded
both the fungal and virus population in this country. To our knowledge artificial application of
hypovirus-infected C. parasitica strains to control chestnut blight have never been performed in the
Caucasus region including eastern Turkey. Thus, the unique CHV-1 subtype identified in Georgia
was very likely introduced there together with its fungal host from Asia. The recent finding of related
CHV-1 strains in Eastern Turkey [17] suggests that CHV-1 subtype G is slowly migrating westwards.

Our study revealed distinct hypovirus x fungus interactions for parasitic growth of the fungus
on dormant chestnut stems, but not for saprophytic growth on PDA plates. On chestnut stems,
the Georgian CHV-1 subtype was found to have a different effect on the growth of C. parasitica
depending on the genetic background of the fungal host strains. This was most evident when
comparing the Georgian CpGeo20 cluster with the European CpGeo97 cluster, which experienced a
significant greater growth reduction than the former cluster. It has been hypothesized that mycoviruses
will adapt to its fungal hosts and evolve towards milder strains, in order not to severely reduce the
fitness of the hosts [21,38]. This hypothesis is based on the fact that most mycoviruses, including
CHV-1, do not have an extracellular phase and fully depend on their hosts for survival and spread [1,2].
Along this line, our results suggest that the Georgian CHV-1 subtype is more adapted to the Georgian
C. parasitica genepool than to the European genepool. This assumption is consistent with the scenario
that the Georgian CHV-1 subtype has been present for a longer time in the Georgian genepool and
only recently infected the European genepool that had migrated from Turkey into Georgia. Similarly,
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the Georgian CHV-1 subtype had a more severe effect on the European genepool than the Italian
subtype, which has shared a long invasion history with the European C. parasitica population [15].

Hypovirus-mediated biological control of chestnut blight has been successful in many areas
in Europe, either naturally or after artificial application [5]. The basis of biocontrol is provided
by the ability of CHV-1 to reduce the parasitic growth (virulence) of infected C. parasitica isolates.
An additional important characteristic of hypovirulence is the transmissibility of CHV-1 among fungal
individuals. This horizontal hypovirus transmission is controlled by the vegetative incompatibility
system in C. parasitica [8]. If barriers imposed by this system are not too high, CHV-1 is able to infect a
large proportion of a fungal population [39]. In Europe, where hypovirulence is successful it is not
uncommon to find a hypovirus prevalence of more than 50% [3]. In Georgia, we found three locations
with a CHV-1 prevalence between 20% and 30%. In most other locations, the prevalence was much
lower with zero detection in the eastern part of the country. Even at a relatively low prevalence, CHV-1
might still mitigate the chestnut blight severity in Georgia at least to a certain degree and particularly in
the western part of the country. Our phenotypic analysis supports this assumption by demonstrating
that the Georgian CHV-1 subtype strongly reduces the parasitic growth of all three genetic clusters
of C. parasitica identified in Georgia. It is interesting to note that Georgian CHV-1 subtype did not
reduce the saprophytic growth of C. parasitica as assessed on PDA plates. This is a typical characteristic
of many CHV-1 strains, particularly those of the Italian subtype [16]. The saprophytic ability of
hypovirus-infected C. parasitica to growth and sporulate on dead chestnut stems is thought to be
important for the success of natural hypovirulence in Europe [9] and probably also plays a role in the
natural chestnut forests in Georgia.

In eastern Georgia, where CHV-1 was not found, biological control applications are highly feasible
using CHV-1 strains from the western part of the country. The genetic diversity of C. parasitica is
low in the eastern part with a single dominant genotype (CpGeo20) present [25]. Therefore, there are
almost no vegetative incompatibility (vic) barriers, which should favor the spread of an artificially
applied hypovirus. Hypovirulence application in the western part of the country is more problematic
since the local C. parasitica population is genetically highly diverse as determined by microsatellite
markers [25]. Vegetative incompatibility so far has not been studied in Georgia. Studies in other areas,
however, showed that vic genotype diversity is highly correlated with microsatellite diversity [26,40,41].
Therefore, we can assume that vic barriers are strong in western Georgia and are probably responsible
for the low prevalence of CHV-1 in local C. parasitica populations.

In our study, we focused on CHV-1, which is the most efficient biological control agent against
chestnut blight and to date the only mycovirus reported in C. parasitica from Europe. In North America
and Asia, several other mycoviruses have been found in the chestnut blight fungus [24]. It is likely that
Cryphonectria mycoviruses other than CHV-1 also occur in Europa including Georgia, but screening for
the presence of such viruses remains to be done.

5. Conclusions

Our study reveals the occurrence of a unique CHV-1 subtype in the C. parasitica population in
Georgia. This finding is consistent with a previous study showing that there is a unique fungal genepool
in Georgia, which is not related to other C. parasitica genepools in Europe. The Georgian CHV-1 subtype
belongs to the more severe hypoviruses as it strongly reduced the parasitic growth of C. parasitica.
Although this CHV-1 subtype overall has a strong phenotypic effect on C. parasitica, it seems to be
more adapted to the Georgian than to the European genepool of C. parasitica. This suggests a longer
interaction history with the Georgian than with the European genepool, which probably had migrated
only recently from Turkey into Georgia. The CHV-1 subtype in Georgia provides a valuable biological
control agent for hypovirulence applications in the Caucasus region.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/12/687/
s1, Table S1: List of CHV-1 strains used in this study and GenBank accession numbers of the CHV-1 sequences,
Table S2: Effect of the Georgian CHV-1 subtype on the growth of the infected Cryphonectria parasitica isolates on
PDA and on dormant chestnut stems.
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Abstract: Hymenoscyphus albidus is a native fungus in Europe where it behaves as a harmless
decomposer of leaves of common ash. Its close relative Hymenoscyphus fraxineus was introduced
into Europe from Asia and currently threatens ash (Fraxinus sp.) stands all across the continent
causing ash dieback. H. fraxineus isolates from Europe were previously shown to harbor a mycovirus
named Hymenoscyphus fraxineus Mitovirus 1 (HfMV1). In the present study, we describe a conspecific
mycovirus that we detected in H. albidus. HfMV1 was consistently identified in H. albidus isolates
(mean prevalence: 49.3%) which were collected in the sampling areas before the arrival of ash dieback.
HfMV1 strains in both fungal hosts contain a single ORF of identical length (717 AA) for which a
mean pairwise identity of 94.5% was revealed. The occurrence of a conspecific mitovirus in H. albidus
and H. fraxineus is most likely the result of parallel virus evolution in the two fungal hosts. HIMV1
sequences from H. albidus showed a higher nucleotide diversity and a higher number of mutations
compared to those from H. fraxineus, probably due to a bottleneck caused by the introduction of
H. fraxineus in Europe. Our data also points to multiple interspecific virus transfers from H. albidus to
H. fraxineus, which could have contributed to the intraspecific virus diversity found in H. fraxineus.

Keywords: Chalara fraxinea; Hymenoscyphus pseudoalbidus; ash dieback; Narnaviridae; evolution;
invasive species; horizontal virus transmission

1. Introduction

In the past years, species invasions have become an important topic in the scientific literature due
to increasing awareness of the consequences of intensified international trade of plant material [1-3].
In the case of introduced (exotic) plant pathogens, we frequently observe invasions by species that
have a harmless close relative in the invaded area and which are often more virulent due to the lack of
co-evolution with the novel host. This can have catastrophic impacts on forest ecosystems (e.g., [4,5]).
So far, most studies have focused on the invasive species itself, while little attention has been paid
to possible interactions with closely related native species that may occupy similar ecological niches
and share evolutionary histories. The duration of this interaction is often limited because the invasive
species outcompetes its native sister species (e.g., Cryphonectria parasitica vs. C. radicalis in Europe; [6]).
Nevertheless, during this short timeframe, gene flow between native and introduced species may occur,
resulting in varying levels of gene introgression between the two interacting taxa. The occurrence
of hybridization between allopatric species following attained sympatry because of anthropogenic
introduction has been reported for example in the basidiomycete genus Heterobasidion [7] and in the
oomycete genus Phytophthora [8].

Viruses 2018, 10, 628; doi:10.3390/v10110628 313 www.mdpi.com/journal/viruses
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In the present study we focus on the interaction of Hymenoscyphus fraxineus and H. albidus, which
belong to the family Helotiaceae and are closely related [9]. The first species is native to Asia and in
Europe is an invasive pathogen causing ash dieback (ADB), mainly on common (Fraxinus excelsior) and
narrow-leaved ash (Fraxinus angustifolia) [10]. The latter species is a native endophyte of common ash
in Europe (e.g., [11]). Due to its severe ecological consequences, there has lately been a great interest in
the biology, ecology, and population genetics of H. fraxineus (e.g., [12-16]). However, little is known
about H. albidus [17,18], as well as its interaction with H. fraxineus. Field reports indicate that since the
onset of the ADB epidemic in Europe, the frequency of detection of H. albidus has decreased strongly,
with the species being at risk of local extinction [19,20]. Both species show a similar life cycle and, more
importantly, occupy the same sporulation niche, i.e., rachis and petioles of last year’s ash leaves in the
litter [17,18,20]. The introduced H. fraxineus is most likely outcompeting its native relative because
of its superior ability to cause leaf infections and its massive production of airborne ascospores [21].
After the first detection of the disease in the 1990s in Eastern Europe [22], H. fraxineus is now abundant
in most ash stands all across mainland Europe and the UK [15,23,24].

Fungal viruses (mycoviruses) are widespread in all major groups of fungi [25] and a mycovirus,
Hymenoscyphus fraxineus Mitovirus 1 (HfMV1) was recently also discovered in H. fraxineus [26].
HfMV1 is a putative member of the genus Mitovirus (family Narnaviridae) that are only present
in fungi. Mitoviruses are commonly found in fungi and represent the simplest mycoviruses with an
unencapsidated single strand RNA genome of approximately 2.5 kb. The genome contains one single
open reading frame (ORF), encoding the RNA-dependent RNA polymerase (RdRp). As many other
RNA viruses, mitoviruses are mutating at high rates [27]. Mitoviruses are located and translated in
the mitochondria [28,29]. It has previously been shown that some mycoviruses may be transferred
between related fungal species e.g., in the genera Cryphonectria, Heterobasidion, Sclerotinia, as well
as between fungal taxa e.g., Sclerotinia homoeocarpa and Ophiostoma novo-ulmi [30-33]. In many of
these studies, evidence for interspecific virus transmission was based on the occurrence of conspecific
viruses in different fungal host species.

In the present study, we tested the occurrence of a conspecific mitovirus in H. albidus and
H. fraxineus using the RARP gene as a marker for population genetic analyses. Specifically, we
(i) determined the presence and prevalence of HIMV1 sequences in H. albidus isolates, which were
collected in Switzerland and France before the arrival and spread of the invasive H. fraxineus;
(ii) determined the phylogenetic relationship of the viral sequences detected in H. albidus and
H. fraxineus; and (iii) compared the genetic diversity of the viruses in H. albidus and H. fraxineus
populations from the same geographic regions, to determine the possible origin of the conspecific virus
in the two closely related host species.

2. Materials and Methods

2.1. Isolates Used in the Study

Overall, 67 isolates of H. albidus from France and Switzerland and 221 HfMV1-positive isolates of
H. fraxineus from Europe (mainly Switzerland) were analyzed (Table 1). All H. albidus isolates were
recovered from colonized petioles of common ash. The H. fraxineus isolates were also obtained from
common ash, either from petioles or bark lesions (for details see [14,26]). All H. albidus isolates were
identified by ITS sequencing using ITS1 and 1TS4 primers [34]. The H. fraxineus isolates were identified
either by ITS sequencing or microsatellite genotyping [12]
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2.2. Fungal Cultivation and RNA Extraction

For each sample, a small piece of growing pure culture was transferred to a new cellophane
covered malt agar plate [13]. These were incubated for 5 weeks in the dark at room temperature.
Thereafter, the mycelia were harvested, lyophilized and then milled in a MixerMill (MM33, Retsch
GmbH, Haan, NRW, Germany). For each sample, approximately 20 mg of the ground mycelium were
used for RNA extraction, using the PureLink Pro 96 total RNA Purification Kit (Invitrogen, Carlsbad,
CA, USA), following the manufacturer’s instructions.

2.3. Screening for HfMV1 and Viral Sequencing

All H. albidus and H. fraxineus isolates were screened for the presence of HMV1 using a specific
PCR assay [26]. Complementary DNA (cDNA) was produced with the Maxima First Strand cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol.
For sequencing, PCR products were purified using Illustra ExoProStar (GE Healthcare Life Sciences,
Pittsburgh, PA, USA) according to the instructions. Sanger sequencing of the PCR products was done
on both strands using the same primers as for PCR. In addition, for 40 isolates (8 for H. albidus, 32 for
H. fraxineus) the full length viral RARP gene (2151 bp) was sequenced in both directions as described
in [26]. To account for mutations at primers sites in some of the isolates, additional primers had to be
designed to obtain the complete ORF (see Table S2).

2.4. Phylogenetic Analyses

The maximum likelihood (ML) phylogenetic analysis was conducted for the nucleotide alignment.
The alignment quality was first double-checked using the MACSE aligner [36]. A total of 40 separate
runs each with 10,000 replicates were conducted using the ‘rapid bootstrap analysis and tree search’
algorithm, resulting in a best ML tree with branch lengths and bootstrap support values. Two separate
analyses were performed, (i) for the full length RARP gene (2151 bp, N = 40) and (ii) for the partial
RARP gene (495 bp, N = 255). For the partial RARP gene, three distinct data partitions with joint
branch length optimization in RAXML v8.2.4 [37] implementing the GTRGAMMA model of nucleotide
substitution were used.

The Bayesian analysis was conducted for each of the two datasets separately, using MRBAYES
v3.2.6 [38]. Three independent runs, each consisting of 100 million generations with a burn-in of
80 million and a sampling frequency of 1000 were performed.

The resulting data was visualized using the software TREEGRAPH v2 [39] and FIGTREE v1.4.2
(http:/ /tree.bio.edac.uk/software/figtree/).

2.5. Genetic Diversity, Differentiation and Evolution

DNASP v5 [40] was used to determine the nucleotide diversity estimated by the average number
of differences per site between two sequences (7), the number of haplotypes observed (h), the haplotype
diversity (Hd), the number of segregating sites (S), the number of total mutations (1), and the average
number of differences (K) per country/population were calculated for the two datasets ‘partial ORF’
and ‘full ORF’. Pairwise identity percentages for the nucleotide and amino acid sequences were
calculated using Multiple Sequence Comparison by Log- Expectation (MUSCLE; http://www.ebi.ac.
uk/Tools/msa/muscle).

3. Results

In the present study, we describe the first fungal virus detected in H. albidus. HIMV1, which
was previously described for H. fraxineus, could now also be detected in its close relative, H. albidus.
Although vast areas of Switzerland were sampled, from 2013 onward H. albidus could not be isolated
any longer.
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3.1. Prevalence of HfMV1 in H. albidus

All H. albidus isolates analysed originated from Swiss and French regions where H. fraxineus had
not been officially reported at the time of sampling (Figure 1). By using a HIMV1-specific PCR assay,
we detected HfMV1-sequences in 33 out of 67 H. albidus isolates (49.3%). More precisely, 28 out of
53 Swiss isolates (52.8%) and 5 out of 14 French isolates (35.7%) harbored HfMV1.

Figure 1. Geographic origin of the Swiss Hymenoscyphus albidus and H. fraxineus samples analyzed in
this study. Grey tones display the year of first report of ash dieback. Light grey lines display Swiss
canton borders. Abbreviations: S-CH: Southern Switzerland, SW-CH: South-Western Switzerland,
N-CH: Northern Switzerland. Modified after [41].

3.2. Pairwise Sequence Identity

All virus sequences obtained from H. albidus and H. fraxineus showed high similarities and were
of identical length for both the full and partially sequenced RARP gene. Average pairwise sequence
identity (PWI) was 95% (range between 93% to 97%), when comparing the full ORF amino acid
sequences (717 AA) of HfMV1 originating from the two fungal host species. For the nucleotide
sequences (NT) the average PWI was 91% (90% to 93%). When considering only HfMV1 sequences
from H. albidus, the PWI value was on average 97% (92% for NT), whereas for HIMV1 sequences
from H. fraxineus, the PWI value was 98% (96% for NT). According to the International Committee
on Taxonomy of Viruses, a PWI < 40 indicates different species, whereas PWI > 90 is indicative that
the compared sequences belong to the same virus species [42]. Therefore, we can conclude that all
viral sequences analyzed in this study belong to the same species, which was previously described as
HfMV1 [26].

3.3. Phylogenetic Relationships of HfMV1 across Two Different Host Species

For the full RARP gene of HIMV1 (2151 bp), three well supported groups of sequences were
detected (posterior probability, PP = 1; Figure 2). RAXML analysis evidenced very similar three groups,
with >90% bootstrap support (Figure S1). In accordance with [15], these groups were called HIMV1
group 1, HIMV1 group 2 and HfMV1 H. albidus group. All viral sequences obtained from H. albidus
belonged to a separate group, which consisted of long-branched sequences. HIMV1 group 2 also
included long-branched sequences, all from Switzerland. HIMV1 group 1, on the other hand, was
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characterized by short branches with little differentiation and low support values. The sequences
of the German and Polish isolates, which were initially used for HMV1 primer design [26], came
to reside in this group (Hf_DE_C436 and Hf PL_C428 in Figure 2). The full RARP sequences from
H. fraxineus were allocated both to HIMV1 group 1 (11 isolates, light grey in Figure 2) and HfMV1
group 2 (19 isolates, black in Figure 2). All 8 full RARP sequences obtained from H. albidus formed
the H. albidus group. In addition, also two full RARP sequences of H. fraxineus isolates obtained from
necrotic lesions cluster here (arrows and blue font in Figure 2).
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Figure 2. Phylogenetic tree resulting from the MrBayes analysis conducted with 40 (8 H. albidus,
32 H. fraxineus) full sequences (2151 bp) of the RARP gene of the mitovirus HIMV1. Green color
depicts HEIMV1 H. albidus group isolates. Black color depicts HEMV1 group 2 isolates and orange color
HfMV1 group 1 isolates. Blue color and *** marks H. fraxineus isolates within the H. albidus group.
Hf characterizes viral sequences from H. fraxineus, Ha from H. albidus isolates. For abbreviation see
Table 1. Posterior probabilities are shown at the respective branch if they were >0.95. Arrows indicate
intermixing of H. albidus and H. fraxineus HIMV1 sequences.

For the partial RARP gene of HEIMV1 (495 bp), two major groups of sequences (PP = 1, bootstrap
value 61%) were detected (Figure 3). In accordance with the full RARP gene sequences and [14] these
groups were again called HfMV1 group 1 and HIMV1 group 2. The H. albidus sequences formed three
distinct clusters, which were all closer related to HIMV1 group 2 than to HIMV1 group 1 (Figure 3).
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Figure 3. MrBayes analysis conducted with 255 sequences of the partial RARP gene (495 bp) of the
mitovirus HIMV1. Green color depicts H. albidus isolates. Posterior probabilities are shown at the
respective branch if they were >0.95. Each sample is named with the sampling year, followed by the
sampling locality (for abbreviation see Table 1) and sample name. Arrows indicate intermixing of
H. albidus and H. fraxineus HIMV1 sequences. Samples marked in bold and italics are included in the
full-length analysis.

No structure could be detected in the overall HIMV1 population (i.e., combining H. albidus
and H. fraxineus), neither geographically nor chronologically, using area or sampling year as priors.
Nonetheless, within HIMV1 sequences of H. albidus, a certain geographic clustering was visible, with
French (NW-F) isolates grouping together most distinctly (Figure 3). The 12 HfMV1 sequences from
Southern Switzerland, together with two sequences from South-Western Switzerland (SW-CH) formed
the second most distinct cluster (Figure 3 and Figure 52). Most sequences from SW-CH also grouped
together in a separate cluster. Noteworthy, 12 H. fraxineus HIMV1 sequences grouped within the three

H. albidus clusters (indicated by black arrows in Figure 3).
3.4. Population Genetic Parameters

3.4.1. Full RARP Gene

Given that all full-length RARP sequences were different, the haplotype diversity (Hd) was
one in both H. fraxineus and H. albidus (Table 2). The nucleotide diversity estimated by the average
number of differences per site between two sequences () was 0.03 across all HIMV1 sequences
from both host species for the full ORF (2151 bp; N = 40; Table 2). Among HfMV1 sequences from
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H. albidus, m was 0.077, and 0.021 for H. fraxineus sequences. The average number of nucleotide
differences K, was 52 across all sequences from both species and ranged between 38 in H. fraxineus
and 163 in H. albidus. The total number of mutations () was 380 for the entire population (H. fraxineus
and H. albidus combined) and was lower in the Swiss H. fraxineus (238) than in the Swiss H. albidus
population (403; Table 2).

Table 2. Population genetic parameters for the full length RARP gene sequences (2151 bp) of HIMV1
recovered from Hymenoscyphus albidus and H. fraxineus.

Population N  Sequence Length Net Sites S n h Hd 44 K

H. fraxineus 32 2151 1791 219 239 30 1.0 0.021 38

H. albidus 8 2151 2122 400 464 8 1.0 0077 163

H. fraxineus CH 30 2151 1851 218 238 28 1.0 0.021 39

H. albidus CH 6 2151 2129 360 403 6 1.0 0076 163

H. fraxineus & H. albidus total ~ 40 2151 1774 328 380 38 1.0 0.029 52

Abbreviations: N, number of isolates; Sequence length, entire sequence length in bp; Net sites, sequence length in
analysis; S, number of segregating sites; 1, total number of mutations occurred in that population; h, number of
haplotypes; Hd, haplotype diversity; 7, nucleotide diversity estimated by the average number of differences per site
between two sequences; K, average number of nucleotide differences; CH, only samples from Switzerland (30 out of
32 in H. fraxineus and 6 out of 8 in H. albidus).

3.4.2. Partial RARP Gene

For the partial RARP sequences (495 bp; N = 255), 7t was on average 0.02 (0.08 for H. albidus
and 0.007 for H. fraxineus; Table 3). Hd was on average 0.84 and ranged between 0.90 and 1.00 in
H. albidus and between 0.7 and 0.99 in H. fraxineus. K, the average number of nucleotide differences,
was 5 across all sequences from both species and ranged between 3 in H. fraxineus and 30 in H. albidus,
all from Southern Switzerland (S-CH; Figure 1). The total number of mutations (1) was 89 for the
entire population (H. fraxineus and H. albidus combined) and lower in Swiss H. fraxineus (58) than in
Swiss H. albidus populations (122; Table 3).

Table 3. Population genetic parameters for the partial RARP gene sequences (495 bp) of HIMV1
recovered from Hymenoscyphus albidus and H. fraxineus.

Population N  Sequence Length Net Sites S n h Hd ud K
H. fraxineus all 221 495 348 49 57 48 079 0.007 235
H. fraxineus CH 214 495 349 50 58 49 080 0.007 241
H. fraxineus S-CH * 90 495 359 33 37 28 080 0.008 298
H. fraxineus SW-CH 41 495 485 89 102 27 096 0.039 19.21
H. fraxineus N-CH 85 495 458 73 81 53 096 0.019 872
H. fraxineus NW-F 5 495 488 16 16 3 070 0014 6.60
H. albidus all 34 495 426 99 129 28 099 0.080 34.02
H. albidus CH 29 495 427 94 122 24 099 0.078 3339
H. albidus S-CH 12 495 443 79 94 12 100 0.067 29.74
H. albidus SW-CH 13 495 467 76 8 10 096 0.052 24.03
H. albidus NW-F 5 495 494 34 34 4 090 0.026 14.40
H. fraxineus & H. albidus total ~ 255 495 348 71 8 73 084 0015 533

Only populations >5 samples were considered. Abbreviations: N, number of isolates; Sequence length, entire
sequence length in bp; Net sites, sequence length in analysis; S, number of segregating sites; n, total number of
mutations occurred in that population; h, number of haplotypes; Hd, haplotype diversity; 7t, nucleotide diversity
estimated by the average number of differences per site between two sequences; K, average number of nucleotide
differences; CH: Switzerland, S-CH: Southern Switzerland, SW-CH: South-Western Switzerland, N-CH: Northern
Switzerland, NW-F: North-Western France, * including 2 isolates from Northern Italy.

4. Discussion

The main objective of this study was to determine the presence and prevalence of the mitovirus
HfMV1 [26] in the leaf endophyte H. albidus and to use the viral RARP gene for population genetic
analyses. Furthermore, we aimed to compare the genetic diversity of HIMV1 in H. albidus, which
is presumably native to Europe, to that in the closely related and introduced fungus H. fraxineus,
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the causal agent of ash dieback (ADB). Both fungi occupy the same ecological niche, colonizing and
infecting ash leaves and forming fruiting bodies on leaf petioles in the litter. While H. fraxineus is very
abundant, H. albidus is now difficult to find and possibly locally extinct [19,20]. Our study supports this
observation, as from 2013 onwards we could only isolate H. fraxineus even in areas where H. albidus had
previously been officially reported. It is generally assumed that this is the result of a displacement of
H. albidus due to the competition for the sporulation niche with its relative H. fraxineus. As H. fraxineus
acts as a primary leaf pathogen and produces massive airborne spore clouds (see also [21]), it is
outcompeting the native H. albidus.

Genetic analyses confirmed that the mitovirus detected in H. albidus effectively corresponds to the
mitovirus HIMV1 previously described in the invasive pathogen H. fraxineus. First, the viral RARP
gene has an identical ORF length in both fungi. Second, the full RARP gene sequences obtained from
H. albidus and H. fraxineus showed high pairwise identities (94.5% for the RARP amino acid sequences,
91.1% for nucleotide sequences). As this finding indicates that HEIMV1 is conspecific in H. fraxineus
and H. albidus, we propose the same virus name, HfMV1, for both fungal species. This is the first
description of a fungal virus in the leaf endophyte H. albidus.

The overall prevalence of HfMV1 in H. albidus is lower (49.3%) than previously described
for H. fraxineus isolates from the European mainland and Great Britain (78.7% and 67%,
respectively; [15,24]). This difference could be due to the fact that we analyzed far more H. fraxineus
compared to H. albidus isolates. Furthermore, there could be a geographic difference, as the H. albidus
isolates in this study were obtained mainly from Switzerland (and France), whereas the H. fraxineus
isolates were collected throughout Europe (and Great Britain). The lower prevalence of HfMV1 in
H. albidus could also be due to the PCR assay used for virus screening, which presumably did not detect
all HIMV1 variants in this species. Nonetheless, the prevalence of HfMV1 in both Hymenoscyphus
species is in accordance with the ranges observed for mitoviruses in other fungal species e.g., in
Gremmeniella [43].

All H. albidus isolates analyzed in this study, including those infected by HIMV1, were collected in
Switzerland and North-Western France prior to the arrival of ADB (Figure 1; [35]). Therefore, we can
assume that HIMV1 must have been present in H. albidus before the introduction of H. fraxineus into
Europe. This assumption is supported by the fact that H. albidus viruses form a distinct, well supported
phylogenetic group when considering the full viral RARP gene (Figure 2). The H. albidus viruses also
exhibit a higher genetic diversity than the H. fraxineus viruses. Moreover, clustering by geographic
region is evident for HfMV1 strains from H. albidus. Specifically, sequences from Switzerland are
clearly separated from those from North-Western France. Within Switzerland, sequences from Southern
Switzerland are quite distinct and only partially intermix with HfMV1 sequences from South-Western
Switzerland. Such spatial genetic patterns are expected due to local differentiation of HIMV1 in
native populations of H. albidus. In contrast, we did not detect any geographic structuring for HfMV1
sequences obtained from H. fraxineus, which is in accordance with previous studies for the fungus and
the virus [12-15]. In summary, these findings suggest that HfMV1 is also native to Europe where it
occurs as a genetically distinct group in H. albidus.

The presence of a conspecific mitovirus in H. fraxineus and H. albidus could be the result of a
parallel virus evolution from a common ancestor. Mitoviruses are the most widespread fungal viruses
and HfMV1only encodes one single gene. Hence, possibilities for mutations are limited and similar
HfMV1 variants may form independently (in parallel) in different fungal hosts, particularly if the
host species are closely related. Since mating between the two fungal species, which also possess
different mating systems (homothallic in H. albidus vs. heterothallic in H. fraxineus), has never been
observed [44], transfer of HIMV1 from H. albidus to H. fraxineus through interspecific hybridization
does not seem to be a plausible hypothesis.

The detection of HIMV1 in H. albidus sheds new light on previous research, where only viral
sequences obtained from H. fraxineus were investigated [14]. Based on the discovery of two HIMV1
groups in Europe, it was hypothesized that two divergent HIMV1 strains were introduced together
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with two H. fraxineus strains. The two HfMV1 groups in H. fraxineus were also detected in the present
study for both the full and partial viral RARP gene sequences. Although the H. albidus viruses are well
separated from these two groups, they seem to be more closely related to HfMV1 group 2 than to group
1 (Figures 2 and 3). Most interestingly, there are several HfMV1 sequences from H. fraxineus, which
cluster together with H. albidus viruses, i.e., these viruses are closer related to those in H. albidus than
to those in H. fraxineus (arrows in Figures 2 and 3). This pattern is consistent with the hypothesis of an
interspecies virus transmission from the native H. albidus to the invasive H. fraxineus. In particular,
there are 2 full sequences of H. fraxineus isolated from necrotic lesions that cluster with the H. albidus
group (Figure 2). Our results suggest at least three cross-species transmission events of HIMV1.
Further interspecies virus transfers cannot be ruled out particularly within HIMV1 group 2, which
could explain the higher genetic diversity observed in this group compared to group 1 [15]. In plant
pathogenic fungi, cross-species transmission of mycoviruses has been previously described in different
genera, e.g., Cryphonectria hypovirus 1 (family Hypoviridae) in the genus Cryphonectria [30] and the
Heterobasidion RNA virus 1 (HetRV1; family Partitiviridae) in the genus Heterobasidion [31]. For HetRV1,
Vainio et al. [31] detected high nucleotide level similarity (98%) between HetRV1 obtained from
taxonomically distant H. parviporum and H. australe, thus suggesting a recent HetRV1 transmission in
nature. Furthermore, Deng et al. [33] reported a mitovirus to be conspecific in Sclerotinia homoeocarpa,
the causal agent of Dollar spot, and Ophiostoma novo-ulmi, the causal agent of Dutch elm disease, with
92.4% (nucleotide) and 95.1% (amino acid) sequence identities between viral strains and [45] detected
95% identity of BeMV1 and Ophiostoma novo-ulmi mitovirus 3b.

In contrast to plant and animal pathogenic viruses, natural vectors are largely unknown in
fungal viruses, which typically have no extracellular phase [25]. In vitro experiments (e.g., [30,32])
have shown that mycoviruses are transmitted horizontally between fungal species via hyphal
anastomosis. Recent genomic studies revealed that the genomes of H. fraxineus and H. albidus are highly
similar [46] and 75% of the H. albidus reads could be mapped to the H. fraxineus reference genome [16].
Hence, hyphal anastomosis and transfer of genetic elements between both fungal species without the
final hybridization event cannot be excluded. The low detection rate of such events (i.e., intermixing
of HfMV1 sequences from H. fraxineus with sequence clusters of HIMV1 from H. albidus) in this study
might be simply due to the fact that it is still too early in time to detect them more frequently. Moreover,
it has to be kept in mind, that most likely we did not capture the full picture and all transmission
events, as only a small number of H. albidus isolates from Switzerland and France were investigated
in the present study. Future sampling of H. fraxineus in areas where divergent HfMV1 strains were
found in H. albidus (e.g., Southern Switzerland or North-Western France), as well as the inclusion of
additional H. albidus samples from other countries could reveal additional evidence of interspecies
transmission of HIMV1.

5. Conclusions

Our study shows that the mitovirus HEIMV1 that was previously identified in the ash dieback
pathogen H. fraxineus [26] is also occurring in the congeneric species H. albidus. Sampling history
together with phylogenetic and population genetic analyses suggest that HIMV1 is a native mycovirus
in the European H. albidus population. The occurrence of a conspecific mitovirus in H. albidus and
H. fraxineus is most likely the result of parallel virus evolution in the two fungal hosts. In addition,
our study provides evidence for interspecies virus transmission from H. albidus to H. fraxineus, which
contributed to the viral diversity observed in the invasive H. fraxineus population in Europe.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/11/628/
s1, Figure S1: Phylogenetic tree resulting from the RaxML analysis conducted with 40 (8 H. albidus, 32 H. fraxineus)
full sequences (2151 bp) of the RARP gene of the mitovirus HIMV1. Green color depicts HIMV1 H. albidus group
isolates. Black color depicts HIMV1 group 2 isolates and grey color HEIMV1 group isolates. Blue color and ***
mark H. fraxineus isolates within the H. albidus group. Hf characterizes viral sequences from H. fraxineus, Ha from
H. albidus isolates. For abbreviation see Table 1. Bootstrap values are shown if >70. Arrows indicate intermixing of
H. albidus and H. fraxineus HIMV1 sequences. Figure S2: RAXML analysis conducted with 255 sequences (495 bp)
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of the partial RARP gene of the mitovirus HIMV1. Each sample is named with the sampling year, followed by the
sampling locality (for abbreviation see Table 1) and sample name. Bootstrap values are show if >60. Samples
marked in bold and italics are included in the full-length analysis. Table S1: Details of the isolates in the study
with sample locations, years and GenBank accession numbers. Table S2: List of additional primers used to
sequence the full open reading frame of Hymenoscyphus fraxineus mitovirus 1 and 5" and 3’ flanking regions of
HfMV1. Tm = annealing temperature in degrees Celsius.
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Abstract: Monilinia fructicola and Monilinia laxa are the most destructive fungal species infecting
stone fruit (Prunus species). High-throughput cDNA sequencing of M. laxa and M. fructicola isolates
collected from stone fruit orchards revealed that 14% of isolates were infected with one or more
of three mycoviruses: Sclerotinia sclerotiorum hypovirus 2 (SsHV2, genus Hypovirus), Fusarium
poae virus 1 (FPV1, genus Betapartitivirus), and Botrytis virus F (BVE, genus Mycoflexivirus). Isolate
M196 of M. fructicola was co-infected with all three viruses, and this isolate was studied further.
Several methods were applied to cure M196 of one or more mycoviruses. Of these treatments, hyphal
tip culture either alone or in combination with antibiotic treatment generated isogenic lines free
of one or more mycoviruses. When isogenic fungal lines were cultured on nutrient agar medium
in vitro, the triple mycovirus-infected parent isolate M196 grew 10% faster than any of the virus-cured
isogenic lines. BVF had a slight inhibitory effect on growth, and FPV1 did not influence growth.
Surprisingly, after inoculation to fruits of sweet cherry, there were no significance differences in
disease progression between isogenic lines, suggesting that these mycoviruses did not influence the
virulence of M. fructicola on a natural host.

Keywords: brown rot; stone fruit; Prunus; mycovirus; hypervirulence; hypovirulence; isogenic

1. Introduction

Mycoviruses are viruses that infect fungi. They have been identified from all major fungal phyla,
namely the Zygomycota, Chytridiomycota, Ascomycota, and Basidiomycota [1,2]. Since mycoviruses
were first described [3], the partial or complete genomes of more than 250 mycoviruses have been
sequenced [4]. Fungi can be multiply infected with closely-related and distantly-related viruses [5].
Most mycoviruses have double-stranded (ds) or single-stranded (ss) RNA genomes, and some groups
do not encode a coat protein.

The influence that mycoviruses have on the ecology of their hosts is not well studied.
Some mycoviruses reduce the ability of the fungal host to cause disease in plants. These are known as
hypovirulent mycoviruses, and they have potential as biological control agents. The most well-known
are Cryphonectria hypoviruses 1 and 2 (CHV1, CHV2), which significantly decreased the virulence
of the fungus Cryphonectria parasitica, the causal agent of chestnut blight [6,7]. Other hypovirulent
mycoviruses reduce the pathogenicity of white mold fungus Sclerotinia sclerotiorum [8,9] and white root
rot fungus Rosellinia necatrix [10]. In contrast, several mycoviruses are associated with hypervirulence,
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described as a higher level of virulence or sporulation in their fungal hosts [11-13]. Other mycoviruses
are reported to be associated with latent infections [8,14-16].

Monilinia fructicola and M. laxa were first recorded in Western Australian stone fruit production
regions in 1997 [17,18], and they have since spread to all other stone fruit production regions in the
state [19]. They incur costs in control (fungicides, gathering and destroying mummified fruit) and crop
losses. Very little is known about mycoviruses that infect Monilinia species. Tsai, et al. [20] identified
seven virus-like double-stranded RNA species in 36 of 49 M. fructicola isolates infecting nectarine and
peach orchards in New Zealand. Although not characterized genetically, the authors described
virus-like particles resembling those of partitiviruses, totiviruses, tobraviruses and furoviruses.
They identified no differences in host growth rates between isolates with and without virus infection.
In this current study, we identified three mycoviruses infecting a collection of M. fructicola and M. laxa
isolates, and undertook to determine if these viruses influenced growth rates of infected fungal cultures
in vitro, and the virulence of the pathogen on a natural host.

2. Materials and Methods

2.1. Fungus Collection and Isolation

Eighteen M. laxa and ten M. fructicola isolates were collected from symptomatic flowers,
twig cankers and fruits from stone fruit orchards in Western Australia (Table S1). Conidia were
collected in a drop of water, then spread on 1% water agar media to separate single spores using a
microscope. Individual spores were transferred to V8 agar medium (V8 juice 200 mL, distilled water
800 mL, agar 15 g) and incubated in the dark at 22 °C. After a week, a 5 x 5 mm square of agar
containing actively-growing hyphae was excised from the edge of the mycelium and transferred to V8
liquid medium, and placed on a shaker at 100 rpm in the dark at 22 °C. After about a week, DNA and
RNA were extracted for further studies.

2.2. DNA and RNA Extraction

Nucleic acids were extracted from 100 mg of mycelium, which was frozen in liquid nitrogen and
ground to a fine powder using a mortar and pestle. The powdered mycelium was transferred into a
1.5 mL centrifuge tube containing 450 pL extraction buffer (0.1 M NaCl, 50 mM Tris (hydroxymethyl)
aminomethane (Tris) pH8.0, 0.5 mM Ethylenediaminetetraacetic acid (EDTA) pHS8.0, 1% Sodium
dodecyl sulfate (SDS), 1% Polyvinylpolypyrrolidone (PVPP) and 450 uL phenol-chloroform (50:50)
saturated with Tris-EDTA buffer (pH 8.0). The mixture was homogenized before being centrifuged at
room temperature for 2 min. After that, 400 pl of the aqueous phase was transferred to a new tube
containing 400 pul of phenol-chloroform, then mixed and centrifuged for 2 min. Then, 300 uL of the
aqueous phase containing nucleic acids was removed to a new tube containing 58 uL of absolute ethanol
to which 200 mg of cellulose powder (CF11, Whatman) was added and mixed. After centrifuging at
high speed for 1 min, the material was separated into two phases, the DNA-containing supernatant
and the pellet containing RNA. The supernatant (250 uL) was transferred to a fresh tube and 20 uL 3M
NaOAC pH5.2 and 625 uL absolute ethanol was added to precipitate DNA. The pellet containing RNA
was washed three times with 750 uL application buffer (0.1 mM NaCl, 50 mM Tris pH8.0, 0.5 mM
EDTA pHS8.0, absolute ethanol). The RNA pellet was eluted in 450 uL elution buffer (0.1 mM NaCl,
50 mM Tris pHS8.0, 0.5 mM EDTA pHS8.0). The RNA solution (450 uL) was removed and precipitated
after incubation at —20 °C in a new tube containing 1 mL absolute ethanol and 45 puL 3M NaOAC
pH5.2 for RNA collection.

DNA was used to identify the fungal species based on the comparison of internal-transcribed
spacer (ITS) region sequences of ribosomal RNA genes, as previously described [19]. RNA was used
for virus identification in M. fructicola isolate M196 by high-throughput sequencing.
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2.3. cDNA Synthesis, PCR Amplification and Library Preparation for High-Throughput Sequencing

cDNA synthesis was carried out in 20 puL volume containing the following components: 4 pL
5x GoScript™ Buffer; 2 uL 0.1 mM DDT; 1 uL 10 mM deoxynucleotides; 1 uL GoScript™ reverse
transcriptase (Promega Corporation, Sydney, Australia); 1 uL. 10 mM Tris EDTA; 8 uL water; 1 uLL
RNA, and 1 pL random primer adaptor (5-CGTACAGTTAGCAGGCNNNNNNNNNNNN-3/, where
N is any nucleotide, annealed to the complement of the adaptor sequence added to cDNA molecules).
The mixture was incubated at 25 °C for 10 min; 42 °C for 60 min; and 72 °C for 15 min. cDNA was
amplified by PCR using primer 5'-CGTACAGTTAGCAGGC-3/, which annealed to the complement of
the adaptor sequence added to cDNA molecules, in 20 uL volume of 10 uL 2x GoTaq®Green Master
Mix (Promega Corporation, Sydney, Australia); 4 uL. cDNA products; 5 uL water; 1 pL barcode primer.
The reaction was carried out with an initial cycle of 5 min at 94 °C; 40 cycles of 10 min at 94 °C, 20 s
at 45°C and 30 s at 72 °C, an extension cycle of 5 min at 72 °C, and a final cycle of 5 min at 37 °C.
The library was purified, quantified, and paired-end sequenced on an Illumina MiSeq platform at the
Australian Genome Research Facility.

2.4. Sequence Analysis

The sequences obtained were analyzed as previously described [21]. Briefly, in CLC Genomics
Workbench (Qiagen, Sydney) the reads were trimmed using a quality score of 0.05 and of ambiguous
bases, then of primer sequences and indices after assigning them to source bins. De novo assembly was
carried out on the trimmed reads to form contigs >300 nt in length. Assembly parameters were word
size of 40 and bubble size of 50. Contigs were compared to sequences lodged in GenBank (National
Center for Biotechnology Information, NCBI) databases (https:/ /blast.ncbi.nlm.nih.gov) using Blastn
and Blastx [22] to identify virus-like sequences. Overlapping contigs were joined together when
possible, and missing sequences were determined after designing specific primers to span the gaps
(Table S2). Depth of sequencing was determined by mapping raw reads back to consensus sequences
using the ‘map to reference’ function in Geneious v9.1.7 (Biomatters, Auckland, New Zealand) [23].
Annotation of the genomes was done manually in Geneious v9.1.7 after comparison with related
sequences, and amino acid sequences were deduced from the nucleotide sequences of open reading
frames (ORF).

Specific primers (Table S3) were designed from consensus sequences and used to confirm the
presence of these three mycoviruses in other fungal isolates. When an amplicon was detected,
both strands were sequenced using the Sanger method to confirm presence of the virus.

2.5. Generation of Isogenic Fungal Lines Free of Mycoviruses

Four methods were tested alone or in combination to eliminate viruses from fungal isolates:

(1). Cold treatment. Fungal mycelium was stored in 30% glycerol at —80 °C for two years before
being recovered on V8 liquid medium.

(2). Temperature shock. Fungal mycelium was stored in 30% glycerol at —80 °C for two years
was heated to 30 °C for 30 s, incubated in liquid nitrogen for 45 s, then heated again to 30 °C for 45 s.
Mycelium was then recovered on V8 liquid medium.

(3). Hyphal tipping. Hyphal tips were harvested from the edges of rapidly-growing colonies,
and sub-cultured to a fresh water agar plate.

(4). Antibiotic treatment. Antibiotics were added singly to water agar when the autoclaved media
had cooled to approximately 50 °C. Antibiotic concentrations used were 12.5 mg/L cycloheximide,
100 mg/L kanamycin, and 250 mg/L streptomycin. Hyphal tips were inoculated to plates and cultures
incubated in the dark at 22 °C for six days before hyphal tips were harvested from it and the process
repeated. Each line was treated this way five times before it was tested for the presence of all three
mycoviruses by RT-PCR using species-specific primers. Species-specific primers were designed from
high-throughput sequences (Table S3).
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Virus-free lines were maintained in culture for up to six months before their virus-free status was
reconfirmed by RT-PCR with species-specific primers. These virus-free lines were used for subsequent
growth rate and virulence experiments.

2.6. Virulence on Cherry

Isolate M196 (triple virus-infected) and isogenic M196 lines free of at least one virus (M196-1,
M196-4, M196-6) (Table 1) were grown on V8 agar medium without antibiotics at 22 °C for six days
before a 2 x 2 mm square of mycelium was harvested from the margin of the colony. This was placed
on the surface of a washed and dry cherry fruit (Prunus avium) of cultivar Bing. Inoculated fruits were
incubated in 100% humidity in the dark at room temperature (17-20 °C) for seven days. Each fungal
isolate was inoculated to 36 cherry fruits; each fruit was treated as a replication. At the end of the
incubation period, the widest extent of the fungal lesion was measured using a compass and ruler.
The entire experiment was repeated twice.

Table 1. Presence (+) or absence (—) of mycoviruses from isogenic lines of M. fructicola M196 after
treatment. The antibiotic treatments were combined with hyphal tipping.

—80°C Temperature Hyphal

Mycoviruses ? Cycloheximide  Kanamycin  Streptomycin

Storage Shock Tipping
SsHV2 + + - - - -
FpV1 + + - + + +
BVF + + — + — -
Number of lines
obtained P 6 1 1 2 1 1
Name of line M196 - M196-1 M196-4 M196-6 -

2 SsHV?2, Sclerotinia sclerotiorum hypovirus 2; FpV1, Fusarium poae virus 1; BVF, Botrytis virus F. ® Number of
isogenic lines showing the given pattern out of six treated lines sub-cultured from parent isolate M196. ¢ Name and
source of line used in subsequent experiments.

2.7. Mycelial Growth In Vitro

Four virus-free and virus-infected isogenic lines (M196, M196-1, M196-4, M196-6) were grown on
V8 agar plates at 22 °C for six days. Each isolate was inoculated into 36 V8 plates (three replications x
12 plates per replication). After six days, the maximum diameter of each colony was measured and
differences in morphology recorded. The entire experiment was repeated twice.

To determine the differences between treatments, a one-way analysis of variance (ANOVA) was
done at a significance level of 0.05 using SPSS version 24.

3. Results

3.1. Sequencing Analysis and Virus Assays

A MiSeq sequencing run created 13,264,058 reads of 100 nt. Barcode (index) sequences were used
to assign reads to samples. After screening for quality and trimming the barcode and primer sequences,
de novo assembly resulted in 37,146 contigs within the size ranges of 300 to 5385 nucleotides. Blastn
and Blastx analysis of the contigs revealed 20 that shared nucleotide or amino acid identities with viral
sequences. Where two or more contigs mapped to the same virus, gaps in the sequence were filled by
RT-PCR so that the sequences of complete or almost complete genomes were determined (Table S2).
Three previously-identified mycoviruses infected M. fructicola M196 (Table S1). RT-PCR assays using
species-specific primers (Table S3) with appropriate controls were used to confirm the presence of
the viruses and to check for their presence in isogenic lines over time. Isogenic lines of isolate M196
lacking one, two or three viruses were maintained in culture for 26 weeks before in vitro and in planta
growth rates were measured.
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3.1.1. Sclerotinia sclerotiorum Hypovirus 2

A contiguous virus-like sequence of 13,535 nucleotides was obtained from M. fructicola isolate
M196. The nucleotide and deduced amino acid sequences shared the greatest identities with the
replicase gene of three previously described isolates of Sclerotinia sclerotiorum hypovirus 2 (SsHV2)
(genus Hypovirus, family Hypoviridae) classified as a ssSRNA virus. Alignment of the new sequence
revealed that it shared 85-89% pairwise nucleotide and 93-95% amino acid identities with SSHV2
isolates 5427 from New Zealand (KF525367) [24], isolate SsHV2 from the USA (KF898354) [25],
and isolate 5X247 from China (KJ561218) [13]. The demarcation criterion for hypovirus species
is less than 50% pairwise nucleotide identity over the complete genome [26]. Although identity with
Rosellinia necatrix hypovirus 2 is 54%, identities with other SSHV2 isolates is far higher, and so we
propose this to be a member of species Sclerotinia sclerotiorum hypovirus 2. It is designated Sclerotinia
sclerotiorum hypovirus 2 isolate Monilinia-TNS. SsHV2 was identified only in Monilinia M196.

The sequence of SSHV2-Monilinia-TNS is estimated to represent 93% of the complete genome.
The SsHV2-Monilinia-TNS genome comprises one large ORF, which is incomplete at the 5’end.
The ORF extended from nucleotide 1-13,205 where it was terminated by an opal stop codon (UGA).
The OREF is followed by a 3’ untranslated region (UTR) of 333 nucleotides, present from nucleotides
13,206 to 13,535. The conserved RdRp core motifs V and VI (S/TG x3 T x3 NS/T x22 GDD) (where x
is any amino acid residue) [27] was present as TG x3 T x3 DS x38 GDD. No poly(A) tail region was
detected. The SsHV-2 sequence was assigned GenBank accession MH665657.

3.1.2. Fusarium poae Virus 1

Two contigs representing the complete genomic segments of a bipartite virus were identified
from M. fructicola M196. The sequence shared the highest sequence identity with published isolates of
Fusarium poae virus 1 (FpV1) (genus Partitivirus, family Partitviridae), a double-stranded RNA virus.
One segment (RNA1) encodes the replicase (RdRp) and the other (RNA2) encodes the coat protein.
Comparison of the 2100 nucleotide sequence of RNA1 revealed that it shared 90% pairwise identity
with RNAT1 of two FpV1 isolates: A1l from Slovakia (AF047013) and 240374 from Japan (LC150606).
The deduced amino acid sequence of the RARp segment shared 92% identity with the RdRps of these
two isolates. The ORF of RNA1 extended from nucleotide 54-2084 where it was terminated by an opal
stop codon, encoding an RdRp-like protein of 689 amino acid residues with an estimated molecular
weight of 79.9 kDa. The conserved core RARp motifs V and VI [28] were present as SG x3 T x3 DS x29
GDD. The 5'UTR extended from nucleotide 1 to 53 and the 3'UTR from nucleotide 2085 to 2160.

The RNA2 segment, encoding the coat protein (CP) gene, was 2093 nucleotides in length.
The single ORF encoding a protein deduced to be 654 amino acid residues in length, with an estimated
mass of 72.6 kDa. Surprisingly, a partial RdRp-like motif (T x2 DS x27 GDD) was present with the
CP ORE. The deduced amino acid sequence of ORF1 of RNA2 shared greatest identity (85-86%) with
CPs of the two other FpV1 isolates, and the nucleotide identity was 83-84% with them. The 5 UTR
extended from 1 to 102 nt, and the 3’ UTR from 2017 to 2093 nt.

The levels of identity of this new virus with isolates of FpV1 were above the species demarcation
of partitiviruses recommended by the ICTV [29] of <40% amino acid identity between the RdRps,
and so the isolate is proposed here as a member of species Fusarium poae virus 1. The isolate from
M196 was designated Fusarium poae virus 1 isolate Monilinia-TNS. FpV1-Monilinia-TNS RNA1
was assigned GenBank accession MH665658, and FpV1-Monilinia-TNS RNA2 assigned GenBank
accession MH665659.

3.1.3. Botrytis Virus F

Contigs representing partial genomic sequences of a virus were detected from M. fructicola M196.
The deduced amino acid sequences of fragments each shared 90-95% identity to those of an isolate of
Botrytis virus F (BVF) (accession NP068550) (genus Mycoflexivirus, family Gammaflexiviridae), a ssSRNA
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virus. Together, the three fragments were estimated to represent about 30% of the BVF complete
genome, designated Botrytis virus F isolate Monilinia-TNS. One of the fragments held the core RdRp
motifs V and VI as SG x3 T x3 NT x21 GDD. The three contigs of BVF-Monilinia-TNS were assigned
GenBank accessions MH665660, MH665661, and MH665662.

3.2. The Presence of Mycoviruses in Other Monilinia Isolates

Eighteen M. laxa isolates and nine M. fructicola isolates were screened using SsHV2, FpV1 and
BVEF-specific primers (Table S3). Three M. laxa isolates harbored one or more of these viruses, including
M82 (Fusarium poae virus 1), M84 (Fusarium poae virus 1 and Botrytis virus F), and M140 (Fusarium
poae virus 1) (Table S1), but none of the other nine M. fructicola isolates tested held these viruses.

3.3. Elimination of Mycoviruses

The cold treatment and temperature shock methods failed to eliminate any mycoviruses, and the
temperature shock method resulted in the death of most cultures (Table 1). On the other hand, hyphal
tipping with and without antibiotics was effective at curing M. fructicola M196 of one or more of the
three mycoviruses. It is unclear whether any of the antibiotics played a significant role in eliminating
the viruses because tipping alone without antibiotics generated isogenic line M196-1 that was free
of all three mycoviruses. Treatment with 12.5 mL/L cycloheximide eliminated SsHV2 from two
isogenic lines, one of which, M196-4, was used in subsequent experiments. Treatment with kanamycin
(100 mg/L), or with 250 mg/L streptomycin, eliminated both SSHV2 and BVF, but not the partitivirus
FpV1 (Table 2). All isogenic lines were assayed by RT-PCR using virus-specific primers (Table S3,
Figure S1) before and after subsequent experiments, and these tests confirmed the maintenance of their
virus status.

Table 2. Summary of colony diameter on V8 medium and lesion diameter on cherry of isogenic
M. fructicola lines.

Colony Diameter on V8 Medium  Lesion Diameter on Cherry Fruit

Range Mean Range Mean

Line Treatment ? Viruses present b ( Variance Variance
mm) (mm) (mm) (mm)

M196 None SsHV2; FpV1; BVF 68-80 73.8 11.8 3-21 8.7 265
M196-1  Hyphal tipping None 56-70 66.4 12 3-22 9.6 33.7
M196-4 Cycloheximide FpV1; BVF 55-70 62.9 16.9 3-21 8.9 29.5
M196-6 Kanamycin FpV1 60-71 66.0 11.5 3-25 10.9 33.4

2 Antibiotic treatments were combined with hyphal tipping; ® SsHV2, Sclerotinia sclerotiorum hypovirus 2; FpV1,
Fusarium poae virus 1; BVF, Botrytis virus F.

3.4. Mycoviruses Influenced Growth In Vitro

Triple-infected parent isolate M196 grew significantly faster (p < 0.05) than lines lacking one or
more viruses. After six days in culture, the mean diameter of colonies of isolate M196 was 73.8 mm,
while virus-cured lines M196-1, M196-4, and M196-6 were less: 66.4, 62.9, and 66.0 mm, respectively
(Table 2).

Where SsHV2 was absent but FpV1 and BVF were present (M196-4), colony growth was
suppressed, suggesting that SSHV2 enhanced growth. There was no significant difference (P > 0.05)
in growth between virus-free line M196-1 and FpV1-infected M196-6, indicating that FpV1 had no
influence on growth. Where FpV1 and BVF co-occurred (M196-4), mycelial growth was suppressed
compared to virus-free line M196-1. Although FpV1 alone had no apparent effect on growth, in
combination with BVF it suppressed growth. This result could be interpreted as BVF alone suppressing
growth and FpV1 remaining latent or as a synergistic suppressive influence of both viruses (Tables 2—4,
Figure S2).
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Table 3. p-values of paired comparisons between M. fructicola isogenic lines of colony diameter on V8
medium and lesion diameter on cherry fruits.

Line ? V8 Medium Cherry Fruit

M196 M196-1 M196-4 M196  M196-1 M196-4
M196-1  2.20e 13 - 0.5 -
M196-4  4.30e~19 1.50e~04 - 0.8 0.6 -
M196-6  1.60e~ 14 0.6 0.0007 0.09 0.4 0.1

p-value < 0.05 indicates a significant difference between means.  Isolate M196 contains SsSHV2-Monilinia-TNS,
FpV1-Monilinia-TNS, BVF-Monilinia-TNS, isogenic M196-1 line is virus-free, M196-4 line contains
FpV1-Monilinia-TNS, BVE-Monilinia-TNS, M196-6-Monilinia-TNS line carries FpV1-Monilinia-TNS.

Table 4. Possible effects on mycelial growth by each mycovirus.

Virus V8 Medium Cherry Fruit
SsHV2-Monilinia-TNS Increase mycelial growth No effect on lesion
FpV1-Monilinia-TNS No effect on mycelial growth No effect on lesion
BVEF-Monilinia-TNS Decreases mycelial growth No effect on lesion

3.5. Influence of Mycoviruses on Virulence of M. fructicola

When cherry fruits were inoculated with the four isogenic lines of M196, there was no significant
difference (p > 0.05) in the diameters of the resulting lesions. Although mean lesion size was lowest for
M196 (8.7 mm), and virus-cured lines grew faster (9.6, 8.9, and 10.9 mm for M196-1, M196-4, and M196-6,
respectively) (Table 3), they were not significantly different (p > 0.05) (Table 3). Mock inoculated fruits
used as controls never became infected with Monilinia or other pathogens during the course of
the experiment.

4. Discussion

The M. fructicola and M. laxa isolates tested were not widely infected with mycoviruses. Of the
18 M. laxa isolates and 10 M. fructicola isolates tested, only three M. laxa and one M. fructicola isolate
were infected with one or more of three mycoviruses. This overall infection rate of 14% is far below
that reported in the only other study of mycoviruses from Monilinia [20]. That study reported 76%
of M. fructicola isolates tested were infected with at least one mycovirus. This report was based on
RNA profiles and visualization of virus-like particles, not by sequence analysis [20]. Visualization
of RNA species by electrophoresis or virus particles by TEM may not be sensitive enough to detect
very low-titer viruses or those lacking a coat protein, and it provides only clues to identity based on
genome size and/or virion shape and size. A shotgun sequencing approach, as was used here, should
be capable of detecting all RNA-based viruses present, and the resulting sequence provide evidence
for taxonomic placement.

The genome sequences of SsSHV2 and FpV1 obtained using this approach were complete or almost
complete, while that of BVF was partial. The incomplete genome may be a function of the low titer
of BVF relative to the other two viruses, but it is possibly a function of differential RNA extraction
efficiencies of the extraction procedure (cellulose-based) used.

Monilinia fructicola isolate M196 was infected with three mycoviruses, all of which were
originally identified from other host genera, and none had previously been identified from
Australia. Their presence in Australia probably reflects anthropogenic international translocations
of mycovirus-infected M. fructicola isolates infecting Prunus fruit and germplasm, although the other
known hosts of these mycoviruses, Sclerotinia sclerotiorum, Fusarium poae and Botrytis cinerea, all occur
in Australia and may carry these viruses. Notably, M. fructicola and other known fungal hosts of
the three viruses identified all have international distribution, they are all serious plant pathogens,
and they are all members of the family Sclerotiniaceae [30].
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Until now, SsSHV2 has been identified in S. sclerotiorum in China, New Zealand and the USA [8,25],
but not from Monilinia and not from Australia. Two groups have shown SsHV2 induces hypovirulence
in its host. A study with isogenic lines of S. sclerotiorum infected with SSHV2 and an endornavirus
showed that the presence of these mycoviruses reduced mycelial pigmentation and sclerotia formation
in vitro. SsHV2 induced hypovirulence of S. sclerotiorum on lettuce and soybean, delaying production
of sclerotia and reducing their numbers, but its influences on mycelial growth rate or virulence were
not recorded [25]. Hu et al. [13] reported SsHV2 was associated with hypovirulence of S. sclerotiorum
on canola (Brassica napus) in China. In contrast, our studies with SSHV2 infecting a M. fructicola
line (co-infected with with FpV-1 and BVF) did not indicate hypovirulence. Our studies suggest
SsHV2 enhanced Monilinia mycelial growth in vitro, it did not visibly change pigmentation or conidia
production, and it did not appear to influence virulence on cherry. Unfortunately, we were unable to
generate a line containing only SsSHV2 to confirm these findings.

This is the first report of the betapartitvirus FpV1 being identified in a host beyond
Fusarium poae, and its first report from Australia [29]. In F. poae [31] and here in M. fructicola,
FpV1 does not seem to induce abnormal morphology or changes to virulence, and this is a
common observance for partitiviruses generally [1]. Known exceptions are Aspergillus fumigatus
partitivirus-1 (AfuPV-1) which induced abnormal aconidial sectors and a light pigmentation phenotype
in Aspergillus fumigatus [28], and Sclerotinia sclerotiorum partitivirus-1 (SsPV1) that induced a
hypovirulence phenotype in Sclerotinia sclerotiorum after damaging cell organelles [8].

Botrytis virus F is the sole species in genus Mycoflexivirus, family Gammaflexiviridae, a group
closely aligned to other fungus-infecting viruses in the Deltaflexiviridae and to plant-infecting viruses
in the Alphaflexiviridae and Betaflexiviridae [32]. BVF was the first virus identified from Botrytis cinerea,
on strawberries in New Zealand [33]. It was also identified from a fungus associated with grapes in
South Africa [34]. Our results suggest that BVF slightly reduced M. fructicola growth in vitro. That BVF
may negatively impact growth of M. fructicola is of potential interest, given that both B. cinerea
and M. fructicola are important plant pathogens, together affecting over 200 plant species [35,36].
The possibility that BVF induces hypovirulence should be studied further.

Investigation of the influence of mycoviruses on the growth of M. fructicola is not a trivial exercise,
involving ‘curing’ parent fungal isolates of viruses to obtain isogenic lines [37]. Culturing fungi with
cycloheximide is used widely to eliminate RNA mycoviruses [38]; however, this approach is not always
successful. Incubation of Aspergillus niger cultures infected with a number of virus-like particles on
cycloheximide failed to eliminate any of the viruses [39,40]. It was unclear if the antibiotics used in
our experiments had any influence on virus elimination because hyphal tip culture alone without
antibiotics effectively cured line M196-1 of all three viruses.

A limitation of our experiment is that conclusions of hypervirulence are based on linear colony
growth measurements, not on measurements of total biomass, metabolism, or fecundity. It is unclear
how the triple-infection by viruses might stimulate M. fructicola growth in vitro, but not affect virulence
on fruit. In another study, growth of a chryso-like-virus-infected strain of Alternaria alternate in vitro
was severely restricted, while virulence against fruit was enhanced [41]. The agar plate and the fruit
are very different environments. On the plate, the complex cellular interactions between the fungal
cells and plant cells is lacking [42-44]. We can only speculate that infection by one or more of these
viruses, probably SsHV1, provided a means by which M. fructicola could metabolize nutrients more
efficiently on the plate than could the virus-free isogenic line, but the mechanism for this is unknown.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/1/89/s1,
Figure S1: Presence and absence of mycoviruses in isogenic fungal lines treated to remove mycoviruses; Figure S2.
Comparison of typical plates of four isogenic lines of M. fructicola isolate M196 inoculated on V8 media after 5 days
incubation in the dark at 25 °C; Table S1. Monilinia isolates from Western Australia and their mycovirus-infection
status; Table S2. Primers used to fill the gaps of the virus sequences; Table S3: Species-specfic primers used to
reconfirm the presences of mycoviruses in fungal hosts.
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