Virus Research 350 (2024) 199476

Contents lists available at ScienceDirect
Virus Research

journal homepage: www.elsevier.com/locate/virusres

Dothistroma septosporum and Dothistroma pini, the causal agents of
Dothistroma needle blight, are infected by multiple viruses

Milos Trifkovi¢*, Ondiej Hejna "

Leticia Botella®

, Anna Kuznetsova “, Martin Mullett, Libor Jankovsky “,

& Department of Forest Protection and Wildlife Management, Faculty of Forestry and Wood Technology, Mendel University in Brno, Czech Republic
Y Department of Genetics and Agricultural Biotechnology. Faculty of Agriculture and Technology, University of South Bohemia in Ceské Budéjovice, Czech Republic

ARTICLE INFO

Keywords:

Dothistroma needle blight (DNB)
Conifer pathogens

Virus diversity

Total RNA sequencing
High-throughput sequencing

ABSTRACT

Dothistroma septosporum and Dothistroma pini are severe foliar pathogens of conifers. They infect a broad spec-
trum of hosts (mainly Pinus spp.), causing chlorosis, defoliation of needles, and eventually the death of pine trees
in extreme cases. Mycoviruses represent a novel and innovative avenue for controlling pathogens. To search for
possible viruses hosted by Dothistroma spp. we screened a subset of isolates (20 strains of D. septosporum and one
D. pini) originating from the Czech Republic, Slovenia, Italy, Austria and Ireland for viral dsRNA segments. Only
five of them showed the presence of dsRNA segments. A total of 21 fungal isolates were prepared for total RNA
extractions. RNA samples were pooled, and two separate RNA libraries were constructed for stranded total RNA
sequencing. RNA-Seq data processing, pairwise sequence comparisons (PASC) and phylogenetic analyses
revealed the presence of thirteen novel putative viruses with varying genome types: seven negative-sense single-
stranded RNA viruses, including six bunya-like viruses and one new member of the order Mononegavirales; three
positive-sense single-stranded RNA viruses, two of which are similar to those of the family Narnaviridae, while
the genome of the third correspond to those of the family Gammaflexiviridae; and three double-stranded RNA
viruses, comprising two novel members of the family Chrysoviridae and a potentially new species of gamma-
partitivirus. The results were confirmed with RT-PCR screening that the fungal pathogens hosted all the viruses
and showed that particular fungal strains harbour multiple virus infections and that they are transmitted
vertically. In this study, we described the narnavirus infecting D. pini. To our knowledge, this is the first virus
discovered in D. pini.

1. Introduction

fungus (Bradshaw, 2004). The disease culminates as a needle cast, which
may induce tree death in extreme cases (Barnes et al., 2004; EPPO,

Dothistroma needle blight (DNB), formerly known as red-band nee-
dle blight, is one of the most important foliar diseases of members of the
Pinaceae family, affecting over 110 species, mainly Pinus spp. (Drenkhan
et al., 2016; van der Nest et al., 2023). DNB is caused by two closely
related fungal species, Dothistroma septosporum (Doroguine) Morelet and
D. pini Hulbury (Barnes et al., 2004, 2016). The former is most likely of
Eurasian origin and currently has a worldwide distribution (Mullett
et al., 2021). Contrarily, its sister species, D. pini, has a more limited
distribution and has been reported only in the USA and Europe (van der
Nest et al.,, 2023). Both fungi cause similar symptoms, initiated as
chlorosis progressing to necrosis of the distal part of the needle. A typical
symptom is the appearance of red discolouration around the necrotic
spots due to the accumulation of dothistromin, a toxin produced by the
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2015). Total losses due to DNB, only in the UK, including wood and
non-wood damages, are estimated to be in tens of millions of GBP
annually (for details, see Mullett et al., 2021). Given its importance,
many different approaches to controlling and managing DNB have been
suggested (Bulman et al., 2016). More recently, the potential of spraying
ultra-low volume aerial fungicides to control outbreaks of DNB in the UK
has been highlighted (Tubby and Forster, 2021). However, given the
EU’s strict regulations over pesticide usage in plantations and natural
forests, there is urgent need for more environmentally friendly tools
against tree pathogens. Employing mycoviruses, that reduce virulence of
plant pathogen (hypovirulence), as biological control agents (BCAs)
could be an attractive alternative against fungal pathogens
(Garcia-Pedrajas et al., 2019; Munoz-Adalia et al., 2016; Prospero et al.,
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2021).

Over 60 years have passed since the first discovery of mycoviruses
infecting the cultivated mushroom Agaricus bisporus (Hollings, 1962). It
is now established that fungi are commonly subjected to viral infections
(Ghabrial et al., 2015). Over the past decade, the decreasing costs of
high-throughput sequencing (HTS) services and advances in meta-
genomics have shed light on a hidden universe of enormous viral di-
versity infecting different organisms, including fungi (Zhang et al.,
2019). Mycoviruses are sorted into 23 families containing over 200
species, with plenty more awaiting assignment to existing or new fam-
ilies by the International Committee on Taxonomy of Viruses (ICTV)
(Kondo et al., 2022). As they lack an extracellular phase, mycoviruses
need cell-to-cell contacts for transmission. In nature, they are transferred
horizontally via anastomosis between vegetatively compatible hyphae
or vertically by spores, where transmission via conidia (asexually pro-
duced spores) is more often than via ascospores (sexually produced
spores) (Ghabrial and Suzuki, 2009; Pearson et al., 2009).

Forest pathologists have strived for many years to replicate the
success of controlling Cryphonectria parasitica with the mycovirus Cry-
phonectria hypovirus 1 (Anagnostakis, 1982; Heiniger and Rigling,
1994). Guided by the same principle, many important conifer pathogens
have been tested for mycoviruses. One of the first to be investigated was
the globally distributed latent pine pathogen Diplodia sapinea (Fr.)
Fuckel (syn. Sphaeropsis sapinea (Desm.) Kickx.), in which researchers
from South Africa described two totiviruses, named Sphaeropsis sapinea
RNA virus 1 and 2 (SsRV1 and SsRV2) (Preisig et al., 1998). Viruses
belonging to the families Mitoviridae and Totiviridae have been discoverd
infecting the rust fungus Cronartium ribicola (J.C. Fisch) (Liu et al., 2019,
2016). In Gremmeniella abietina var. abietina (Lagerb.) Morelet biotype A,
the causative agent of Scleroderris canker, a totivirus closely related to
SsRV2, has been reported (Tuomivirta and Hantula, 2003a). The same
biotype has been found to be infected by partitiviruses, totiviruses and
mitoviruses (Botella et al., 2012, 2015b; Botella and Hantula, 2018;
Tuomivirta and Hantula, 2003b, 2003a, 2005), while G. abietina biotype
B is a host to an endornavirus (Tuomivirta et al., 2009). Fusarium circi-
natum Nirenberg & O’Donnell, the cause of the severe conifer disease,
pine pitch canker, also harbours members of the family Mitoviridae
(Martinez-Alvarez et al., 2014; Munoz-Adalia et al., 2018; Vainio et al.,
2015b). Wood-decay fungi from the Armillaria genus are infamous
pathogens of many important conifers. Linnakoski et al. (2021) char-
acterized one mycovirgavirus and three ambi-like viruses in A. borealis
Marxm. & Korhonen, two of each mymona-like, ourmia-like and
ambi-like viruses in A. mellea (Vahl) P. Kumm isolates. In the same
study, three distinctive ambi-like viruses were found infecting A. ectypa
(Fr.) Lamoure, A. luteobubalina Watling & Kile and A. novea-zelandiae (G.
Stev.) Boesew., respectively. Additionally, the ambi-like virus was re-
ported in the Czech population of A. ostoyae (Romagn.) Herink (Tonka
et al., 2022).

The most explored conifer pathogen’s virome is hosted by Hetero-
basidion spp., causing root and stem rot in conifers and has been sum-
marised by Hantula et al. (2020), Vainio (2019) and Vainio and Hantula
(2016). Following their screening, two particularly promising mycovi-
ruses, namely HetPV13 and HetPV15, were identified for their synergic
efficacy in disrupting the mycelial growth of Heterobasidion parviporum
(Kashif et al., 2019; Vainio et al., 2018b). The exploration of mycovi-
ruses becomes essential due to the high potential for their application as
biocontrols against significant plant pathogens. The first mycovirus was
recently described from D. septosporum when the complete sequence of
an alphachrysovirus was reported (Daudu et al., 2019; Shah et al.,
2023).

Due to these reasons, we aim to screen a collection of Dothistroma
spp. isolates for mycoviruses using classical double-stranded (ds) RNA
purification and total RNA sequencing. The specific objectives were to
(i) discover and characterize novel viruses and (ii) assess the virus’s
vertical transmission rate through fungal conidia.
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2. Materials and methods
2.1. Fungal isolates

Twenty isolates of D. septosporum and one isolate of D. pini were used.
Pine needle samples with typical symptoms of DNB were collected in
May and June 2019 in the Czech Republic, Slovenia and Italy. The
fungus was isolated using the acervuli rolling technique, detailed in
Mullett and Barnes (2012). An additional six D. septosporum isolates
from the Czech Republic, one isolate from Austria, and a single D. pini
isolate from the Czech Republic were added. These isolates were sourced
from the fungal culture collection at the Department of Forest Protection
and Wildlife Management at Mendel University in Brno. Two Irish iso-
lates from Mullett et al. (2018) were also included. For more information
about fungal strains, see Supplementary Table S1.

All fungal isolates were identified to the species level by using i)
morphological features (as described by Barnes et al. (2004) and Mullett
and Barnes (2012)), ii) sequencing the internal transcribed spacer (ITS)
region of rDNA using primer pair ITS5 and ITS4 (White et al., 1990). The
identity of the species was confirmed by aligning the sequences to the
reference sequences using NCBI BLAST (Altschul et al., 1990; Sayers
etal., 2023). The fungal strains were maintained on potato dextrose agar
(PDA; HiMedia Laboratories Pvt. Ltd. Mumbai, India). For dsRNA and
total RNA extractions, isolates were grown on PDA (HiMedia) covered
with a cellophane sheet (EJA08-100, Gel Company Inc., San Francisco,
CA, United States).

2.2. dsRNA extractions

To screen the presence of dsRNA segments, highly indicative of virus
presence, in our Dothistroma spp. isolate collection, we used the protocol
of Morris and Dodds (1979), adapted and described by Tuomivirta et al.
(2002). For each Dothistroma spp. isolate, approximately 2 g of fresh
mycelium was harvested after being grown on PDA with cellophane for
two weeks. The mycelium was collected in a 50 ml Falcon tube with four
or five 6.35 mm (1/4 inch) ceramic spheres (M.P. Biomedicals, LLC,
Solon, OH, United States) and immersed into liquid nitrogen. The ho-
mogenization of fungal material was done by vortexing using the
Vortex-Genie 2 (SI-0256; Scientific Industries, Inc., Bohemia, NY, United
States). DSRNA bands were visualized in 1-1.2 % agarose gels stained
with SERVA DNA Stain G (SERVA Electrophoresis GmbH, Heidelberg,
Germany) under UV light.

2.3. Total RNA extractions

Approximately 100 mg of fresh mycelium were harvested into micro
tubes containing glass beads and immediately dunked into liquid ni-
trogen. For total RNA extractions, RNAzol® RT (Sigma-Aldrich GmbH,
Steinheim, Germany) was used following the protocol described by
Chomczynski et al. (2010), with a slightly modified homogenisation
step. Briefly, the homogenisation of the mycelium was done on a Mixer
Mill MM 400 (Retsch GmbH, Haan, Germany) at 30 Hz using the
following setup: twice for 30 s flash-freezing the samples in liquid ni-
trogen between steps, and once for 1 min with the mycelia samples
immersed in RNAzol® RT (Sigma-Aldrich). Total RNA quality was
estimated by visualisation on an agarose gel under UV light, quantified
using a Qubit® 2.0 Fluorometer (Life Technologies, Thermo Fisher
Scientific), and stored at -80 °C.

2.4. Stranded total RNA sequencing

An equal volume of total RNA from 21 Dothistroma spp. isolates were
pooled according to the provenances of the fungal material (Supple-
mentary Table S1). Two RNA pools of Dothistroma spp. (11 samples in
pool 1 (dol) and 10 in pool 2 (do2)) were sent for library preparations
and sequencing to the Institute of Applied Biotechnologies Inc. (Prague,
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Czechia). RNA quantity and quality were assessed with a Qubit® 2.0
Fluorometer (Life Technologies, Thermo Fisher Scientific) and a 2100
Bioanalyzer (Agilent Technologies). Approximately 1 pg of total RNA
free of genomic DNA was depleted of rRNA using the NEBNext rRNA
Depletion Kit (Human/Mouse/Rat). All libraries were constructed with
the NEBNext Ultra II Directional RNA Library prep kit and NEBNext
Multiplex Oligos for Illumina (Unique Dual Index Primer Pairs) (NEB,
Ipswich, MA, USA) and sequenced on a NovaSeq 6000 (Illumina) for
pair-end (2 x 150 nt) sequencing on a NovaSeq6000 (DS-150) (Illumina,
San Diego, CA, USA) using a NovaSeq S4 v1.5 reagent kit. An "in-lane"
PhiX control was included in each flow cell lane.

The raw reads are available at the NCBI Sequence Read Archive
(SRA) as the BioProject ID PRJNA913395 and BioSample IDs
SAMN26499397 and SAMN26499398.

2.5. Virus assembly and detection -in silico analyses

Bcl2fastq v2.20.0.422 Conversion Software (Illumina) automatically
processed the generated data, which performed base-calling, basic
adapter clipping, and quality filtering. The raw data was downloaded
from the BaseSpace cloud servers (Illumina) and processed on a local
server. The first step covered the data quality check using the FastQC
v0.11.9 program available at https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/. Due to the partial presence of adapter sequences and
the insufficient quality of the sequencing data, adapter and quality
trimming were performed. The correctness of adapter sequences was
verified in the BBTools v37.87 software package (Bushnell et al., 2017)
available at https://jgi.doe.gov/data-and-tools/software-tools/bbtools/.
The quality (phred score 30+, length 50+ bp) and adapter trimming
were done with Trimmomatic v0.39 (Bolger et al., 2014), available at
http://www.usadellab.org/cms/?page=trimmomatic. Subsequently, the
output data quality was again evaluated using the FastQC.

Due to previous experience with high ribosomal (r) RNA content in
the sequencing data, the program SortMeRNA v4.3.6 (Kopylova et al.,
2012), available at https://github.com/sortmerna/sortmerna, was used
to remove host-derived rRNA. The source rRNA sequences were ob-
tained from the SILVA database at https://www.arb-silva.de/, and the
GenBank assembly GCA_002236755.2 containing the genome sequence
and an annotation GTF file with the position of the genes of
D. septosporum was used as a reference sequence. The alignment was
performed by the STAR v2.7.9a program (Dobin et al., 2013). All
mapped reads were removed from further analyses.

To verify the presence of already published viruses, an alignment
was performed to all complete viral refseq sequences from the NCBI
database available at https://www.ncbi.nlm.nih.gov/labs/virus/vssi/
#/ (accessed date: 3/24/2023). The alignment was performed with the
BWA v0.7.17.-r1188 program package (Li and Durbin, 2009), which is
available at https://bio-bwa.sourceforge.net/. The coverage was calcu-
lated for each reference sequence using SAMtools v1.16.1 (Li et al.,
2009), available at https://github.com/samtools/samtools. For se-
quences with coverage higher than 80 %, the alignment was visualized
using the software IGV v2.16.1 (Robinson et al., 2011), available at
https://software.broadinstitute.org/software/igv/.

Unmapped reads generated by STAR were used for de novo assembly.
The program SPAdes v3.15.5 (Bankevich et al., 2012), with default
settings for metagenomics, was used as an assembler (available at
https://github.com/ablab/spades). Contigs assembled by SPAdes were
filtered in three steps. In the first step, all contigs smaller than 500 bp
were removed. In the next step, the remaining contigs were tested by
ORFfinder v0.4.3 (Rombel et al., 2002) for open reading frames (ORF).
The program is available online and locally at https://www.ncbi.nlm.
nih.gov/orffinder/. If no ORFs were detected in the contig, it was dis-
carded. The last filtering step was the calculation of the average
coverage. Reads after rRNA removal using BWA were mapped to contigs
with detected ORFs. Subsequently, the average coverage for the contigs
was calculated using the samtools program. The contig was deleted if the
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average coverage did not reach depth 5.

The whole RefSeq non-redundant protein (nr) database from NCBI,
available at https://www.ncbi.nlm.nih.gov/refseq/about/non-
redundantproteins/, was downloaded to a local server on 24/3/2023.
The DIAMOND v2.0.15 program (Buchfink et al., 2015) was used to
search for similarities between the nr database and the remaining con-
tigs. The search was sped up by being divided into three phases. In the
first phase, contigs were tested against the nr database with virus taxid
specified and the e-value threshold was set to 1e . If at least one hit was
reached, the contig was used to search for similarity to the nr database
with the dothistroma taxid specified. In the last phase, contigs were
tested against the whole nr database.

2.6. Sequence analyses, genetic variability, and phylogenetic trees

Analyses of assembled putative viral nucleotide sequences were
executed using the bioinformatics software Unipro UGENE 49.0
(Okonechnikov et al., 2012). The software was used to detect ORFs,
protein translations, pairwise sequence comparison (PASC) and deter-
mine the number of reads. To estimate the depth of coverage, we used
the following formula:

total reads mapped to the final virus sequence x average read length
virus genome or contig length

After aligning the viral nucleotide and protein sequences with
MUSCLE (Edgar, 2004), the pairwise identities were calculated and
presented as similarity percentages (Supplementary Tables S6-S20).
Deduced amino acids (aa) sequences of all genomic segments of new
putative viruses were aligned to aa sequences of related viruses from
GenBank using MUSCLE (Edgar, 2004) under Unipro UGENE 49.0
(Okonechnikov et al., 2012) to inspect possible conserved motifs in
proteins. Furthermore, the NCBI CD-search tool (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi), which was last accessed on
08/09/2023, was utilized to identify potential conserved domains.

Phylogenetic analyses were performed in RAXML-HPC v.8 on XSEDE
conducted in the CIPRES Science Gateway (Miller et al., 2010). To assign
viruses to families and genera, phylogenetic trees were constructed
using the maximum likelihood (ML) method (Stamatakis et al., 2008).
The GAMMA model was used to prevent thorough optimization of the
best-scoring ML tree at the end of the run. The Jones-Taylor-Thornton
(JTT) model was used as a protein substitution model. Branch support
was calculated using bootstrapping with parameters the CIPRES Science
Gateway recommended. FigTree 1.4.4. (http://tree.bio.ed.ac.uk/soft-
ware/figtree/) was used for visualisation of the phylogenetic trees.

2.7. RT-PCR confirmation and detection of mycoviruses in Dothistroma
spp. isolates

We used RT-PCR with virus-specific primers (Supplementary
Table S2) to confirm the individual hosts of the new putative mycovi-
ruses. The specific primers were designed in Primer 3 under Geneious
Prime® 2020.2.3 to amplify fragments of all viral genomic segments
assembled in silico. DNA copies of the original total RNA were syn-
thesised using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosciences, Park Ave, NY, United States) following the man-
ufacturer’s recommendations with the denaturation of RNAs for 10 min
at 65 °C. PCRs were performed with 12.5 ul 2X Phire Green Hot Start II
PCR Master Mix (F126S, Thermo Scientific®, Thermo Fisher Scientific),
1 pl of each 10 mM primer, 3 ul of cDNA and adding PCR grade water up
to a final volume of 25 pl. Cycling conditions were set according to the
manufacturer’s instructions with an annealing temperature of 60 °C for
all primers. PCR products were visualised with ultraviolet trans-
illumination in 1-1.2 % agarose gels, and amplicons of the correct ex-
pected size were sent to Eurofins Genomics (Ebersberg, Germany) for
Sanger sequencing.
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2.8. Bunyavirus vertical transmission via conidia

In order to assess the vertical transmission of a virus-infected isolate
of D. septosporum, we generated 96 monosporic cultures of the
D. septosporum isolate 1343. The RT-PCR showed that isolate 1343 was
infected by only one bunyavirus, with the proposed name Dothistroma
septosporum bunya-like virus 1 (DsBLV1) (see results). To induce
sporulation in vitro, we plated the 1343 isolate on PDA (HiMedia) and
Dothistroma Sporulating Medium (DSM), as described in Mullett and
Barnes (2012). The Petri plates were incubated in the dark at 16 °C.
After 4 to 5 weeks, the formation of conidia was observed. The presence
of conidia was also confirmed using the Olympus BX50 polarised light
microscope. Conidia were washed off mycelium with sterilised water,
and spore suspension was pipetted onto a plate with PDA. After 2 or 3
days, the germinating monoconidial hyphae were transferred to clean
media using a sterile needle under the stereomicroscope. Monosporic
isolates needed at least four weeks to grow enough mycelium for further
analyses. Total RNA extractions and cDNA synthesis were done as
described above. RT-PCR with virus-specific primers was used to
confirm the presence of all three genome segments of DsBLV1.

3. Results and discussion
3.1. dsRNA screening

A total of 26 isolates of D. septosporum and one isolate of D. pini
collected from symptomatic Pinus spp. in different localities in Central
Europe and Ireland (Supplementary Table S1) were screened for the
presence of viruses. Five (19.23 %) isolates of D. septosporum revealed
two different dsRNA banding patterns on the agarose gel (Fig. 1D). Two
isolates from the Czech Republic contained dsRNA binding profiles
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resembling the Chrysoviridae family viruses (4 dsRNA fragments be-
tween ca. 3—4 kb). The dsRNA binding pattern of two Italian isolates
resembled those of the Partitiviridae family (one dsRNA fragment of ca. 2
kb and the other closer to 1.5 kb). One isolate from Slovenia (PIS3.16)
contained both dsRNA-above-mentioned profiles. No putative dsRNA
banding patterns belonging to the ssRNA viruses found in this study by
HTS appeared visible in the gel. This agrees with other studies where
ssRNAs were not detected for (+)ssRNA viruses uncovered by HTS
(Linnakoski et al., 2021). Generally, (4+)ssRNA genomes often have low
copy numbers of replicative dsRNA form (Vainio et al., 2015a). In the
case of bunyaviruses and other (-)ssRNA viruses, their genome replica-
tion strategy prevents the possibility of visualising them by dsRNA
extraction since they require the complexation of genomic and
anti-genomic RNA during synthesis with viral nucleoproteins (Weber
et al., 2006). It has been observed that this process effectively prevents
the formation of extended dsRNA segments by inhibiting the comple-
mentary base pairing between genomic and anti-genomic RNA mole-
cules (O’Brien et al., 2015). This enables the virus to evade the induction
of cellular antiviral reactions, such as RNA interference (RNAi) and
interferon signalling, for which dsRNA serves as an efficient activator
(Mueller et al., 2010; O’Brien et al., 2015; Wang et al., 2016).

3.2. HTS and metatranscriptomic identification of virus-like contigs

The total number of sequenced reads in library 1 (do1) was over 700
M reads (7.6e+08) for each direction (R1 and R2) and just under 500 M
(4.94e+08) in the second library (do2). After trimming and removing
low-quality, host genome-mapped, low cover depth, rRNA reads, etc.,
the number of all assembled contigs by SPAdes was 66,083 and 35,312
in libraries dol and do2, respectively. Detailed information about the
sequencing results can be found in Supplementary Tables S3-S5. The

A) ©
DsCV2 1106 2518 DsPV1 1s7 1521
%2 RdRp_4 (RT_like) 1376 5 RdRp_1 (RT like 1671
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dsRNAT | | dsRNAT | |
1 3417 1 1807
191 661 762 3266 97 1401
> P3(502bpR3Maa) > CP (1302 bp/434 aa
dsRNA2 | | dsRNA2 | ]
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dsRNA3 | { | E— |
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28 OTU (2505-2639) 3 2762
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Fig. 1. Schematic representation of the genome organisation of putative dsRNA viruses from the current study with key nucleotide and amino acids specified: (A)
DsCV2, (B) DsCV3 and (C) DsPV1. ORFs are presented as arrows, while rectangular yellow boxes represent conserved domains. (D) Electrophoretic banding patterns
of the dsRNA elements present in Dothistroma septosporum isolates SUM 1.1.a. (left lane) and PIS 3.16. (middle lane). Lane L contained a genomic size marker.
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difference of over 200 M reads obtained from the library dol and do2
did not impact the coverage depth of the final virus sequences. This
result suggests that the sequencing capacity requested (500-700 M
reads) for a pool of 10-15 RNAs was enough for an appropriate detection
and characterisation of viruses in our collection of isolates of Dothis-
troma spp.

3.3. Genome organisation of putative new mycoviruses

A total of 33 virus-like contigs scattered in both pooled RNA samples
were identified. Subsequent BLASTx search associated these contigs to
13 new putative RNA mycoviruses (Table 1), including three dsRNA
viruses (two chrysoviruses and one partitivirus), seven (-)ssRNA viruses
(six bunya-like viruses and one mymonavirus) and three (+)ssRNA vi-
ruses (one gammaflexivirus and two narnaviruses).

3.3.1. dsRNA viruses

Not long ago, the family Partitiviridae was home to both partitiviruses
and chrysoviruses. In 2005, in their eighth report, ICTV assigned
chrysoviruses to their own family, Chrysoviridae, due to their increased
number of genome segments and other distinguishing characteristics
(Nibert et al., 2014). Today, the family Chrysoviridae hosts isometric,
non-enveloped viruses, which possess a segmented, linear dsRNA
genome consisting of three to seven segments, each individually
encapsidated. It has been suggested that chrysoviruses may be respon-
sible for the induction of hypovirulence in their fungal hosts and are
known to infect fungi, plants, and potentially insects (Kotta-Loizou et al.,
2020). Partitiviruses are small, isometric, and non-enveloped, with
bipartite dSRNA genome, about 3-4.8 kb in size. Viruses belonging to the
taxonomic family Partitiviridae are capable of infecting plants (pre-
dominantly angiosperms), fungi (ascomycetes and basidiomycetes), and
protozoa (Cryptosporidium spp.) (Vainio et al., 2018a).

Two Czech isolates of D. septosporum, found on the same pine tree,
were infected with the tetra-segmented chrysovirus, named Dothistroma
septosporum chrysovirus 2 (DsCV2). The genome organisation of DsCV2
is shown in Fig. 1A. Numbers 1 to 4 were assigned to the dsRNAs ac-
cording to their decreasing size. The sequence of dsRNAL1 is 3417 base
pairs (bp) in length (GC content 45.48 %) and contains a large single
ORF that encodes a 1094 amino acid (aa) protein (126.60 kDa). NCBI
CDD search found from 1106 to 2518 bp, a conserved domain belonging
to pfam02123 (RdRp_4; E-value 1.66e-66), a member of the reverse-
transcriptase-like superfamily cl02808. BLASTx searches indicated
that dsRNA1 encoded protein shows a high degree of identity to the
RNA-dependent RNA polymerases (RARp) of members of the Chrys-
oviridae family (the highest identity was to Dothistroma septosporum
virus 1 (DsCV1) RdRp, with 72.26 % identity). Sequence analysis of
dsRNAZ2 revealed that it is 3314 bp long and contains two ORFs encoding
156 and 834 aa proteins (19.07 kDa and 94.59 kDa), P3S and P3,
respectively. BLASTp search of the P3S found no significant similarity in
the database. A later BLASTx search of the larger dsSRNA2 protein
showed high identity to hypothetical proteins (HP) of different members
of the family Chrysoviridae, with DsCV1 HP being the most closely
related (48.47 % identity). dsRNA3 is 3180 bp long and contains a single
OREF that encodes a 972 aa protein (107.53 kDa). BLASTx searches of the
sequence of dsSRNA3 showed the highest identity with a capsid protein
(CP) of DsCV1 (53.62 % identity). dsRNA4 is 2866 bp in size with a
single ORF that encodes an 844 aa protein (93.62 kDa). The analysis of
the protein coded by dsRNA4 revealed the presence of motifs typical of
cysteine proteases. BLASTx searches displayed a high degree of identity
to dsRNA4 from other members of the Chrysoviridae family (the highest
identity was to DsCV1 putative protease with 66.11 % identity). The
ovarian tumour (OTU) conserved domain of cysteine protease cd22754
(E-value 6.11e-05) was found in dsRNA 4 spanning from 2505 to 2639
bp. The OUT domain is a member of the superfamily cl45892 and has
also been detected in other chrysoviruses (Shahi et al., 2021; Zhai et al.,
2018).
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The dsRNA screening showed that one of the fungal isolates from
Slovenia (labelled PIS 3.16) could also be infected with a chrysovirus,
which was confirmed by HTS and designated as Dothistroma septospo-
rum chrysovirus 3 (DsCV3). The genome of the DsCV3 has a four dsSRNA
segment organisation, presented in Fig. 1B. Length of the DsCV3
dsRNA1 is 3648 bp (GC content 45.35 %), and it has a single long ORF
that codes for 1095 aa long protein (126.36 kDa). CDD search discov-
ered the same conserved domain pfam021123 (RdRp_4; E-value 2.56e-
66) from 1264 to 2625 bp in DsCV3 dsRNA1. dsRNA2 is 3453 bp long
(GC content 48.03 %) and has two ORFs, which potentially encode 141
(P3S) and 852 aa (P3) proteins, with a molecular mass of 15.80 kDa and
95.83 kDa, respectively. Sequence analysis of DsCV3 dsRNAs 3 showed
3072 bp (GC content 47.86 %). DsCV3 dsRNA3 contains a single large
ORF encoding 938 aa-protein with a calculated molecular mass of
104.48 kDa. The smallest segment of DsCV3, the dsRNA4, is 2793 bp
long. It has a single ORF, which codes for 846 aa protein (93.58 kDa). No
conserved domains were detected in DsCV3 dsRNA4. The BLASTx search
with DSCV3 genome segments sequences as a query detected counter-
part proteins encoded by other chrysoviruses. The first hit was proteins
of DsCV1, with an identity of 96.26, 93.19, 95.95 and 97.75 %,
respectively, for each dsRNA. It has been observed that the 5’ end un-
translated regions (UTRs) of dsRNAs 1-4 of both studied chrysoviruses
possess a highly conserved region of approximately 45 nucleotides (nt),
analogous to the "box 1" found in most chrysoviruses, as well as a second
region containing numerous CAA repeats located downstream from "box
1", similar to the enhancer elements found in the 5-UTRs of tobamovi-
ruses (Gallie and Walbot, 1992; Kotta-Loizou et al., 2020), as can be seen
in Supplementary Figure S1. In RdRps encoded by dsRNA1 of both vi-
ruses, eight conserved motifs typically present in RdRps of eukaryotic
dsRNA viruses (Bruenn, 1993) have been detected (Supplementary
Figure S2).

The ML phylogenetic analyses of RdRp aa sequences of here
described dsRNA viruses and related viruses (Fig. 2) have placed DsCV2
and DsCV3 within the genus Alphachrysovirus with the closest relation-
ship with the DsCV1 (Shah et al., 2023), the first reported virus infecting
D. septosporum. DsCV1-3 nested in a very well-supported cluster closely
related to viruses with non-specified hosts, Grapevine associated
chrysovirus 1 (Rwahnih et al., 2011) and Erysiphe necator associated
chrysovirus 3 (Rodriguez-Romero et al., unpublished), but also inter-
estingly, with viruses infecting entomopathogenic fungi Isaria javanica
chrysovirus 1 (Herrero, 2017) and Beauveria bassiana chrysovirus 1
(Gilbert et al., 2019).

Taking all these results together, the PASC values (Supplementary
Tables S6-S12) and the species demarcation criteria given by ICTV in the
genus Alphachrysovirus (nucleotide and deduced amino acid sequence
data, < 70 % and < 53 % aa sequence identity in the RdRp and CP,
respectively), it can be proposed that DsCV1, 2 and 3 might be consid-
ered as variants of the newly proposed species by Shah et al. (2023).
Although DsCV2 can be considered distinct almost as another species,
DsCV3 is highly similar to the DsCV1.

The Slovenian D. septosporum isolate PIS 3.16, together with two
Italian isolates, are the hosts to another putative dsRNA virus. Analysis
of assembled contigs via BLASTx revealed that two of them are affiliated
with the dsRNA1 and dsRNA2 genome segments of known members of
the genus Gammapartitivirus in the family Partitiviridae. The genome of
the putative novel partitivirus, herein designated as Dothistroma sep-
tosporum partitivirus 1 (DsPV1), is composed of two linear double-
stranded RNA segments of 1807 and 1572 bp, respectively (Fig. 1C).
Analysis of the two genome segments revealed that the larger segment
(dsRNA1) encodes a putative RdRp of 539 aa (predicted molecular
weight of 62.66 kDa). In comparison, the smaller segment encodes a
putative CP of 434 amino acids (predicted molecular weight of 46.46
kDa). The GC contents of the RARp and CP encoding genome segments
were found to be 49.03 % and 51.59 %, respectively. According to NCBI
BLASTx searches, DsPV1 shares 76.95 % RdRp aa identity with Peni-
cillium stoloniferum virus S (PsVS) (Kim et al., 2003), while the



Table 1
Identification of putative viruses found in Dothistroma spp. isolates based on BLASTX search and their genome organization.
Acronym Genomic Length' GenBank®  Putative family (genus)®  BLASTX first hit’ Reference (GenBank E QC I(%)°  Average Reads Depth of
segment/ORF (nt) accession) value (%)° read length coverage
(function)
DsCV2 dsRNA1 (RdRp) 3417 OR827032  Chrysoviridae Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 95 7226 152 35,802 1593
(Alphachrysovirus) 1 (RdRp) (CAI9240336)
dsRNA2 (P3) 3314 OR827033 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 74 48.47 152 43,731 2006
1 (hypothetical protein) (CA19240338)
dsRNA3 (CP) 3180 OR827034 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 91 53.62 152 66,519 3180
1 (capsid protein) (CAI9240339)
dsRNA4 2866 OR827035 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 88 66.11 152 89,007 4721
(Protease) 1 (putative protease) (CAI9240340)
DsCV3 dsRNA1 (RdRp) 3648 OR827036  Chrysoviridae Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 90 96.26 150 37,176 1529
(Alphachrysovirus) 1 (RdRp) (CAI9240336)
dsRNA2 (P3) 3453 OR827037 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 74 93.19 150 31,968 1389
1 (hypothetical protein) (CAI9240338)
dsRNA3 (CP) 3072 OR827038 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 91 95.95 150 46,810 2286
1 (capsid protein) (CAI9240339)
dsRNA4 2793 OR827039 Dothistroma septosporum chrysovirus Shah et al., 2023 0.0 90 97.75 150 77,460 4160
(Protease) 1 (putative protease) (CAI19240340)
DsPV1 dsRNA1 (RdRp) 1807 OR827040  Partitiviridae Penicillium stoloniferum virus S Kim et al., 2003 0.0 89 76.95 150 857,219 71,158
(Gammapartitivirus) (RdRp) (YP_052856)
dsRNA2 (CP) 1572 OR827041 Penicillium digitatum partitivirus 1 Gilbert et al., 2019 3e- 82 56.35 150 665,747 61,265
(AZT88595) 143
DsGFV1 ORF1 (REP) 5682 OR827029 Gammaflexiviridae Pistacia-associated flexivirus 1 Park et al., 2020 0.0 99 51.70 152 227,829 3612
(9588 nt) (replicase) (YP_010799909)
ORF2 (MP) 2439 Pistacia-associated flexivirus 1 Park et al., 2020 0.0 84 62.15
(movement protein) (YP_010799910)
ORF3 (HP) 984 Pistacia-associated flexivirus 1 Park et al., 2020 6e- 96 60.44
(hypothetical protein) (YP_010799911) 127
DpNV1 RdRp 3268 OR827027  Narnaviridae Neofusicoccum parvum narnavirus 1 Cao et al., unpublished 0.0 93 50.73 152 444,215 20,661
(RdRp) (WAK75250)
DsNV1 RdRp 3382 OR827028  Narnaviridae Erysiphe necator associated narnavirus ~ Rodriguez-Romero et al. 0.0 94 47.48 150 3129 139
22 (RdRp) unpublished (QJT93754)
DsMV1 RNA1 (RdRp) 6289 OR827030  Mymonaviridae Cercospora beticola negative-stranded Lietal, 2021 (UVB78667) 0.0 93 70.85 152 146,563 3542
(3619 nt) (Penicillimonavirus) virus 3 (RdRp)
RNA2 (ORF1) 741 OR827031 Plasmopara viticola lesion associated Forgia et al., unpublished le-39 72 42.62 152 128,546 5399
mononegaambi virus 6 (hypothetical (WKE35276)
protein)
RNA2 (ORF2) 1182 Plasmopara viticola lesion associated Forgia et al., unpublished 0.0 98 74.81
mononegaambi virus 5 (hypothetical (WKE35273)
protein)
RNA2 (ORF3) 603 Plasmopara viticola lesion associated Forgia et al., unpublished le-70 92 57.84
mononegaambi virus 6 (hypothetical (WKE35278)
protein)
RNA2 (ORF4) 636 Plasmopara viticola lesion associated Forgia et al., unpublished 2e-06 36 42.50
mononegaambi virus 6 (hypothetical (WKE35279)
protein)
DsBLV1 L (RdRp) 6515 OR827042  Discoviridae Erysiphe necator associated negative- Rodriguez-Romero et al., 0.0 97 85.96 152 226,116 5322
stranded RNA virus 4 (RdRp) unpublished (QJW70357)
M (NS) 1305 OR827043 Cercospora beticola negative-stranded Liet al., 2021 (UVB78672) 7e-41 34 48.08 152 61,455 7158
virus 5 (NS)
S (NC) 1201 OR827044 Penicillium discovirus (nucleocapsid) Rrishnamurthy et al., le-82 64 53.28 152 167,474 21,196

unpublished
(YP_010840287)

(continued on next page)
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Table 1 (continued)

Acronym Genomic Length' GenBank” Putative family (genus)®  BLASTx first hit* Reference (GenBank E QC 1(%)° Average Reads Depth of
segment/ORF (nt) accession) value (%)° read length coverage
(function)
DsBLV2 L (RdRp) 6619 OR827045  Discoviridae Plasmopara viticola lesion associated Chiapello et al., 2020 0.0 81 61.32 152 90,888 2087
mycobunyavirales-like virus 5 (RdRp) (QGY72642)
M (NS) 1279 OR827046 Rice dwarf-associated bunya-like virus ~ Wang et al., 2022 5e-26 52 33.48 152 130,733 15,088
(nonstructural protein) (UTJ93942)
S (NC) 1227 OR827047 Penicillium discovirus (nucleocapsid) Rrishnamurthy et al., 1le-63 52 48.60 152 39,965 4951
unpublished
(YP_010840287)
DsBLV3 L (RdRp) 6465 OR827048  Discoviridae Erysiphe necator associated negative- Rodriguez-Romero et al., 0.0 97 86.06 152 11,274 265
stranded RNA virus 4 (RdRp) unpublished (QJW70357)
M (NS) 1199 OR827049 Cercospora beticola negative-stranded Li et al., 2021 (UVB78672) le-41 36 48.00 152 30,479 3864
virus 5 (NS)
S (NC) 1117 OR827050 Penicillium discovirus (nucleocapsid) Rrishnamurthy et al., 5e-83 69 53.67 152 6368 842
unpublished
(YP_010840287)
DsBLV4 L (RdRp) 6469 OR827051  Discoviridae Erysiphe necator associated negative- Rodriguez-Romero et al., 0.0 97 86.15 150 82,871 1922
stranded RNA virus 4 (RdRp) unpublished (QJW70357)
M (NS) 1275 OR827052 Cercospora beticola negative-stranded Li et al., 2021 (UVB78672) 4e-41 35 47.37 150 145,610 17,131
virus 5 (NS)
S (NC) 1189 OR827053 Penicillium discovirus (nucleocapsid) Rrishnamurthy et al., 5e-82 65 52.90 150 68,391 8628
unpublished
(YP_010840287)
DsBLV5 L (RdRp) 6551 OR827054  Discoviridae Cercospora beticola negative-stranded Li et al., 2021 (UVB78666) 0.0 97 73.53 150 325,371 7450
virus 2 (RdRp)
M (NS) 1758 OR827055 Cercospora beticola negative-stranded Li et al., 2021 (UVB78671) 0.0 87 63.69 150 20,716 1768
virus 4-3 (NS)
S (NC) 1124 OR827056 Cercospora beticola negative-stranded Li et al., 2021 (UVB78669) le- 77 75.17 150 1116,540 149,004
virus 4-2 (NC) 155
DsBLV6 L (RdRp) 6552 ORS827057  Discoviridae Plasmopara viticola lesion associated Chiapello et al., 2020 0.0 82 61.04 150 104,016 2381
mycobunyavirales-like virus 5 (RARp) (QGY72642)
M (NS) 1254 OR827058 Rice dwarf-associated bunya-like virus Wang et al., 2022 5e-27 53 34.22 150 94,496 11,303
(nonstructural protein) (UTJ93942)
S (NC) 1200 OR827059 Penicillium discovirus (nucleocapsid) Rodriguez-Romero et al., 2e-64 53 48.60 150 26,699 3337
unpublished (QJW70357)
! Virus sequence length obtained by SPAdes assembly.
2 GenBank accession number of each virus.
3 Placment of the viruses according to their genome organisation and phylogenetic analysis.
4 The most similar virus based on BLASTX search against the NCBL protein sequence database (date of the last search November 2023).
5 Query cover.
6

Identity.
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Fig. 2. The ML (RAXML) phylogenetic analysis based on the predicted RdRp of dsRNA viruses from the present study (indicated in red and by a red asterisk) and
selected members of related taxa with GenBank accession numbers. Nodes were labelled with bootstrap support values of >50 %. Branch lengths were scaled to the
expected underlying number of amino acid substitutions per site, and the tree was rooted at the midpoint. The family and genera classification was shown behind
braces, and colourful squares represented the virus-host kingdom or phylum: || Fungi, []| Planta, [JJj Arthropoda and [ll Apicomplexa. Open shapes point out non-
specified hosts.

predicted CP of DsPV1 is most similar (identity 56.35 %) to that of to 1521 bp.

Penicillium digitatum partitivirus 1 (PdPV1) (Gilbert et al., 2019). The phylogenetic tree generated by ML analysis (Fig. 2) indicated
Conserved domain RdRp_1 (pfam00680; E-value 2.55e-85) member of that the putative RARp encoded by DsPV1 was related to those of viruses
RT like superfamily c102808 was detected in dsSRNA1 spanning from 187 within the genus Gammapartitivirus, family Partitiviridae (Fig. 2), with
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PsVS and Aspergillus ochraceus virus (AoV) (Liu et al., 2008) being most
closely related. It has been established that all members of the genus
Gammapartitivirus infect ascomycetous fungi, which are usually latent
infections (Vainio et al., 2018a). Given its host, genome size, organisa-
tion and phylogenetic placement, DsPV1 is the new member of the
genus. Following the established partitivirus species demarcation
criteria within genus Gammapartitivirus, <70 % aa sequence identity in
the RdRp and < 80 % aa sequence identity in the CP to representatives of
already recognised species, we propose that DsPV1 should be considered
a new species.

3.3.2. (-)ssRNA viruses

A decade after the first report of the potential (-)ssRNA viruses found
in a fungus (Kondo et al., 2013), an immense diversity of (-)ssRNA
mycoviruses has been reported (Chiapello et al., 2020; Forgia et al.,
2022; Lietal., 2021; Lin et al., 2019; Liu et al., 2014; Nerva et al., 2019a,
2019b; Shamsi et al., 2022). The order Bunyavirales is one of the most
extensive groups of segmented (-)ssRNA viruses, with 14 families rec-
ognised by the ICTV in addition to numerous unclassified bunyaviruses.
Bunyaviruses are enveloped viruses, typically possessing three genome
segments: the small (S), the medium (M) and the large (L) segment. The
S RNA encodes the nucleocapsid protein, while the M and L segments
encode the glycoproteins and the RdRp, respectively. The RdRp, in
conjunction with the nucleoproteins (NPs), assembles a ribonucleopro-
tein (RNP) on each genomic segment. RNP complex is essential for
replication and gene transcriptions (Boshra, 2022; Ferron et al., 2017;
Leventhal et al., 2021; Wichgers Schreur et al., 2018). From our data, we
dug out 18 contigs resembling bunyavirus genome segments, 9 of each
in both RNA pools. Six were identified as L genome segments of
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bunyaviruses coding for RdRp, while the rest code for the proteins
typical of M and S segments. Analysis of the sequence revealed that all
six bunyavirus-like L genome segment sequences contained conserved
regions belonging to pfam04196 Bunyavirus RdRp, the sole member of
the superfamily c120265. Specifically, DsBLV1 had a conserved region
spanning from nt 1849 to 3849 (E-value 3.61e-18); DsBLV2 from nt
2175 to 3776 (E-value 5.83e-15); DsBLV3 from nt 1826 to 3826
(E-value: 7.26e-16); DsBLV4 from 1819 to 3819 nt (E-value: 1.29e-15);
DsBLV5 1765-3771 nt (E-value: 5.97e-18); and DsBLV6 from nt
2133-3734 (E-value: 9.60e-17). No conserved regions were found in
sequences M and S genome segments of putative new bunya-like viruses.
Based on the results of the RT-PCR screening and PASC analyses (Sup-
plementary Table S13-S18), we associated the M and S segments with
their respective L segments. DsBLV1-4 was simple enough since they,
based on RT-PCR results, infect only one fungal isolate (Supplementary
Table S1). Finally, we linked the unassigned genome segments to each
other by comparing the similarity identity of their sequences with se-
quences of already organised genomes. Genome organisations of
DsBLV1-6 are illustrated in Fig. 3. An ML phylogenetic analysis based on
multiple alignments of the RARp amino acid sequences of six bunya-like
viruses from the present study and other viruses from the Bunyavirales
and Mononegavirales (as an outgroup) was conducted (Fig. 4). The
phylogenetic analysis revealed that DsBLV1-6 clustered with members
of Discoviridae, a newly established family within the Bunyavirales.
DsBLV1, DsBLV3 and DsBLV4 formed a very well-supported cluster
together with Erysiphe necator associated negative-stranded RNA virus
4 (unpublished). DsBLV2 and DsBLV6 formed a joint group closely
related to the Plasmopara viticola lesion  associated
mycobunyavirales-like virus 5 (Chiapello et al., 2020). While DsBLV5
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Fig. 3. Genome organization of Dothistroma bunya-like viruses 1 to 6 (DsBLV1-6). Open reading frames are represented with arrows (RARp=RNA dependent RNA
polymerase; NS= non-structural protein; NC—=Nucleocapsid; nt=nucleotides; aa=amino acids). Conserved domains of Bunyavirus RdRp, found in L genome segments

of DsB-LV1-6, are characterized in yellow boxes.
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Fig. 4. Phylogenetic placement of bunyaviruses described in the current study (indicated in red and by ). The tree focuses on the order Bunyavirales, with viruses
of the family Mymnoviridae used as an outgroup. Only bootstrap values above 50 % are indicated. Scale bar = 0.7 expected changes per site per branch. Kingdom or

phylum of the viral host are represented by colourful squares: . Mammalia, Chordata, . Arthropoda, Fungi, Planta, . Nematoda, and open shapes
indicate a non-specified host.
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appears more distantly related to the former ones, nesting on a separate
branch in the family Discoviridae, with Cercospora beticola
negative-stranded virus 2 (Li et al., 2021) as the most closely related
virus.

The order Mononegavirales consists of 11 viral families with non-
segmented, linear, single-stranded negative-sense RNA genomes
(Afonso et al., 2016), or that was believed until recently. The family
Mymonaviridae is the only one recognised to host mycoviruses. Some
family members have been indicated to induce hypovirulence in the
fungal host (Jiang et al., 2019). Sequence analysis of the 6257 nt long
contig (GC content 44.97 %) revealed a single large antisense ORF
coding a 1956 aa protein (221.30 kDa). A consecutive BLASTx search of
the protein revealed its relation with RdRps of Mononegavirales mem-
bers, with the first two results being Cercospora beticola
negative-stranded virus 3 (Li et al., 2021) and Plasmopara viticola
lesion-associated mononegaambi virus 5 (Chiapello et al., 2020). Hence,
we characterised this new putative virus as Dothistroma septosporum
mononegaambivirus 1 (DsMNAV1). Two conserved regions were
detected in the putative RARp aa sequence. A larger one spanning from
765 to 3260 nt belongs to pfam00946 (E-value: 7.52e-94), the sole
member of superfamily cl15638, characteristic of Mononegavirales
RdRp. The second conserved domain is the Mononegavirales
mRNA-capping region V (pfam14318; E-value: 3.84e-11), spanning
from 3297 to 3896 nt. It has been discovered that the V domain is
indispensable for forming an mRNA cap. Phylogenetic analysis of the
RdRp protein sequence shows that DsMNAV1 is closely related to the
Penicillimonavirus genus (Fig. 5C). Surprisingly, a more recent exami-
nation of the HTS data exposed another contig analogous to those of the
mymonaviruses. The sequence analysis of the said contig showed that it
is 3691 nucleotides in length, and it hosts four ORFs that mainly coded
for proteins of unknown function, except for the one that coded for the
putative NC, located in the second to last position of the antisense
strand. The BLASTp search results of the putative proteins matched them
with the group of NS proteins coded by the second RNA segment of
recently described bipartite members of the Mymonaviridae family
(Pagnoni et al., 2023). Following PCR amplification with a primer pair
spanning the junction of DsMNAV1 RNA segments, no amplification
product consistent with a monopartite genome organisation was ob-
tained, thereby confirming the potential for an unusual bipartite genome
organisation of DsSMNAV1 as shown in Fig. 5A. Additionally, in the
second RNA segment conserved noncoding sequences were identified to
be located downstream of each ORF (Fig. 5B). It is a common occurrence
to observe gene-junction sequences in the viral genome, which is a
characteristic feature of mononegaviruses (Liu et al., 2014). To further
strengthen the hypothesis that DsMNAV1 may be a bisegmented virus,
we observed significant conservation in the UTRs of the two RNA seg-
ments, particularly at the 3’ end, as illustrated in Fig. 5D.

3.3.3. (+)ssRNA viruses

As stated by the ICTV, the order of (4)ssRNA viruses Tymovirales
encompasses five families (Alpha-, Beta-, Delta- and Gammaflexiviridae
and Tymoviridae), which primarily infect plant hosts; however, a few
members of the Tymovirales have been noted to have either fungal or
insect hosts. The majority of mycoviruses from the order Tymovirales
have been classified into the Gammaflexiviridae family, with Botrytis
virus F (BVF) being first described (Howitt et al., 2001). BVF is a
monopartite positive-sense single-stranded RNA virus with a genome
length of ca. 6.8 kb. It has two ORFs encoding a replication-associated
protein (REP) and CP. The RdRp domain is expressed through a read-
through translation strategy exclusive to the Tymovirales order (Howitt
etal., 2001; Svanella-Dumas et al., 2018). The largest de novo assembled
contig from our raw RNA-seq data was 9588 nt long. Sequence analyses
predicted three positive-sense ORFs coding for proteins P1 (1894 aa;
208.86 kDa), P2 (813 aa; 88.54 kDa) and P3 (328 aa; 36.35 kDa),
respectively (Fig. 6A.). BLASTp search related these putative proteins
with proteins characteristically encoded by viruses from the
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Gammaflexiviridae. The P1 protein has a signature of REP, P2 resembles
movement protein (MP), and P3 is a hypothetical protein (HP) of un-
known function. In cases of all three proteins, the best result in the
BLASTx search was proteins coded by Pistacia-associated flexivirus 1
(PAFV1) (Park et al., 2020). Thus, we designated this new putative virus
as Dothistroma septosporum gammaflexivirus 1 (DsGFV1). In the ORF1
sequence, three conserved domains were detected: viral methyl-
transferase (pfam01660; E-value: 1.64e-33), viral RNA helicase
(pfam01443, superfamily c126263; E-value:9.39e-22) and conserved
catalytic core domain of RARp from the (+)ssRNA viruses and closely
related viruses (cd23249 member of superfamily cl40470; E-value:
1.31e-152). The sequence of the second ORF has conserved domain
smart00487 (E-value: 1.34e-07), a member of the DEAD-box helicase
superfamily (cl28899), a diverse family of proteins involved in
ATP-dependent RNA or DNA unwinding. The ML phylogenetic analysis
of the predicted REP of DsGFV1 and those of other members of the order
Tymovirales positioned DsGFV1 into a clade together with other mem-
bers of the Gammaflexiviridae (Fig. 6B). Not surprisingly, it forms a
subclade with PAFV1, but also with other gammaflexiviruses with
similar genomic organisation, as Entoleuca gammaflexivirus 1 (Velasco
et al.,, 2019) and Leucocoprinus gammaflexivirus C (Jo and Cho,
unpublished).

The family Narnaviridae was recently reclassified into two distinct
families, with the mitoviruses being split off into a new family, Mito-
viridae, as ratified by the ICTV Executive Committee in 2019. Presently,
there are only two classified species within the family Narnaviridae.
However, numerous narnaviruses have been recently reported in fungi
and oomycetes (Li et al., 2021; Osaki et al., 2016; Raco et al., 2022).
Additionally, several novel groups of narna-like viruses with unique
genome organisations have been recently uncovered (Chiapello et al.,
2020; Chiba et al., 2021; Dinan et al., 2020; Jia et al., 2021; Ruiz-Padilla
et al., 2021; Sutela et al., 2020).

In this study, two contigs (3268 and 3382 nt long), one of each in
both RNA pools, contained a single complete ORF encoding putative
proteins of 1021 and 1071 aa, respectively, as it can be seen in Fig. 7A. A
BLASTx search of the deduced proteins revealed their similarity to the
RdRps coded by the representative members of the Narnaviridae family.
The contig from the first RNA library shared the highest sequence sim-
ilarity with Neofusicoccum parvum narnavirus 1 (NpNV1) (Nerva et al.,
2019b), while the one from the second RNA library was closest to Ery-
siphe necator-associated narnavirus 22 (EnANV22) (Rodriguez-Romero
et al., unpublished). Interestingly, RT-PCR screening revealed that the
narna-like from the RNA pool 1 infects the only isolate of D. pini used in
this study. Hence, we characterised this new putative virus as Dothis-
troma pini nanrnavirus 1 (DpNV1). Supposedly, this is the first virus
reported to infect D. pini. The contig assembled from the second RNA
pool was found to infect one of the Irish isolates of D. septosporum. Thus,
it was named Dothistroma septosporum narnavirus 1 (DsNV1). CDD
search discovered conserved catalytic core domain of RdRp from the
positive-sense single-stranded RNA viruses (superfamily c140470 mem-
ber cd23183; E-value: 1.09e-07) in ORF of the DsNV1 but not in DpNV1.
Nevertheless, when the cores RdRp region of both viruses were aligned
with other narnaviruses (Supplementary Figure. S6), the seven RdRp
motifs were observed. To clarify the relationship between the new two
putative narnaviruses and the other members of the Narnaviridae, an ML
phylogenetic tree (Fig. 7B) was generated based on multiple alignments
of full-length RdRp aa sequences. The ML tree shows that DpNV1 and
DsNV1 cluster with narnaviruses. DsNV1 is phylogenetically close to
EnANV22 and Monilinia narnavirus H (Jo and Cho, unpublished). On
the other hand, DpNV1 clustered in a seemingly distant group of the
prior, closely related to NpNV1, Plasmopara viticola lesion-associated
narnavirus 14 (Chiapello et al., 2020) and Erysiphe necator associated
narnavirus 48 (Rodriguez-Romero et al., unpublished).
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Fig. 5. (A) Genome organisation of the Dothistroma septosporum mononegaambivirus 1 (DsMV1) with important nucleotides and amino acids. ORFs are presented
as an arrow and conserved regions by yellow boxes. (B) Alignment of the putative gene-junction sequences between ORFs in a 3'—5' orientation of DSMNAV1. The
level of consensus is represented in blue (the darker the colour, the higher the consensus) and by bars above the alignment. (C) Maximum likelihood tree (RAXML)
portraying the phylogenetic relationship of the predicted RdRp of DsMNAV1 with other complete RARp belonging to related viruses from the family Mymonaviridae.
Branch lengths present the calculated evolutionary distance and are scaled to the expected underlying number of amino acid substitutions per site. Nodes are marked
with bootstrap percentages >50 %. Genera classification and the GeneBank accession codes are next to the virus names. 4 indicates DsMV1. Biological classification
of the hosts: | | Fungi, ] Arthropoda. (D) MUSCLE alignment of 3-UTRs of RNA1 and RNA2 segments of DsMNAV1. The level of conservation is presented as bars
above the alignment.
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Fig. 6. (A) Graphic representation of Dothistroma septosporum gammaflexivirus 1 (DsGFV1). Arrows indicate open reading frames (ORFs), and yellow rectangular
boxes are for conserved domains (MET=viral methyltransferase; HEL=viral RNA helicase; ps-ss RARp=conserved catalytic core domain of RNA-dependent RNA
polymerase from the positive-sense single-stranded RNA viruses and closely related viruses; DEAD=DEAD-like helicase). (REP=replication-associated protein;
MP=moving protein; HP=hypothetical protein; nt=nucleotides; aa=amino acids). (B) The maximum likelihood phylogenetic tree based on REP sequences of DsGFV1
(in red and tagged with ) with other classified members of the order Tymovirales. Viruses from the genus Tobamovirus were used as an outgroup. Nodes are labelled
with bootstrap support values >50 % only. Branch lengths are scaled to the expected underlying number of amino acid substitutions per site. Scale bar=1.0 expected

changes per site per branch. The tree is rooted in the midpoint. Biological classification of the hosts:

3.4. Virus diversity and multiple infections in Dothistroma isolates

RT-PCR confirmed the specific fungal host isolates for each putative
virus. In RNA pool 1 (dol), three isolates of D. septosporum and one of
D. pini have shown the presence of mycoviruses (36 %), and in the case
of the second RNA pool (do2), five D. septosporum isolates were infected
(50 %). As mentioned, four isolates (two of D. septosporum in each pool)
were infected with multiple, evolutionarily distinct viruses (see Sup-
plementary Table S1). Viral co-infections are not rare in fungi
(Arjona-Lopez et al., 2018; Botella and Hantula, 2018; Hantula et al.,
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Fungi, | | Planta, open shapes indicate an unassigned host.
2020; Osaki et al., 2016; Ran et al., 2016; Vainio and Sutela, 2020;
Zhang et al., 2022). It appears that viral co-infections do not depend on
horizontal transmission (via anastomosis) between compatible fungal
hosts, and the factors on the cellular level that determine it have been
discussed by Thapa and Roossinck (2019). The accumulation of viral
co-infections happens due to the ageing of the strain of the fungal host
(Vainio et al., 2015c). If we consider its Eurasian origin (Mullett et al.,
2021) that could be the case with D. septosporum. We could propose that
the isolates showing multiple viral infections have been present in the
localities where they have been collected long enough to hoard multiple
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Fig. 7. (A) Genome organisation of two narnaviruses from this study, Dothistroma pini narnavirus 1 (DpNV1) and Dothistroma septosporum narnavirus 1 (DsNV1).
(B) ML phylogenetic tree based on the amino acid sequences of putative RARp of two narnaviruses found in this study (indicated by ), and other members of the
Narnaviridae and the viruses from families Mitoviridae, Botourmiaviridae and Leviviridae available in GenBank. Nodes are labelled with bootstrap support values >50
%. Branch lengths are scaled to the expected underlying number of amino acid substitutions per site. The use of colourful squares depicts a representation of the

Kingdom or Phylum of the Viral Host: | | Fungi,

The scale bar at the lower left corresponds to a genetic distance of 0.5.

co-infections. Vainio et al. (2015c¢) further suggested that co-infections
by viral species that are distantly related are more enduring than
those between strains of the same species and that mutual exclusion
could be a factor in determining the composition of viral communities.
The results of the presented study indicate that this assertion may be
accurate for D. septosporum.

In terms of occurrence, some viruses are more prevalent than others,
with DsPV1 being the most common. This gammapartitivirus appears in
three D. septosporum isolates from two localities in Italy and Slovenia.
This suggests that this virus evolved towards an optimal virus-host
interaction that enabled it to replicate and move more efficiently
through its host populations, as has been pointed out in other mycovirus

Oomycota, [J] Apicomplexa,
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Chordata,

Planta, [JJj Bacteria and open shapes indicate a non-specified host.

population studies (Botella et al., 2022, 2015a; Schoebel et al., 2017;
Voth et al., 2006). The efficiency of mycovirus transmission can be
influenced by various factors, such as the specific interaction between
the mycovirus and the host fungus, the presence of other environmental
factors that affect spore dispersal, and the availability of a susceptible
host (Ning et al., 2022; Vainio et al., 2013). Notably, DsCV1 and DsCV3
are very closely related, although they were found in more geographi-
cally distant hosts. Therefore, it is possible to hypothesise that the British
and Slovenian populations of D. septosporum are more closely related
than the Czech population. However, an extensive collection of fungal
isolates from diverse localities should be screened to confirm this
hypothesis.
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3.5. DsBLV1 transmission experiment

The vertical transmission of the three genomic segments of DsBLV1
was confirmed for all three segments (RARp, NC and NS). The trans-
mission rate of DsBLV1 was 100 % for the L, M and S genomic segments
for all 96 monosporic isolates studied (Supplementary Table S21). The
alignment of 30 randomly chosen amplicons of partially amplified
RdRp, NC, NS showed 100 % overall pairwise nt identity (data not
shown). These results confirm that (i) this bunyavirus is readily verti-
cally transmitted through D. septosporum conidia and (ii) the three RNA
genomic segments are very conserved and likely necessary for DsBLV1
transmission and replication. If the presence of DsBLV1 is related to a
lower or higher sporulation of D. septosporum, it should be further
investigated. The efficiency of mycovirus transmission through asexual
spores (conidia) has been commonly pointed out as very efficient. While
asexual spores and sexual spores both play a role in mycovirus dissem-
ination, their relative efficiency as transport means can depend on
several factors (Hough et al., 2023). Asexual spores are generally more
likely to encounter potential hosts due to their greater abundance and
the wider range of dispersal mechanisms. However, sexual spores, while
less numerous, may have advantages in terms of longer dispersal dis-
tances and the protection provided by specialised structures, allowing
them to reach new habitats or hosts potentially, i.e. Hymenoscyphus
fraxineus mitovirus 1 (HfMV1) is readily transmitted by ascospores, the
primary spreading means of the Hymenoscyphus fraxineus, the causal
agent of ash dieback (Cermakova et al., 2017; Schoebel et al., 2017).

4. Conclusions

Here, we presented the initial evidence of virus diversity in European
populations of D. septosporum and that they are vertically transmitted.
Additionally, we documented the first mycoviruses infecting D. pini. In
the near future, these mycoviruses’ characterisation and biological
function might provide novel means as DNB biocontrol and expand our
knowledge of the diversity, ecology, evolution, and taxonomy of
mycoviruses in forest conifer pathogens.
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