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Abstract
The globally distributed basidiomycete genus Armillaria includes wood
decomposers that can act as opportunistic parasites, causing deadly root
rot on woody plants. To test whether RNA viruses are involved in this oppor-
tunistic behaviour, a large isolate collection of five Armillaria species col-
lected over 40 years in Switzerland from trees, dead wood and soil was
analysed. De novo assembly of RNA-Seq data revealed 21 viruses, 14 of
which belong to putative new species. Two dsRNA viruses and an unclassi-
fied Tymovirales are formally described for the first time for Armillaria. One
mitovirus occurred with a high prevalence of 71.1%, while all other viruses
were much less prevalent (0.6%–16.9%). About half of all viruses were
found only in one fungal species, others occurred in 2–6 fungal species. Co-
infections of 2–7 viruses per isolate were not uncommon (34.9%), and most
viruses persisted circulating within fungal populations for decades. Some
viruses were related to viruses associated with other Armillaria species,
supporting the hypothesis that virus transmission can occur between differ-
ent fungal species. Although no specific correlation between viruses and
the fungal trophic strategy was found, this study opens new insights into
viral diversity hidden in the soil microbiome.

INTRODUCTION

Soil ecosystems are the major reservoir of species diver-
sity on earth, and fungi are the group with the highest
proportion of soil inhabitants, with 90% of all known fun-
gal species living in soil (Anthony et al., 2023). All soil-
borne microbial groups, including bacteria, archaea, pro-
tozoa, algae, fungi and oomycetes, harbour viruses—
intracellular infectious agents depending on a living host
cell for replication (Sutela et al., 2019). However, in com-
parison to plant viruses (discovered in 1892), animal
viruses (1898) and bacteriophages (1915/1917), fungal
viruses (mycoviruses) were discovered relatively late
and therefore are still poorly understood. Since their first

description in 1962 in the basidiomycete fungus Agari-
cus bisporus many new groups of mycoviruses have
been identified in filamentous fungi and fungal-like
organisms thanks to advancements in sequencing
technology (Botella et al., 2020; Hollings & Stone, 1971;
Koonin et al., 2023; Sato et al., 2020; Vainio
et al., 2017). Resident mainly in the cytoplasm or mito-
chondria, rarely in the nucleus, mycoviruses are usually
cryptic, with latent infection and no visible effect on the
host fungus (Ghabrial et al., 2015), but a growing num-
ber of mycoviruses show complex relationships with
their host (Kondo et al., 2022; Wolf et al., 2018). Some
mycoviruses confer beneficial effects on the host (Ahn &
Lee, 2001; Fuke et al., 2011; Thapa et al., 2016), while

Received: 31 August 2023 Accepted: 22 January 2024

DOI: 10.1111/1462-2920.16583

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Environmental Microbiology published by Applied Microbiology International and John Wiley & Sons Ltd.

Environ Microbiol. 2024;26:e16583. wileyonlinelibrary.com/journal/emi 1 of 23
https://doi.org/10.1111/1462-2920.16583

https://orcid.org/0000-0002-9628-5885
https://orcid.org/0009-0004-4599-8430
https://orcid.org/0009-0009-2042-8331
https://orcid.org/0000-0001-9220-5350
https://orcid.org/0000-0003-3259-6198
mailto:wajeeha.shamsi@wsl.ch
mailto:carolina.cornejo@wsl.ch
mailto:carolina.cornejo@wsl.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/emi
https://doi.org/10.1111/1462-2920.16583
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1462-2920.16583&domain=pdf&date_stamp=2024-02-13


others have the potential to reduce the virulence of phy-
topathogenic fungi such as Cryphonectria parasitica,
Sclerotinia sclerotiorum and Rosellinia necatrix (Xie &
Jiang, 2014). Such hypovirulent mycoviruses are of par-
ticular interest as biological control agents (Prospero
et al., 2021), and recently several soil-borne fungal path-
ogens were screened for mycoviruses including Hetero-
basidion spp. infecting conifers (Vainio, 2019; Vainio &
Hantula, 2016), the fruit tree pathogen R. necatrix
(Arjona-Lopez et al., 2018; Kondo et al., 2013;
Telengech et al., 2020) as well as fungi from the genus
Armillaria (Linnakoski et al., 2021).

Armillaria species and species from the sister genus
Desarmillaria (Physalacriaceae, Agaricales) are soil-
borne basidiomycetes with a worldwide distribution.
The parasitic Armillaria and Desarmillaria species are
dreaded necrotrophic tree root pathogens that can col-
onize the host root tissue of woody plants and cause
root system decay. However, all Armillaria species can
also feed on dead wood and thus play an important
ecological role as decomposers in woody ecosystems
(Baumgartner et al., 2011; Heinzelmann et al., 2019).
Of the more than 40 described species (Kim
et al., 2022), five Armillaria and two Desarmillaria fungi
occur in Europe (Guillaumin et al., 1993; Marxmüller &
Guillaumin, 2005). They include Armillaria mellea and
Armillaria ostoyae, which are important primary patho-
gens (infecting healthy hosts) and cause significant mor-
tality and economic losses not only in forests, fruit tree
plantations, orchards and vineyards but also in urban
green spaces such as parks and gardens throughout the
Northern Hemisphere (Cromey et al., 2020; Guillaumin
et al., 1989; Guillaumin et al., 1993; Kile et al., 1991).
Similarly, Desarmillaria tabescens can also act locally as
an aggressive primary pathogen (Guillaumin et al., 1993).
Although the other Armillaria species in Europe mostly
act as secondary pathogens (infecting trees weakened
by other biotic or abiotic stressors) or feed saprotrophi-
cally, Armillaria cepistipes and Armillaria gallica have
recently attracted attention for accelerating the decline of
ash trees in Europe due to their interaction with the inva-
sive ascomycete Hymenoscyphus fraxineus, the causal
agent of the ash dieback disease (Enderle et al., 2017;
Gross et al., 2014; Madsen et al., 2021; Marçais
et al., 2016). Another interesting feature of Armillaria spe-
cies is the ability to form rhizomorphs, root-like fungal
structures that in some species form large and dense net-
works in forest soils (Prospero, Holdenrieder, &
Rigling, 2003; Tsykun et al., 2012). Armillaria species can
colonize a large area of several hectares, in extreme
cases multiple square kilometres, and may last for multi-
ple forest generations (Bendel, Kienast, & Rigling, 2006;
Ferguson et al., 2003; Smith et al., 1992).

Controlling Armillaria root disease is challenging
because the fungus lives hidden in the soil and root
system of infected trees and can also endure a long
time in woody debris (Coetzee et al., 2001; Kedves

et al., 2021; Redfern & Filip, 1991; Travadon
et al., 2012). Therefore, Linnakoski et al. (2021)
recently argued that the large clonal individuals living in
the soil may be optimal targets for the application of
viral biocontrol agents and, thus, confirmed by RNA-
Sequencing of Armillaria species the presence of four
single-stranded (ss) RNA viruses in the secondary
pathogens Armillaria borealis and A. cepistipes from
Finland, while the other nine detected ssRNA viruses
were from other regions of the world (Siberia,
South Africa, The United States, Asia, Australia and
Oceania). Remarkably, eight of the 13 RNA viruses
detected were ambi-like viruses, which have recently
been reported as unique circular ssRNA viruses
(Forgia et al., 2023). These results clearly indicated that
Armillaria isolates from unexplored geographic regions
may conceal unforeseen viral diversity that has not yet
been discovered.

In the present study, we aimed to expand our under-
standing of the species diversity of Armillaria-
associated viruses in time and space. To achieve this
goal, we examined the presence of RNA viruses in a
large number of isolates from five European Armillaria
and one Desarmillaria species collected over the past
40 years from infected trees, dead wood and soil from
a wide range of natural and urban habitats in
Switzerland and some neighbouring countries. In previ-
ous studies, the virulence of isolates in our WSL fungal
collection was experimentally assessed and gradually
classified from avirulent to virulent phenotypes
(Heinzelmann et al., 2017; Prospero et al., 2004).
Therefore, an important objective of this study was to
assess whether mycoviruses might be involved in the
virulence gradient among tested fungal isolates
observed in our collection. Thus, we were particularly
interested in comparing the virome of species that func-
tion as primary pathogens as opposed to species that
function mainly as secondary pathogens. The virome
data described in this study provide an overview of the
viral community present in Armillaria in Central Europe
over 40 years, including new RNA viruses of described
or recently proposed families and an unclassified
positive-sense (+) ssRNA virus.

EXPERIMENTAL PROCEDURES

Fungal isolates and virulence

A total of 166 isolates from five Armillaria species
(N = 164): A. borealis (N = 22), A. cepistipes (N = 17),
A. gallica (N = 20), A. mellea (N = 38) and A. ostoyae
(N = 67) and D. tabenscens (N = 2) were used for the
present study (Table S1). The samples were collected
between 1983 and 2021 in Switzerland (N = 150),
France (N = 6), Italy (N = 2), Spain (N = 2), Germany
(N = 1), the Principality of Liechtenstein (N = 1) and
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the country of origin for four isolates collected in the
1990s was not documented (Table S1). Most isolates
examined (107/166) were from primary pathogens
(A. ostoyae, A. mellea and D. tabenscens), while the
remainder (59/166) were from secondary pathogens or
saprotrophs (A. borealis, A. cepistipes and A. gallica)
(Table S1). In previous studies, the virulence of a
subset of isolates was assessed experimentally by
inoculation of potted seedlings: 10/22 strains of
A. borealis, 17/17 A. cepistipes and 15/66 A. ostoyae
(Heinzelmann et al., 2017; Prospero et al., 2004).
Finally, for the present study, the same method of inoc-
ulation of potted seedlings was applied to 16/36 strains
of A. mellea (Table S2).

Total RNA extraction

All isolates were stored in the WSL culture collection,
revived on diamalt agar (20 g/L Diamalt, Hefe Schweiz,
Stettfurt, Switzerland; 15 g/L plant propagation agar,
Condalab, Madrid, Spain) and incubated for 1 week at
room temperature in the dark. About 10–12 squares of
5 � 5 mm per plate were cut out and incubated in a
500 mL Erlenmeyer flask containing liquid Diamalt yeast
medium (20 g/L Diamalt; 15 g/L Yeast Extract, Sigma-
Aldrich, Buchs, Switzerland) in the dark and at room
temperature for 7 days on a shaker. The cultures were
subsequently harvested by filtration, lyophilized and the
mycelium was ground manually with mortar and pestle
using liquid nitrogen. The total RNA of 60 mg ground
mycelium was obtained using the Spectrum™ Plant
Total RNA-Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions. The RNA samples were pooled
(15 samples in pools 1–3, 14 samples in pool 4, 12 sam-
ples in pools 5–12 and 11 samples in pool 13; 3.2–
4.0 μg RNA/pool) and sent to Macrogen Inc. (Macrogen
Europe) for library preparation (Illumina TruSeq
Stranded Total RNA library construction with Ribo-Zero
treatment) and sequencing on the Illumina platform
NovaSeq (100 nt paired-end sequencing run; 100 M
reads/sample). A total of 98.5–105.7 million reads
(101 nt paired-end reads) were obtained per pool. After
RNA-sequencing (RNA-seq), the reads were mapped to
the reference genome of A. gallica (GenBank assembly
accessions: GCA_012064365 and MH878687 for the
latest versions of A. gallica genomic and partial mito-
chondrion genome sequences) using CLC Genomics
Workbench v22 (CLC Bio-QIAGEN, Aarhus, Denmark)
to identify reads of fungal origin, which were excluded
from further analyses.

Detection and sequencing of viral RNA

The non-fungal sequencing reads were assembled de
novo (contig number per pool: 22,678–42,747) using

CLC Genomics Workbench version 22 (CLC Bio-
Qiagen, Aarhus, Denmark) using default parameters
(minimum contig length = 200; mismatch cost = 2;
length fraction = 0.5; similarity fraction = 0.8). Next,
the Basic Local Alignment Search Tool (BLAST) was
used with viral reference sequences from the National
Centre for Biotechnology Information (NCBI, https://
ncbi.nlm.nih.gov/, accessed on 22 May 2022) to screen
for viral sequence contigs. Ambivirus-like sequences
from public datasets were also used as queries for
BLAST searches against assembled contigs generated
in this study to detect further virus-related sequences.

To confirm the viral RNA detected by RNA-seq,
sequence-specific primers in a range of 500–600 bp
amplicon size were designed using CLC Main Work-
bench v22 (CLC Bio-QIAGEN) based on the sequence
contigs and tested in silico using the Primer-BLAST
option ‘fungi (taxid:4751)’ in the NCBI suite to exclude
non-specific binding to fungal DNA (Table S3). After
confirming the specificity of the primers in silico, the
presence of viral RNA was checked in all 166 fungal
strains by one-step Reverse Transcription (RT)-PCR
using the PrimeScript OneStep RT-PCR v2 kit (Takara
Bio Europe SAS, Saint-Germain-en-Laye, France) as
described previously (Urayama et al., 2014). All reac-
tions were subjected to the same protocol, which
included DNase treatment (dsDNase, Thermo Fisher
Scientific) of single RNA extracts, followed by a cDNA
synthesis step at 50�C and a PCR reaction: 33 cycles
of 30 s 94�C/30 s 55�C/2 min 72�C. To verify the natu-
ral character of RNA-seq contigs that were found in dif-
ferent fungal isolates but in the same RNA-seq library,
we partially sequenced the RdRP coding region from
representative isolates of selected viruses using the
same primer designed for RT-PCR tests (Table S3).
Total RNA extracts of selected virus-positive fungal
strains were subjected to cDNA synthesis (Maxima
First Strand cDNA Synthesis Kit, Thermo Fisher Scien-
tific) and a PCR reaction using the GoTaq Flexi DNA
Polymerase (Promega Corporation), which included an
initial denaturation of 2 min at 95�C, followed by
35 cycles of 30 s 95�C/30 s 55�C/2 min 72�C and a
final extension of 10 min at 72�C. PCR amplicons were
verified by Sanger sequencing using the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Thermo Fisher Scien-
tific) and the resulting forward and reverse strands
were assembled using the software CLC Main Work-
bench. To obtain the nucleotide sequences at the 50

and 30 termini and complete the viral contigs, RNA-
ligase-mediated rapid amplification of cDNA ends
(RLM-RACE) was used as described previously (Jamal
et al., 2019). The RACE-PCR products were ligated
into pGEMT-Easy (Promega, Madison, WI) and trans-
formed into Escherichia coli DH5α competent cells
(Takara Bio Inc., Shiga, Japan) for Sanger sequencing.
The primer sequences used in RLM-RACE were
designed at the 50 and 30 flanking regions using the
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CLC Main Workbench listed in Table S3. The viral
sequences reported in this study were deposited in the
Genbank/ENA/DDBJ database with accession numbers
OQ749606–OQ749611 and OR670528–OR670538
(Bioproject PRJNA1017781).

Characterization of mycoviruses

To detect potential open reading frames (ORFs) in the
viral contigs and identify conserved domains in
the ORFs, the ORF finder program, which applies the
standard or yeast mitochondrial genetic code, and the
conserved domain database (CDD) (Marchler-Bauer
et al., 2016) of the NCBI suite were used. Sequence
similarity searches were performed using both BLASTx
and BLASTp programs in NCBI. The percent identity
matrix was created using the online CLUSTAL Omega
tool (https://www.ebi.ac.uk/Tools/msa/clustalo/).

The maximum likelihood (ML) method was employed
to perform phylogenetic analysis of the deduced
virus polypeptides (RNA-dependent RNA polymerase,
RdRP). The online MAFFT server v7 (https://mafft.cbrc.
jp/alignment/server/) (Katoh & Toh, 2008) was used to
align the virus sequences and subsequently, PhyML 3.0
to generate ML trees with automatic smart model selec-
tion (SMS Model Selection) (Guindon et al., 2010).
Branch supports were calculated based on 1000 boot-
strap repetitions and the tree was visualized using Fig-
Tree v1.4.4 (http://tree.bio.ed.ac.uk/software/).

Secondary structures at the 50 and 30 terminal
regions were predicted by RNA structure software v6.4
(Mathews et al., 2004) (https://rna.urmc.rochester.edu/
RNAstructure.html).

RESULTS

Diversity and prevalence of RNA viruses in
Armillaria species

Local BLAST analysis revealed 91 de novo assem-
bled virus-like contigs ranging in length from 251 to
11,451 nucleotides (nt) in the 13 pooled samples.
Among them, we detected at least 21 candidate RNA
viruses with complete or nearly-complete genomes
(Table 1), including mitoviruses (family Mitoviridae),
ourmia-like viruses (Botourmiaviridae), negative-
sense (�) ssRNA mymonaviruses (Mymonaviridae), a
double-stranded (ds) RNA partitivirus (Partitiviridae)
and also unclassified RNA viruses: including a dsRNA
virus (proposed family ‘Phlegiviridae’) (Sato
et al., 2023), a (+) ssRNA virus (unclassified Tymovir-
ales), and viruses related to ambi- or ambi-like viruses
that are circular ssRNA viruses of the four proposed
families (‘Dumbiviridae’, ‘Quambiviridae’, ‘Trimbiviri-
dae’ and ‘Unambiviridae’) in the phylum Ambiviricota
of the order ‘Crytulvirales’ (Turina et al., 2023). Some

additional incomplete virus-like fragments were not
considered further in this study.

Two mitoviruses, seven ambi-like viruses and one
phlegivirus occurred in multiple fungal species,
whereas the others were each detected only in one fun-
gal species (Table 2). Due to the high similarity of
amino acid sequences (aa), 7 of the viruses listed in
Table 1 were considered to be variants of already
known mycoviruses (Linnakoski et al., 2021), and
14 are newly described below.

Genome characterization of Armillaria-
associated viruses

Mitoviruses

The RNA-seq data revealed 17 putative virus-like con-
tigs with potential complete coding sequences that
shared similarities to previously reported mitovirids. Of
these, nine de novo assembled contigs shared 87.5%–

96.7% identity at the nucleotide (nt) level and were thus
considered variants of the same mitovirid (Figure S1a).
RT-PCR results indicated that 118 fungal isolates
(71.1%) were positive for this mitovirus and that it
occurred in all tested Armillaria species. The virus had
a high prevalence in all tested species (64.2%–100%),
except for A. borealis (18.2%) (Table 2). Based on its
high aa identity, the virus was considered a variant of
the Armillaria borealis mitovirus 1 (AbMV1, 2011A iso-
late) sequence found in the GenBank record (acces-
sion number ON875998) (Table 1 and see also below).

The remaining eight contigs shared 87.4%–96.7%
identity at the nucleotide level and were considered var-
iants of another mitovirid (Figure S1b). In total, eight
isolates of A. borealis, A. cepistipes, A. gallica and
A. ostoyae were positive for this mitovirid (Table 2).
This virus was tentatively named Armillaria mitovirus
1 (AMV1, accession number OQ749609).

The (+)ssRNA genome of AbMV1 was 3171 nt in
length (complete genome) that encoded one large
720 aa (molecular mass 82.0 kDa) long ORF. AMV1
encoded two ORFs, a smaller ORF (s-ORF) of 139 aa
and a second large ORF of 1150 amino acids
(aa) (129.1 kDa) when the mitochondrial codon usage
was applied. The conserved domain for RdRP
(Mitovir_RNA_pol superfamily; cl05469) was located at
positions 1482–2222 nt (AbMV1) and 1592–2962 nt
(AMV1), respectively (Figure 1A). No hits were found in
the BLASTx analysis of s-ORF of AMV1. A stem-loop
structure was predicted in the long 50 untranslated
region (UTR) of AbMV1 and AMV1 genomic RNA
(Figure S1c).

Characteristic conserved motifs of mitoviruses were
also detected in the RdRP-based alignment of AbMV1
and AMV1 with other selected mitoviruses (Figure S1d).
In the BLASTp search, AbMV1 exhibited 83.2% identity
with the AbMV1 2011A isolate and AMV1 exhibited
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TAB LE 1 Mycoviruses detected in Armillaria isolates from Switzerland and neighbouring countries, based on best match by BLASTp
search.

Virus
name (size) Contig no.

Total
read
counta

Genome
type/segment

aa identity
(%)

Cover
(%)

Top BLASTp hit RdRP
(accession number) Host fungus strain

Armillaria
borealis
mitovirus 1
(AbMV1)b

(3171 nt)c

Arm_P5-c38 794,142 (+)ssRNA 83.2 100 Armillaria borealis mitovirus 1
(WEA82906)

Armillaria sp.

Armillaria
mitovirus 1
(AMV1)
(4378 nt)

Arm_P1-c69 456,096 (+)ssRNA 68.8 96 Armillaria mellea mitovirus 1
(WNH24567)

Armillaria mellea
Geyve

Armillaria mellea
ourmia-like
virus 1
(AmOlV1)d

(3919 nt)

Arm_P3-c63 20,684 (+)ssRNA 96.9 90 Armillaria mellea ourmia-like
virus 1 (YP_010805005)

Armillaria mellea
CMW50256

Armillaria mellea
ourmia-like
virus 2
(AmOlV2)d

(3162 nt)

Arm_P7-c718 15,993 (+)ssRNA 96.4 100 Armillaria mellea ourmia-like
virus 2 (YP_010805006)

Armillaria mellea
CMW3973

Armillaria
ostoyae
ourmia-like
virus 1
(AoOlV1)
(2984 nt)

Arm_P11-c1722 9932 (+)ssRNA 65.7 97 Armillaria mellea ourmia-like
virus 2 (YP_010805006)

Armillaria mellea
CMW3973

Armillaria
ostoyae RNA
virus 1
(AoRV1)
(8708 nt)

Arm_P8-c66 59,182 (+)ssRNA 42.1 76 Bramycfau virus 2
(UQS94368)

Mycetophylax
faunulus
WM17012805

Antswm17012805

Armillaria gallica
negative-
stranded
RNA virus 1
(AgNSRV1)
(11,466 nt)c

Arm_P2-c408 6425 (�)ssRNA 53.2 99 Armillaria mellea negative-
stranded RNA virus 2
(DAD54832)

Armillaria mellea
ELDO17

Armillaria
cepistipes
negative-
stranded
RNA virus 1
(AcNSRV1)
(11,016 nt)

Arm_P3-c525 20,339 (�)ssRNA 53.2 97 Armillaria mellea negative-
stranded RNA virus 1
(YP_010805004)

Armillaria mellea
CMW3973

Armillaria mellea
negative-
stranded
RNA virus 1
(AmNSRV)d

(10,646 nt)

Arm_P7-c318 657 (�)ssRNA 97.0 100 Armillaria mellea negative-
stranded RNA virus 1
(YP_010805004)

Armillaria mellea
CMW3973

Armillaria gallica
partitivirus 1
(AgPV1)
(1755 bp)c

Arm_P2-c5351 428 dsRNA1 65.6 99 Flammulina velutipes isometric
virus (BAH08700)

Flammulina velutipes
isolate No. 6

(1767 bp)c Arm_P2-c2331 862 dsRNA2 21.6 78 Grosmannia clavigera
partitivirus 1 (AZT88607)

Grosmannia clavigera
strain KW1407

Armillaria RNA
virus 1

Arm_P13-c264 50,226 dsRNA 35.5 29 Sclerotium roflsii mycovirus
dsRNA1 (AZF86106)

Sclerotium roflsii
strain BLH-1

(Continues)
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TAB LE 1 (Continued)

Virus
name (size) Contig no.

Total
read
counta

Genome
type/segment

aa identity
(%)

Cover
(%)

Top BLASTp hit RdRP
(accession number) Host fungus strain

(ARV1)
(11,806 bp)c

Armillaria spp.
ambi-like
virus 5
(AsAlV5)
(4772 nt)e

Arm_P4-c182 27,815 ssRNAf 65.6 99 Armillaria mellea ambi-like
virus 1 (DAD54837)

Armillaria mellea
strain ELDO17

Armillaria spp.
ambi-like
virus 6
(AsAlV6)
(4511 nt)

Arm_P6-c310 89,033 ssRNAf 76.3 99 Armillaria mellea ambi-like
virus 2 (DAD54839)

Armillaria mellea (no
information on
strain)

Armillaria spp.
ambi-like
virus 7
(AsAlV7)
(4533 nt)

Arm_P1-c53 108,520 ssRNAf 83.9 99 Armillaria borealis ambi-like
virus 2 (QUD20368)

Armillaria borealis
strain Ab4B

Armillaria spp.
ambi-like
virus 8
(AsAlV8)

(4838 nt)

Arm_P4-c178 5474 ssRNAf 62.3 94 Armillaria novae-zelandiae
ambi-like virus 1
(DAD54841)

Armillaria novae-
zelandiae strain
2840

Armillaria ambi-
like virus 3
(AAlV3)d

(4385 nt)

Arm_P4-c50 13,853 ssRNA 99.0 100 Armillaria ambi-like virus 3
(QUD20379)

Armillaria borealis
strain Ab9A

Armillaria spp.
ambi-like
virus 3
(AsAlV3)b

(4506 nt)

Arm_P3-c40 77,473 ssRNA 99.4 100 Armillaria spp. ambi-like virus 3
(WCL23002)

Armillaria spp. (no
information on
strain)

Armillaria
borealis
ambi-like
virus 2
(AbAlV2)d

(4528 nt)

Arm_P1-347 5361 ssRNA 98.4 100 Armillaria borealis ambi-like
virus 2 (QUD20368)

Armillaria borealis
strain Ab4B

Armillaria mellea
ambi-like
virus 3
(AmAlV3)
(4814 nt)c

Arm_P5-c89 108,859 ssRNA 81.1 97 Armillaria borealis ambi-like
virus 1 (QUD20357)

Armillaria borealis
strain N40

Armillaria mellea
ambi-like
virus 4
(AmAlV4)
(4417 nt)e

Arm_P5-c177 69,712 ssRNA 86.6 100 Armillaria spp. ambi-like virus 3
(WCL23002)

Armillaria spp. (no
information on
strain)

Armillaria mellea
ambi-like
virus 5
(AmAlV5)
(4525 nt)

Arm_P5-c88 70,631 ssRNA 75.7 99 Armillaria mellea ambi-like
virus 2 (DAD54839)

Armillaria mellea (no
information
on strain)

aThe number of raw reads mapping to the virus sequences were obtained by the Read Mapping algorithm via CLC Genomic Workbench with the following
parameters: length fraction = 0.9; and similarity fraction = 0.95.
bSequence record only given in GenBank, but not reported in a publication.
cComplete genome sequence.
dVariants of the viruses reported by Linnakoski et al. (2021).
eWith undetermined nucleotide sequences (NNN).
fReported ambiviruses have a circular ssRNA genome with self-cleaving elements (Forgia et al., 2023).
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68.8% identity with Armillariamelleamitovirus 1 (Table 1).
Based on the International Committee on Taxonomy of
Viruses (ICTV) species demarcation criterion for mito-
viruses (<70% RdRP aa identity) (Botella et al., 2021)
and phylogenetic analysis of the deduced polypeptide
(Figure 1B), AbMV1 was regarded as a variant of the
unpublished mitovirus but previously deposited in Gen-
Bank, and AMV1 could be considered a new virus in the
established genera Unuamitovirus and Duamitovirus,
respectively, of the family Mitoviridae.

Ourmia-like virus

Along with the sequences of two known ourmia-like
viruses (Armillaria mellea ourmia-like virus 1, AmOlV1
and Armillaria mellea ourmia-like virus, AmOlV2) in
genus Magoulivirus, an additional ourmiavirus-like
contig was detected (Table 1). A single French isolate
of A. ostoyae (M10666) was confirmed to be positive
for this virus candidate by RT-PCR (Table S1).
The virus was tentatively named Armillaria ostoyae
ourmia-like virus 1 (AoOlV1, accession number
OR670528).

The AoOlV1 contig was 2984 nt long and a com-
plete coding sequence encoded a 713 aa long ORF

(molecular mass 81.1 kDa) (Figure 2A) with an RdRP
domain (ps-ssRNAv-RdRp-like superfamily; cl40470) at
nt position 965–1606 (Figure 2A) that had 65.7% aa
identity with the RdRP of AmOlV2 in a BLASTp search
(Table 1). AoOlV1 shared eight conserved motifs with
reported botourmiaviruses in the RdRP-based align-
ment (Figure S2). Phylogenetically, the virus clustered
with members of the genus Magoulivirus in the family
Botourmiaviridae (Figure 2B). Based on our analysis
and the ICTV species demarcation criterion for botour-
miaviruses (<90% RdRP identity) (Ayll�on et al., 2020),
we propose AoOLV1 as a novel member of the genus
Magoulivirus in the family Botourmiaviridae.

Unclassified (+)ssRNA virus

In BLASTp search, the virus-like contig Arm_P8-c66
showed low levels of sequence identity (�42.1% aa
RdRP identity) to (+)ssRNA virus-like sequences of meta-
genome assemblies associated with two fungus-farming
ants (Mycetophylax faunulus and Paratrachymyrmex
diversus) (Table 1). Three isolates of A. ostoyae (Swiss
isolates M5356 and M5358, and French isolate M10666)
were positive for this virus candidate in RT-PCR analysis
(Table S1).

TAB LE 2 Frequency of individual RNA viruses detected in Armillaria isolates in this study.

Viruses

Armillaria spp.

D. tabescens
(N = 2)

Overall
(N = 166)

A. borealis
(N = 22)

A. gallica
(N = 20)

A. cepistipes
(N = 17)

A. mellea
(N = 38)

A. ostoyae
(N = 67)

AbMV1a 4 (18.2%)b 18 (90%) 17 (100.0%) 34 (89.5%) 43 (64.2%) 2 (100.0%) 118 (71.1%)

AMV1 1 (4.5%) 3 (15.0%) 2 (11.8%) 0 2 (3.0%) 0 8 (4.8%)

AmOlV1a 0 0 6 (35.3%) 0 0 0 6 (3.6%)

AmOlV2a 0 0 0 1 (2.6%) 0 0 1 (0.6%)

AoOlV1 0 0 0 0 1 (1.5%) 0 1 (0.6%)

AoRV1 0 0 0 0 3 (4.5%) 0 3 (1.8%)

AgNSRV1 0 1 (5.0%) 0 0 0 0 1 (0.6%)

AcNSRV1 0 0 1 (5.9%) 0 0 0 1 (0.6%)

AmNSRV1a 0 0 0 8 (21.1%) 0 0 8 (13.3%)

AgPV1 0 1 (5.0%) 0 0 0 0 1 (0.6%)

ARV1 1 (4.5%) 2 (10.0%) 0 0 2 (3.0%) 0 5 (3.0%)

AsAlV5 0 5 (25.0%) 1 (5.9%) 6 (15.8%) 0 0 12 (7.2%)

AsAlV6 1 (4.5%) 0 0 8 (21.1%) 0 0 9 (5.4%)

AsAlV7 6 (27.3%) 0 0 20 (52.6%) 2 (3.0%) 0 28 (16.9%)

AsAlV8 1 (4.5%) 1 (5.0%) 0 0 0 0 2 (1.2%)

AAlV3a 4 (18.2%) 2 (10.0%) 9 (52.9%) 0 3 (4.5%) 0 18 (10.8%)

AsAlV3a 0 3 (15.0%) 6 (35.3%) 1 (2.6%) 1 (1.5%) 0 11 (6.6%)

AbAlV2a 3 (13.6%) 0 1 (5.9%) 0 0 0 4 (2.4%)

AmAlV3 0 0 0 20 (52.6%) 0 0 20 (12.0%)

AmAlV4 0 0 0 13 (34.2%) 0 0 13 (7.8%)

AmAlV5 0 0 0 7 (18.4%) 0 0 7 (4.2%)

aVariants of viruses previously reported by Linnakoski et al. (2021) or deposited in GenBank.
bNumber of virus-positive isolates and their frequency (in parentheses) within fungal species or overall species.
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The (+)ssRNA virus-like contig was 8685 nt in
length, excluding the poly (A) tail, and the complete
coding sequence encoded a long ORF of 2526 aa
(molecular mass 291.0 kDa) and two small ORFs of
168 and 82 aa (18.6 and 9.5 kDa) in length, respec-
tively (Figure 3A). Three conserved domains were
found in the large ORF: a methyltransferase domain
(Vmethyltransf superfamily; cl03298) at aa position
636–921, an RNA helicase domain (Viral_helicase
1 superfamily; cl26263) at aa position 1592–1861 and
an RdRP domain (cl40470) at aa position 2182–2359

(Figure 3A). No significant similarity was found in the
small ORFs in BLASTp searches. The phylogenetic
analysis grouped the virus in a clade together with ant-
associated viruses (Brapardiv and Bramycfau viruses)
and unclassified mycoviruses (e.g., Agaricus bisporus
viruses; Deakin et al. (2017)) within the order Tymovir-
ales (Figure 3B). Therefore, it was tentatively named
Armillaria ostoyae RNA virus 1 (AoRV1, accession
number OR670529) and likely placed within a mono-
phyletic group as a potential new family along with
other fungal and ant-associated RNA viruses.

F I GURE 1 Genome organization and phylogeny of two mitoviruses from Armillaria isolates. (A) Schematic representation of the AbMV1 and
AMV1 (+)ssRNA genomes. The ORF is represented in blue and the RdRP domain is shown in darker shade. (B) The maximum-likelihood
phylogenetic tree of AbMV1 and AMV1 with selected members of four genera (Duamitovirus, Kvaramitovirus, Triamitovirus and Unuamitovirus)
and large duamitoviruses (Ezawa et al., 2023) in the family Mitoviridae. The tree was generated from the amino acid sequence alignment of the
deduced RdRPs. The novel virus is shown in red and a published virus variant is shown in blue. A narna-like virus (Plasmopara viticola lesion
associated with narnavirus 23) is used as an outgroup to root the tree. Numbers at nodes are bootstrap values out of 1000 replicates. Bootstrap
values (%) <60 are not shown.
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F I GURE 2 Genome organization and phylogeny of a novel ourmia-like virus from a French A. ostoyae isolate (M10666). (A) Schematic
representation of AoOlV1 (+)ssRNA genome. The ORF is represented in green, with the RdRP domain in darker shading. (B) Maximum-
likelihood phylogenetic tree of AoOlV1 with members of the family Botourmiaviridae. The tree was generated from the amino acid sequence
alignment of the deduced RdRPs. The newly described virus is indicated in red and published virus variants also detected in this study are
shown in blue. Two viruses (a yeast narnavirus, Saccharomyces 20S RNA narnavirus, and a narna-like virus, narnavirus I-329) are used as
outgroups to root the tree. Numbers at nodes are bootstrap values out of 1000 replicates.
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Mymonaviruses

Two virus-like contigs (Arm_P2-c408 and Arm_P3-c525),
together with some other contigs associated with a
known mymonavirus (Armillaria mellea negative-
stranded RNA virus 1, AmNSRV1) (Linnakoski et al.,
2021) were related to viruses of the family Mymonaviri-
dae (Table 1). RT-PCR analysis showed a single Swiss
A. gallica isolate (M10712) positive for Arm_P2-c408 and
a single Swiss A. cepistipes isolate (M4393) positive for
Arm_P3-c525 (Tables 2 and S1). These mymona-like
viruses were named Armillaria gallica negative-stranded

RNA virus 1 (AgNSRV1, accession number OQ749610)
and Armillaria cepistipes negative-stranded RNA virus
1 (AcNSRV1, accession number OR670530).

The complete genome of AgNSRV1 was 11,466 nt
long and encoded one large ORF (ORF6; correspond-
ing to Large (L) protein) of 1979 aa in length
(222.2 kDa) and five small ORFs (see Figure 4A). The
complete coding sequence of AcNSRV1 was 11,016 nt
in length and it also encoded one large ORF (ORF6;
corresponding to the L protein) of 1991 aa in length
(221.5 kDa), five small ORFs upstream and a small
ORF downstream the L protein (Figure 4A).

F I GURE 3 Genome organization and phylogeny of a novel ssRNA virus from A. ostoyae isolates. (A) Schematic representation of AoRV1
(+)ssRNA genome with predicted ORFs. The ORF1 is shown in blue and the three predicted conserved domains, methyltransferase, helicase,
and RdRP, are shown with light shading. (B) Maximum-likelihood-based phylogenetic analysis of the ORF 1 protein of AoRV1 with closely
related viruses selected members from five families (with two unassigned groups) in the order Tymovilales. The novel virus is shown in red.
Numbers at nodes are bootstrap values out of 1000 replicates. Bootstrap values (%) <60 are not shown.
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F I GURE 4 Legend on next page.
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The BLASTp search of the L protein of AgNSRV1 and
AcNSRV1 gave 53.2% identity with both Armillaria
mellea negative-stranded RNA viruses AmNSRV1 and
AmNSRV2, respectively (Table 1). The putative nucleo-
protein (ORF2 protein) of AgNSRV1 and AcNSRV1 also
shared moderate aa identities (39.5% and 43.6%, respec-
tively) with the same viral counterparts (AmNSRV1 and 2;
data not shown). Included in the L protein, a conserved
domain for RNA polymerase (Mononeg_RNA_pol super-
family; cl15638) was detected at aa position 198–1017
and 221–1049 in AgNSRV1 and AcNSRV1, respectively.
A second conserved domain for mRNA capping
(Mononeg_mRNAcap superfamily; cl16796) was found at
aa positions 1073–1268 and 1106–1271 in AgNSRV1
and AcNSRV1, respectively. In AgNSRV1, terminal
inverted complementarity, typical of mymonaviruses, was
also observed for the 30- and 50-terminal nucleotides
(Figure 4B). The putative gene-junction sequences
were well conserved in each junction of AgNSRV1
(UUAAAAAACCGAgaCGA, well-conserved sequences
show upper case letters), whereas those of AcNSRV1
were less conserved (AUuuAaaxAAAACCG) (Figure 4C).
Phylogenetic analysis clustered AgNSRV1 and AcNSRV1
with members of the genusAuricularimonavirus and Lenti-
monavirus, respectively, in the family Mymonaviridae
(Figure 4D) (Kuhn et al., 2021).

The species demarcation criteria for the members
of the family Mymonaviridae have recently been
updated: species in the genus differ by >30% in nucleo-
protein amino acid sequence and by >30% in their
complete coding sequence or complete genome nucle-
otide sequence (Ji�ang et al., 2022). Our results suggest
that AgNSRV1 and AcNSRV1 are novel members of
the genera Auricularimonavirus and Lentimonavirus,
respectively, in the family Mymonaviridae.

Partitivirus

Two contigs, possibly encoding two proteins that share
sequence similarity with RdRP and the coat protein
(CP) of known partitiviruses (Table 1) were identified.
RT-PCR results indicated that only one A. gallica iso-
late (M10712) was positive for this virus. The complete
sequences of the two genomic dsRNA segments were
found to differ in size by 12 base pairs, the smaller one
(dsRNA1; 1755 bp in length) corresponding to RdRP

and the larger one (dsRNA2; 1767 bp in length) corre-
sponding to CP (Figure 5A). Generally, the sequence
encoding for RdRP in partivirus is longer than the
sequence encoding for CP, but exceptions have also
been reported previously (Telengech et al., 2020).

The positive strands of both dsRNAs each encoded
a single large ORF. ORF2 (dsRNA2) was 482 aa
long (54 kDa) and ORF1 (dsRNA1) was 550 aa
long (65 kDa) (Figure 5A), including a conserved
domain for RdRP (RT_like superfamily; pfam cl02808)
detected at aa position 239–391. BLASTp searches of
the two polypeptides resulted in 21.6% and 65.6% aa
sequence identities to the CP and RdRP of other alpha-
partitiviruses, respectively (Table 1). The RdRP-based
ML phylogenetic tree placed the newly identified virus
in the genus Alphapartitivirus (Figure 5B). At the 30 end
of the dsRNA1, an interrupted poly (A) tail was present
[(A)17G(A)7T(A)5CG(A)9], which is a characteristic of
alphapartitiviruses. RdRP-based sequence alignment
with other partitiviruses showed the presence of
conserved motifs characteristic of partitiviruses
(Figure S3a). Additionally, stem-loop structures were
also predicted at the 50 termini of the two dsRNA seg-
ments (Figure S3b).

Based on these results and according to the ICTV
species demarcation criteria for alphapartitiviruses
(≤90% aa sequence RdRP identity and ≤80% aa
sequence CP identity) (Vainio et al., 2018), the virus
was considered a novel member of a new species in
the genus Alphapartitivirus in the family Partitiviridae
and was named Armillaria gallica partitivirus 1 (AgPV1,
accession numbers OQ749606 and OQ749607).

Unclassified dsRNA virus

A large virus-like contig of 10,700 nt was found to be
similar to an unclassified dsRNA virus. In addition, at
least 13 related virus-like contig fragments derived from
variants of this dsRNA virus candidate were detected in
other three pooled samples (pools P1, P2 and P4) with
93.3%–95.5% sequence identities (results not shown).
RT-PCR analysis with primers based on the contig with
the highest read count (Table S3) revealed that five
fungal isolates were positive for this dsRNA virus,
including species of A. borealis, A. gallica and
A. ostoyae (Tables 2 and S1).

F I GURE 4 Genome organization and phylogeny of two novel mymonaviruses from Swiss isolates of A. gallica (M10712) and A. cepistipes
(M4393). (A) Schematic representation of the AgNSRV1 and AcNSRV1 (�)ssRNA genomes with UTRs and predicted ORFs. The domains of
RdRP and methyltransferase (guanine-N7-MTase) in L protein are also shown. (B) Complementarity in the 50- and 30-terminal sequences of the
genomic RNA strand of AgNSRV1. (C) Alignment of the putative gene-junction sequences between ORFs in 30 to 50 orientation of AgNSRV1 and
AcNSRV1. Conserved nucleotide sequences are highlighted in colour with the darkest colour indicating the highest conservation. (D) Maximum
likelihood phylogenetic tree based on the L protein alignment with AgNSRV1, AcNSRV1 and selected members of nine genera of the family
Mymonaviridae. The novel viruses are shown in red, and a previously published virus variant also detected in this study is shown in blue. Three
plant rhabdoviruses (Varicosvirus lactucae, Maize fine streak nucleorhandovirus, and Eggplant mottled dwarf nucleorhanbdovirus) are used as
outgroups. Numbers at nodes are bootstrap values out of 1000 replicates. Bootstrap values (%) <60 are not shown.
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F I GURE 5 Genome organization and phylogeny of a novel partitivirus from a Swiss isolate of A. gallica (M10712). (A) Schematic
representation of the AgPV1 genome with a bi-segmented dsRNA. The positive strand of the dsRNA1 encodes for RdRP. The dsRNA2 encodes
for CP. The RdRP domain is shown in darker shading. (B) The maximum likelihood tree based on RdRP alignment with AgPV1 and selected
members of six genera (with one unassigned group) of the family Partitiviridae. The novel virus is shown in red. Allium cepa amalgavirus
1 (family Amalgaviridae) is used as an outgroup to root the tree. Numbers at nodes are bootstrap values out of 1000 replicates. Bootstrap values
(%) <60 are not shown.
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The complete dsRNA genome was found to be
11,806 bp long and its RdRP was similar to that of phle-
giviruses in the proposed family ‘Phlegiviridae’ within
the order Ghabrivirales (Sato et al., 2023) by BLASTp
search (Table 1). Two non-overlapping ORFs were pre-
dicted in the positive strand of the dsRNA in different
frames (Figure 6A). A stem-loop structure was pre-
dicted at the 50 UTR (Figure S4b).

The 2109 aa long ORF1 (molecular weight
231.0 kDa) showed 27.3% identity to the RdRP of Len-
tinula edodes mycovirus HKB in BLASTp search (data
not shown). Conserved domains for Nudix_Hydrolase

(Nudix_Hydrolase superfamily; cd02883 and cl00447)
were found at aa positions 501–590 and 467–528,
respectively, and a third domain (DUF6444 superfam-
ily; cl45421) was present near the N-terminus of the
ORF1 (aa position 2030–2107) (Figure 6A). In addition,
a 2A-like self-processing peptide motif (G/DxExNPGP)
predicted in some phlegiviruses (Petrzik et al., 2016)
was also found in the N-terminal part of the ORF1 pro-
tein, but with a histidine residue (H) instead of the con-
served glutamic acid (E, underlined) (Figure 6B).

The 1400 aa long ORF2 (molecular weight
158.4 kDa) exhibited 35.4% identity to RdRP of

F I GURE 6 Genome organization and phylogeny of a novel dsRNA virus from Armillaria isolates. (A) Schematic representation of the ARV1
genome with UTRs predicted ORFs. The 2A-like motif, nudix hydrolase, and RdRp conserved domains are indicated by darker shaded boxes.
(B) Comparison of the amino acid sequences around the 2A-like motifs in mycoviruses. The conserved residues are highlighted in grey. (C) The
maximum likelihood tree based on the RdRP (ORF2 protein) alignment with ARV1 and related dsRNA viruses (phlegiviruses). The novel virus is
shown in red. Helminthosporium victoriae virus 190S (family Totiviridae) is used as an outgroup. Numbers at nodes are bootstrap values out of
1000 replicates. Bootstrap values (%) <60 are not shown.
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Sclerotium rolfsii mycovirus and 36% identity to RdRP
of Phelebiopsis gigantea large virus 1 in BLASTp
search. The conserved domain for RdRP (RT_like
superfamily; cl02808) was present at aa position 862–
1046 (Figure 6A). All eight conserved motifs character-
istic of the RdRP gene of dsRNA viruses were also
found in the polypeptide encoded by ORF2
(Figure S4a). It can be speculated that a ribosomal �1
frameshift site is located upstream of the stop codon of
ORF1, with a candidate sequence of ‘GGGUUUU’
instead of the known phlegivirus sequence
‘AAAAAAA’. The ‘GGGUUUU’ sequence was also
predicted as a slippery site for red clover powdery
mildew-associated totiviruses (dsRNA viruses, Ghabri-
virales) (as described in Kondo et al. (2016)).

In ORF2-encoded protein-based phylogeny, the
virus clustered with other unclassified dsRNA viruses
belonging to the proposed family ‘Phlegiviridae’
(Figure 6C) (Sato et al., 2023). Based on the sequence
analysis and phylogeny, the virus was considered a
novel dsRNA virus in the new family together with sev-
eral other mycoviruses, and was tentatively named
Armillaria RNA virus 1 (ARV1, accession number
OQ749611).

Ambiviruses

Ambiviruses were only recently described as circular
ssRNA genomes with viroid-like self-cleaving elements
(Forgia et al., 2023). Because the delineation criterion
for ambiviruses has not yet been established, we have
adhered to a threshold of 90% for the classification of
new species, as recently proposed (Turina
et al., 2023). Thus, contigs sharing more than 90% aa
identity were considered variants of the same virus
(results not shown). Consequently, 29 contigs were
found to be variants of 10 different ambi-like viruses,
which are described below (Table 1).

Based on the BLASTp analysis, two virus sequences
were found to be variants of the ambi-like viruses, Armil-
laria borealis ambi-like viruses 2 (AbAlV2) and Armillaria
sp. ambi-like virus 3 (AsALV3), previously described by
Linnakoski et al., 2021 and one contig (Arm_P3-c40)
was found to be a variant of an unpublished ambi-like
virus, Armillaria spp. ambi-like virus 3 (AAlV3) (GenBank
accession number WCL23002) (Table 1). Here we
describe seven ambiviruses that have been classified as
potential new viruses using BLASTp and protein identity
(Figure S5a).

Among novel ambiviruses, four were prevalent
across different fungal species and were named Armil-
laria spp. ambi-like virus 5–8 (AsAlV5–8, accession
numbers OR670531, OR670538, OR670532 and
OR670533), respectively (Tables 1 and 2). The remain-
ing three novel ambi-like viruses were found exclusively
in isolates of A. mellea and were therefore designated
as Armillaria mellea ambi-like virus 3–5 (AmAlV3–5,

accession numbers OR670534 - OR670536), respec-
tively (Tables 1 and 2). RT-PCR revealed infection fre-
quencies between 1.2% and 16.9% depending on the
Armillaria species (Table 2).

All seven described novel ambi-like viruses had a
complete coding sequence, but AsAlV5 contained some
ambiguous nucleotides (NNN) within the second ORF
(ORF B) (Figure 7A). They were composed of bicistronic
ambisense genomes encoding two major ORFs. Many
of them also contain a third ORF with the same orienta-
tion (in the head-to-head interval region between two
major ORFs), which is possibly conserved between
viruses within each of the ambivirus families (data not
shown), but its expression and function are still unknown
(Linnakoski et al., 2021). Alignment of the ORF
A-encoded polypeptides showed the presence of a con-
served motif for RdRP (containing the GDD triplet)
(Figure S5b). Phylogenetic analysis placed these
viruses in one of the four proposed families (‘Dumbiviri-
dae’, ‘Quambiviridae’, ‘Trimbiviridae’ and ‘Unambiviri-
dae’, respectively) for ambiviruses and ambi-like viruses
(Turina et al., 2023) (Figure 7B). Armillaria ambiviruses
found outside the ‘Unambiviridae’ each formed a single
clade within the family. In particular, up to 10 Armillaria
ambivirus species were clustered in the clade within the
‘Dumbiviridae’. A similar topology of Armillaria viruses,
but within the genus, was also found in the phylogenetic
trees of mitovirids and mymonavirids, respectively
(Figures 1D and 4D). Future studies may allow us to
understand some aspects of the potential co-evolution
of Armillaria and its viruses.

Viral occurrence and genetic diversity

Among the 166 screened isolates, 139 were carriers of
at least one virus, which corresponds to a virus preva-
lence of 84.7% (Tables 2 and S1). However, only mito-
virid, AbMV1, was very common (71.1%), while the
other viruses were present in only 1–28 isolates (fre-
quencies ranging from 0.6% to 16.9%) (Table 2). Viral
diversity was highest in A. mellea with 10 different
viruses, followed by A. gallica with 9 viruses, and
A. borealis, A. cepistipes and A. ostoyae with 8 viruses
each. Finally, the most common mitovirus AbMV1 was
also detected in the two isolates of the closely related
fungus D. tabescens (Table 2).

To verify the natural character of RNA-seq contigs
that were found in different fungal isolates but in the
same RNA-seq library, the RdRP coding region of
23 isolates that were PCR-positive for mitoviruses or
ambi-like viruses was partially sequenced. The result-
ing consensus sequences were used for alignments
together with the corresponding RNA-seq contig
selected for genome characterization, and a pairwise
comparison of sequences was calculated using CLC
Main Workbench software. Except for AbMV1, pairwise
comparisons showed that at least one of the Sanger
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sequences was 100% identical to the RNA-seq contig
used to characterize the viral genome, while others
were with 88%–99% identity in the range of variants
(Table 3, Figure S6a–g), demonstrating the natural
character of the contig sequence and the presence of
variants in different fungal species. Since the most simi-
lar Sanger sequence to the AbMV1 contig had only
98.77% identity (Figure S6a), additional contigs over-
lapping with the Sanger sequenced region were
included in the pairwise comparison. The results show
that several Sanger sequences of AbMV1 detected in
A. borealis, A. ostoyae, A. mellea and D. tabescens
were 100% identical with different RNA-seq contigs
(Figure S6a). Other viruses were not analysed as they
were only found in a single isolate per RNA-seq pool.

Viral co-infections

Due to the high frequency of a mitoviroid (AbMV1) and
the high number of ambi-like viruses, viral co-infections
were numerous and combined in a variety of ways
(Table S4). At least 34.9% of all isolates were infected
with two or more viruses. In A. cepistipes viral co-

infections reached a frequency of 82.4%, followed by
A. mellea with 73.7%, whereas in A. borealis, A. gallica
and A. ostoyae the viral co-infection rate ranged
between 7.5% and 35.0%. Two Swiss isolates of
A. mellea (M9597 and M9601) were found to be co-
infected with seven different viruses. In addition, AMV1
was found in co-infections with all other viruses except
AoOlV1 and AoRV1. Interestingly, although a large
number of A. ostoyae isolates were infected with
viruses (73.1%), the majority of isolates were infected
with a single virus (65.7%). In contrast, the majority of
A. mellea isolates were infected with two or more
viruses (73.7%) and only nine of 38 (23.7%) contained
a single virus (Figure 8).

Host range and geographic distribution of
viruses

Of the 21 viruses detected, 16 occurred in more than
one fungal isolate: six were host-specific and detected
in only one Armillaria species, and 10 exhibited a broad
fungal host range, infecting two to six different species
(Tables 2 and S1). The highly frequent mitovirus

F I GURE 7 Genome organization and phylogeny of novel ssRNA viruses from Armillaria species. (A) Schematic representation of putative
circular ssRNA genomes of novel ambi-like viruses, including both largest ORFs found using NCBI’s ORF Finder program. The arrows represent
the strand polarity of bicistronic, ambisense genomes, and the colours indicate ORF A (green) and ORF B (yellow). The letter J stands for the
junction, the site of the contig where the sequence was interrupted, and N for a short ambiguous region (NNN) in the contig of AsAlV5.
(B) Maximum likelihood tree of the RdRP (ORF1 protein) alignment of Armillaria ambi-like viruses and other related viruses (four proposed
families). The novel viruses are highlighted in red and previously published viral variants, which were also detected in this study, are coloured in
blue. Ourmia melon virus (a plant ssRNA virus, family Botourmiaviridae) is used as an outgroup. Numbers at nodes are bootstrap values out of
1000 replicates. Bootstrap values (%) <60 are not shown.

TAB LE 3 Pairwise comparison, amplicon length and GenBank accession number of Sanger sequences of the RdRP coding region of
selected mito- and ambi-viruses.

Virus/reference
contig (GB
accession)

A.
borealis

A.
cepistipes

A.
gallica A. mellea A. ostoyae

D.
tabescens

Amplicon
length [nu] GenBank no.

AbMV1a/Arm_P5-c38
(OQ749608)

98.77 93.65–
93.83

94.36 88.71–
93.83

89.77–
95.41

93.83 567 OR983282–
OR983287

AMV1/Arm_P1-c69
(OQ749609)

100 94.41 94.68 n.a. 92.29 n.a. 376 OR983288–
OR983291

AsAlV5/Arm_P4-c182
(OR670531)

n.a. 94.51 100 94.51 n.a. n.a. 437 PP002097–
PP002099

AsAlV6/Arm_P6-c310
(OR670532)

95.93 n.a. n.a. 100 n.a. n.a. 540 PP002100,
PP002101

AsAlV7/Arm_P1-c53
(OR670533)

100 n.a. n.a. 89.88 90.38 n.a. 603 PP002106–
PP002108

AsAlV8/Arm_P4-c178
(OR670534)

100 n.a. 100 n.a. n.a. n.a. 468 PP002109,
PP002110

AsAlV3a/Arm_P4-c50
(OR670537)

94.69 99.82 n.a. n.a. 88.32 n.a. 565 PP002102–
PP002105

Note: Shown is the identity (%) of the viral reference contigs compared with the Sanger sequences. One value represents the comparison of the reference contig
with one Sanger sequence, one identity range represents the comparison of the reference contig with one Sanger sequence and additional contigs (see Figure S6
for details).
aVariants of viruses previously reported by Linnakoski et al. (2021) or deposited in GenBank.
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AbMV1 was present in all tested Armillaria species as
well as in D. tabescens. This virus was also geographi-
cally most widespread and was detected in isolates
from Switzerland and from all neighbouring countries
and Spain (Tables S1 and S5). The other 15 viruses
with multiple occurrences were all detected in
Switzerland, and seven of them also in one or several
neighbouring countries. All viral species with multiple
occurrences were detected in more than one sampling
year, with detection periods ranging from 6 to at least
33 years. The viruses with single occurrences were
either sampled in Switzerland or France (Table S5).

Correlation of the virus presence and the
virulence of Armillaria

An important objective of this study was to evaluate
whether mycoviruses might be involved in the virulence
gradient among the species/ isolates previously tested
in subsets of A. borealis, A. cepistipes, A. mellea and
A. ostoyae. However, no clear effect of viruses on viru-
lence between or within Armillaria species was
detected (Table S2). The viral co-infection load (i.e., the
cumulative number of viral species present in a fungal
isolate) did not correlate with the fungal species patho-
genicity, that is, a high viral co-infection load was

observed for both the primary pathogen A. mellea and
the secondary pathogen/saprotroph A. cepistipes. Con-
versely, the primary pathogen A. ostoyae and the sec-
ondary pathogen A. borealis were found to have a low
viral co-infection load compared with the other Armil-
laria species tested in this study. Within species, the
presence or absence of viruses was not correlated with
the virulence ranking (Table S2).

From the current data, it is difficult to draw conclu-
sions about the effect of individual viral species on the
virulence of fungal hosts, because either many viral co-
infections were observed or viruses occurred too rarely.
In A. ostoyae alone, AbMV1 was shown to have no effect
on virulence, as this virus occurred without coinfection in
7 isolates covering the whole virulence spectrum.

DISCUSSION

Armillaria hosts both ss- and dsRNA
viruses, with a mitovirus being the most
frequent

In the present study, 21 different mycoviruses were
found among 166 isolates of five Armillaria and one
Desarmillaria species, including 14 novel viruses with
ssRNA and dsRNA genomes. Based on their full-length

F I GURE 8 Number of viruses (0–7) detected per isolate among the assessed Armillaria or Desarmillaria species. Further details about co-
infecting viruses are provided in Table S4; 0 or 1 represents the number of samples in which no or only one virus was detected.
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or complete-coding genomes and aa sequences, these
viruses represent putative new species within four
established families (Partiti-, Mito-, Botourmia-, Mymo-
naviridae) or a proposed family (‘Phlegiviridae’), and
within four ambiviral proposed families (order ‘Crytulvir-
ales’). Another new virus appears to be an unclassified
ssRNA virus (unclassified Tymovirales), while the
remaining viruses are variants of previously reported or
deposited ssRNA viruses (Mito-, Botourmia-, Mymona-
viridae and ‘Dumbiviridae’) or ambi-like viruses
(Linnakoski et al., 2021).

Additionally, this study reports for the first time
the occurrence of two dsRNA viruses (a partitivirus
and a phlegivirus) in the basidiomycete genus Armil-
laria. Previous attempts to detect the presence of
dsRNA elements in 40 isolates of three different
Armillaria species (A. gallica, A. cepistipes and
A. ostoyae) from the Czech Republic as well as in
63 isolates of the same three species plus
A. borealis from Finland, Russia and South Africa
were unsuccessful probably due to methodological
reasons (Dvoř�ak, 2008; Linnakoski et al., 2021). In
line with these results, the two dsRNA viruses,
AgPV1 (1 occurrence) and ARV1 (5 occurrences),
detected in this study were rare and restricted to iso-
lates from Switzerland. Nevertheless, one of the
dsRNA viruses (ARV1) was present in three different
Armillaria species.

An unclassified virus of Tymovirales (AoRV1) is
reported here for the first time for the genus Armillaria.
The existence of mitoviruses in Armillaria species has
recently been demonstrated by several laboratories
with a variant of AbMV1 (accession number
ON875998, unpublished) deposited in GenBank and
an AMV1-related sequence (OR349296) recently pub-
lished (Erkmen et al., 2023). AbMV1 was the most
(71.1%) prevalent virus in our collection, it was not
detected in the study of Linnakoski et al. (2021), nor
was the rather rare virus from Tymovirales. In addition,
a variant of an unpublished ambi-like virus (AAlV3)
released in GenBank (ON380552) was found to be
above the recently proposed threshold of 90% similarity
and thus represent the same virus. We have here for
the first time described the occurrence of these viruses
in different Armillaria species and D. tabescens and
their distributions in European Armillaria populations.

In this study, we report the frequency of 21 different
viruses in 166 fungal isolates analysed by RT-PCR.
However, an important limitation of this frequency anal-
ysis is the fact that the RT-PCR primers were designed
based on one or a few contigs of each virus. Therefore,
our RT-PCR screening may contain false-negative
results because some viral variants were not amplified
due to nucleotide polymorphism in the primer
sequence. For this reason, we assume that the fre-
quencies and host range presented here underestimate
the actual viral occurrence in our sample.

Viral co-infections are common in
Armillaria

Co-infection by multiple viruses is a common phenomenon
in fungi (Bartholomäus et al., 2016; Osaki et al., 2016). Co-
infection can result in complex interplay between viruses
resulting either in mutualism, synergism, antagonism, or
genomic rearrangements (Chiba & Suzuki, 2015; Sasaki
et al., 2016; Sun et al., 2006; Sun & Suzuki, 2008; Yang
et al., 2021). In Basidiomycetes, viral co-infection has been
reported in isolates of Armillaria spp. (Linnakoski
et al., 2021), Heterobasidion spp. (Hantula et al., 2020;
Kashif et al., 2015; Vainio et al., 2015), Agaricus bisporus
(Romaine & Schlagnhaufer, 1995), Lentinula edodes (Guo
et al., 2017) and Bondarzwia berkleyi (Vainio &
Sutela, 2020).

In the present study, we found mixed infections in
all Armillaria species examined (Figure 8, Table S4),
and in about one-third of all isolates (34.9%), including
two Swiss isolates of A. mellea (M9597 and M9601)
that were co-infected with seven different viruses
(Figure 8). Remarkable is the even distribution of co-
infections in A. cepitipes, A. gallica and A. mellea com-
pared with the sister species A. borealis and
A. ostoyae, which were rarely infected by viruses and if
so, mostly by one virus. The analysis of such co-
infections is interesting, but also challenging because it
is difficult to generate isogenic, virus-free fungal iso-
lates with which to perform Koch’s postulates for each
virus. Although Linnakoski et al. (2021) were successful
in producing isogenic virus-free lines following heat
treatment, in the case of our isolates, the high number
of virus co-infections and the high frequency of mito-
viruses present a particular hurdle as they reside in
mitochondria.

Armillaria viruses persist over decades or
even centuries

An interesting finding of this study is the detection of
viruses with high sequence identity with the previously
described mymonavirus AmNSRV1 and the ourmia-like
virus AmOlV2 in A. mellea isolates from Switzerland.
Both viruses were initially discovered in A. mellea iso-
lates from Cape Town, South Africa (Linnakoski
et al., 2021). A previous study has hypothesized that
A. mellea was introduced into South Africa in the mid-
1600s by Dutch settlers with potted plants from Europe
(Coetzee et al., 2001). However, the actual introduction
event in Cape Town is not documented, and the scien-
tifically proven history only goes back to the last cen-
tury. The European origin of the South African
A. mellea isolates was verified by phylogenetic ana-
lyses that placed them in the European clade of
A. mellea, which is distinct from the Asian and North
American clades. The fact that the same two viruses,
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AmNSRV1 and AmOlV2, were found in European and
South African A. mellea isolates strongly supports the
European origin of A. mellea in Cape Town. This also
suggests that these two viruses were already circulat-
ing in the European population of A. mellea at least
since the last century and have persisted in both the
South African and European populations since then.

Direct evidence that Armillaria viruses can circulate
in populations for at least several decades is provided
by 10 viruses described in this study whose detection
periods ranged between 20 and at least 33 years
(Table S5). Similarly, the Cryphonectria hypovirus
1 (genus Hypoviridae), hosted by the ascomycete fun-
gus Cryphonectria parasitica, has been detected in
isolates collected over four decades (Bryner
et al., 2012). This study was limited to the occurrence
of viruses in isolates collected over the past 40 years
and preserved in our institute culture collection at
WSL. It was therefore not possible to assess the long-
term persistence of single viral variants in relation to
host or geography. Further research on the genetic
diversity of viruses within and between host species is
needed to better understand viral gene flow in Armil-
laria populations as a function of geography and host
over time.

Signal of cross-species virus transmission
and no correlation with virulence

The two mitoviruses, the unclassified dsRNA virus, and
the ambi-like viruses were hosted by more than one
Armillaria species. The most frequent virus, AbMV1,
was detected in all five Armillaria species examined as
well as in D. tabescens, from the sister genus Desarmil-
laria recently split from the genus Armillaria. Linnakoski
et al. (2021) also reported an ambi-like virus in two dif-
ferent Armillaria species. All in all, these findings sug-
gest that these viruses can cross species boundaries
and may occasionally be transmitted between both,
closely and more distantly related Armillaria species. A
recently published genome analysis supports the idea
of horizontal transfer of genetic material between differ-
ent fungal species. This study shows that Armillaria
fungi have acquired a considerable number of genes
mainly from Ascomycetes by horizontal gene transfer
(Sahu et al., 2023). Interestingly, all viruses present in
multiple species appear to be transmitted between
closely but also more distantly related species, as none
of these viruses were restricted to sister species
A. cepistipes—A. gallica or A. borealis—A. ostoyae
(Koch et al., 2017; Tsykun et al., 2013).

Sympatric occurrence of closely and more distantly
related Armillaria species in the same forest stand and
spatial overlap of different species are regularly
observed (Bendel, Kienast, & Rigling, 2006; Dalya
et al., 2019; Legrand et al., 1996; Prospero, Rigling, &

Holdenrieder, 2003; Warwell et al., 2019). Additionally,
Armillaria individuals can reach considerable age and
size (Bendel, Kienast, & Rigling, 2006; Ferguson
et al., 2003; Smith et al., 1992), increasing the likeli-
hood that individuals of the same or different species
interact. In another root rot pathogen, Heterobasidion
spp., virus exchange between clones of the same spe-
cies and across species boundaries is well documen-
ted and experimentally verified (Ihrmark et al., 2002;
Vainio et al., 2011; Vainio et al., 2015).

Interestingly, the viruses described in the present study
are also related to viruses reported from other basidiomy-
cetes that are root rot pathogens or saprotrophs and
inhabit a similar ecological niche as Armillaria. For exam-
ple, a closely related virus of AbMV1 is a mitovirus of the
root rot pathogen Heterobasidion annosum (Vainio, 2019).
Fungi of the genus Heterobasidion are widespread in
coniferous forests in the Northern Hemisphere and fre-
quently co-occur with Armillaria (e.g., Bendel, Kienast,
Bugmann, & Rigling, 2006, Dalya et al., 2019). Findings of
previous studies support the occasional transfer of viruses
between fungal species sharing the same habitat (Arjona-
Lopez et al., 2018; Vainio et al., 2017; Yaegashi &
Kanematsu, 2016). Future studies are needed that screen
different Armillaria species and other sympatric basidiomy-
cetes from the same forest stand to test the hypothesis of
occasional cross-species virus transmission in soil-borne
fungal pathogens.

Finally, the viral infection rate of the Armillaria iso-
lates did not correlate with the virulence classification
of previously tested subsets of A. borealis,
A. cepistipes, A. mellea and A. ostoyae. Viruses and
co-infecting viral species were present (or absent) in
isolates across the entire virulence spectrum. In
A. ostoyae, AbMV1 was, with one exception, the only
virus present among isolates examined for virulence,
and it was found in both high- and low-virulence iso-
lates, suggesting that it has more of a neutral effect on
host virulence in this Armillaria species. To gain a dee-
per understanding of how the viruses outlined in this
study affect the virulence of their hosts, additional
experiments comparing the virulence of isogenic iso-
lates with and without the virus would be required.
Since we observed frequent viral co-infections, it will
also be interesting to investigate the cumulative effects
of different viral combinations.
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