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Abstract
A novel dsRNA mycovirus named Ilyonectria crassa alternavirus 1 (IcAV1) was found in Ilyonectria crassa isolate NW-FVA 
1829. The fungus was isolated from an ash (Fraxinus excelsior L.) necrotic trunk disc infected with Hymenoscyphus fraxineus 
[(T. Kowalski) Baral, Queloz, Hosoya] causing ash dieback. The complete genome of IcAV1 is composed of three segments, 
each containing a single ORF on the positive-sense RNA. The extreme 5’ UTRs of dsRNA 1 (3604 bp), dsRNA 2 (2547 bp), 
and dsRNA 3 (2518 bp) share a conserved hexadecamer sequence (5’-GGC TGT GTG TTT AGTT-3’) and are capped. The 
3’ UTRs are polyadenylated. In silico analysis showed that the viral RdRP is encoded on dsRNA 1 and the capsid-protein 
subunits are encoded on dsRNA 3. Maximum-likelihood analysis of the aa sequence of the viral RdRP showed that IcAV1 
clusters with alternaviruses from Fusarium spp., while the type member of the proposed family "Alternaviridae", Alternaria 
alternata virus 1 (AaV1), formed a clade together with Stemphylium lycopersici mycovirus (SlV). The function of the protein 
encoded on segment 2 is unknown. Based on its genome organization and its phylogenetic position, IcAV1 is suggested to 
be a new member of the proposed family "Alternaviridae". This is the first report of a mycovirus infecting I. crassa.

The most widespread mycoviruses are viruses with a dsRNA 
genome, which have been assigned to six recognized fami-
lies (Totiviridae, Partitiviridae, Megabirnaviridae, Chryso-
viridae, Spinareoviridae, and Endornaviridae) and two pro-
posed families ("Alternaviridae" and "Botybirnaviridae") 
[1–3]. In 2009, Aoki et al. [4] discovered a novel quadri-
partite virus isolated from the fungus Alternaria alternata 
(Fr.) Keissl (Fr.) and named it "Alternaria alternata virus 
1" (AaV1). Phylogenetic analysis showed that it clustered 
together with Aspergillus mycovirus 341 (AsV341) [5], and 
neither of these viruses fit in any of the established families 
or genera. The finding of a novel virus in Aspergillus foeti-
dus (AfV-F) that was phylogenetically related to AaV1 led to 
the proposal of the new family "Alternaviridae" with AaV1 
as its type member [3]. Members of this proposed family 

possess a genome consisting of three to four monocistronic 
dsRNA segments, which range from 1.4 kbp (dsRNA 4) to 
3.6 kbp (dsRNA 1) [3–11], and a polyA tail at the 3’ end. 
Wu et al. [12] and Lutz et al. [10] experimentally showed 
that the 5’ ends of the AaV1 and of Fusarium solani alter-
navirus 1 (FsAV1) genome segments are capped. It is not 
known if other members of this family are also capped at 
their 5’ end. It was also shown that the proteins encoded 
on segment 1 and on segment 3 are structural and were 
proposed to represent the RdRPs and the capsid proteins, 
respectively [4, 10, 12]. The proteins encoded on dsRNA 
2 and dsRNA 4 are suggested to be non-structural and are 
of unknown function. Until now, no alternavirus has been 
reported to induce hypovirulence in its original host.

Members of the genus Ilyonectria P. Chaverri & Salgado 
are common and widespread soil fungi that belong to the 
family Nectriaceae Tul. & C. Tul. (Hypocreales; Sordari-
omycetes, Ascomycota) and enter a cylindrocarpon-like 
asexual state [13]. In addition to their saprophytic lifestyle, 
these fungi are often plant pathogens, associated with root 
rot, damping-off on a broad range of woody and herbaceous 
host plants, or (stem) cankers and bark necrosis of diseased 
trees [13–15], but they may also occur as root endophytes 
of apparently healthy, asymptomatic trees, and it is believed 
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that they are able to suppress other fungal root pathogens 
[16].

In this study, we report the complete genome organization 
and sequence of a novel tripartite dsRNA mycovirus isolated 
from Ilyonectria crassa. Based on BLASTp search and phy-
logenetic analysis, this virus should be considered a new 
member of the proposed family "Alternaviridae". There-
fore, we have named it "Ilyonectria crassa alternavirus 1" 
(IcAV1).

Provenance of the virus material

The Ilyonectria crassa strain NW-FVA 1829 (GenBank 
accession IDs: ITS, ON853909; LSU, ON853910; TEF, 
ON872485) was isolated from a necrotic trunk disc of a 
20-year-old Fraxinus excelsior L. tree with ash dieback 
(Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, 
Hosoya) and stem collar necrosis. This trunk was collected 
by Udo Harriehausen, 04-Jan-2013, in the forest district 
Satrup, compartment 3301 d, mark Obdrup, Schleswig-
Holstein, Germany (UTM: 32 U 535766 6060675, 54° 41' 
31.7"/ 9° 33' 17.6"). Isolation and identification as a member 
of the genus Ilyonectria were performed as described by 
Langer [17] by a multi-locus DNA analysis using sequences 
of the 28S nrDNA (LSU), the 5.8S nuclear ribosomal gene 
with the two flanking internal transcribed spacers ITS-1 and 
ITS-2 (ITS), and translation elongation factor 1α (EF-1α) as 
described by Cabral et al., Chudinova et al., and Lombard 
et al. [13, 18, 19].

Mycelium was cultivated on malt extract agar (MEA; Carl 
Roth, Karlsruhe, Germany), and virus-like particles (VLPs) 
were purified as described by Lutz et al. [20]. Nucleic acids 
were extracted from particles using a Double-RNA Viral 
dsRNA Extraction Kit (iNtRON Biotechnology, Seongnam-
Si, South Korea), and the isolated dsRNA was subjected to 
next-generation sequencing. Libraries were prepared using 
a Nextera XT DNA Library Preparation Kit (Illumina Inc., 
San Diego, CA, USA) and sequenced on a NextSeq 2000 
(Illumina Inc., San Diego, CA, USA) instrument at the Leib-
niz Institute DSMZ (Braunschweig, Germany) as paired end 
reads (2 × 151). De novo assembly was performed and con-
tigs were analyzed using Geneious Prime software (Biomat-
ters, New Zealand, version 2021.2.2). The 5’ and 3’ termini 
of each segment were determined by single-primer ampli-
fication technique (SPAT) using an oligonucleotide with a 
phosphorylated 5’ end and a 2’,3’-dideoxyC-group (23ddC) 
at the 3’ end as a blocker to prevent self-ligation (5’-PO4-
TCT CTT CGT GGG CTC TTG CG-23ddC-3’) [9]. Reverse 
transcription and PCR were performed using sequence 

specific primers (Supplementary Table S1). Amplicons were 
cloned into pGEM®-T Vector (Promega Corporation, Madi-
son, Wisconsin, USA) and sequenced. The cap structure was 
detected using an anti-7-methylguanosine (m7G) antibody 
(Medical & Biological Laboratories Co., LTD., Tokyo, 
Japan). Antigen antibody complexes were visualized using 
rabbit anti-mouse alkaline phosphatase conjugate and CSPD 
detection using a ChemiDoc Touch Imaging System (Bio-
Rad Laboratories, Inc., Hercules, California, USA), follow-
ing the procedure of Wu et al. [12]. Nucleotide sequences 
and ORFs were analyzed using SnapGene (GSL Biotech, 
San Diego, CA, USA, version 6.0.5) and BLAST on the 
NCBI website [21]. Sequence analysis, alignments, and 
phylogenetic analysis were performed using MEGA X (ver-
sion 10.2.4) and SnapGene. Alignments for constructing a 
maximum-likelihood tree were carried out using the Clustal 
Ω algorithm, using default settings in MEGA X [24], and 
a bootstrap test was performed with 1000 replicates, using 
the Le and Gascuel model with amino acid frequencies and 
a gamma distribution of 5 (LG + G + F) [22, 23]. Figures 
were generated and edited using UGENE (ugene.net, version 
1.32.0) and INKSCAPE (inkscape.org, version 1.1).

Sequence properties

The complete genome sequence of IcAV1 has been 
deposited in the GenBank database (accession ID: 
ON864383-ON864385). Each of the three dsRNA seg-
ments contains one ORF on the positive-sense RNA 
(Fig. 2A). Similar to the dsRNA segments of AaV1, 
the type member of the proposed family "Alternaviri-
dae", where the GC content ranges between 55% for 
dsRNA 1 and 59% for dsRNA 3, the GC content of the 
dsRNA segments of IcAV1 ranges from 54% (dsRNA 
1 and dsRNA 2) to 56% (dsRNA 3). The sizes deter-
mined by sequencing corresponded in size to the seg-
ments detected by agarose gel electrophoresis. While 
for dsRNA 1, one band was detected at around 3.5 kbp, 
a double band was visible for dsRNA 2 and dsRNA 3 
at around 2.5 kbp (Fig. 1). Like other members of the 
proposed family "Alternaviridae" [10, 12], the 5’ UTRs 
are capped (Supplementary Fig. 1) and their 3’ UTRs 
are polyadenylated.

Segment 1 (dsRNA 1) is 3604 bp in length, and its ORF 
is initiated at position 81 and terminated at position 3443. 
The encoded protein (P1) consists of 1120 aa, and its cal-
culated molecular weight is 125.95 kDa. In silico analysis 
showed that ORF 1 putatively encodes the viral RdRP (Sup-
plementary Fig. S2). As is typical for RdRPs of viruses of 
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the proposed family "Alternaviridae", the glycine residue 
in RdRP motif VI is replaced by an alanine residue (Sup-
plementary Fig. S3). Considering an E-value of 0.0, a 
BLASTp search showed the highest similarity (79.10% aa 
sequence identity) to the polyprotein of Fusarium gramine-
arum alternavirus 1 (FgAV1; YP_009449439.1) and the low-
est to the RdRP of FsAV1 (47.60% aa sequence identity; 
UQZ09636.1). It shared only 34.56% aa sequence identity 
(E-value: 5e-168; YP_001976142.1) with the RdRP of 
AaV1. The complementary poly(U) of the 3’ UTR was con-
firmed by RT and PCR (Supplementary Fig. S4).

The ORF of segment 2 (dsRNA 2) extends from nt 
113 to nt 2383. Overall, the complete sequence is 2547 
bp in length. Its encoded protein (P2) consists of 756 
aa and has a calculated molecular weight of 83.52 kDa. 
BLASTp analysis showed similarity (E-value: 0.0) 
to the polyprotein P2 of FgAV1 (79.10% aa sequence 
identity; YP_009449446.1) and to the hypothetical pro-
teins of Fusarium poae alternavirus 1 (FpAV1; 78.97% 
aa sequence identity; YP_009272949.1) and Fusarium 
incarnatum alternavirus 1 (FiAV1; 78.67% aa sequence 
identity; AYJ09266.1), which are also encoded on 
dsRNA 2. Only 26.67% aa sequence identity was shared 
with the hypothetical protein P2 of AaV1 (E-value: 
2e-16; YP_001976150.1). Structural analysis of AaV1 
by Wu et  al. [12] and of FsAV1 by Lutz et  al. [10] 
revealed that P2 is not part of the virus particle, and it 

is therefore hypothesized to be a non-structural protein, 
but its function is unknown.

The complete sequence of segment 3 (dsRNA 3) is 
2518 bp in length. Its ORF extends from nucleotide 
position 78 to 2309, and the encoded protein (P3) has 
a predicted length of 743 aa and a calculated molec-
ular weight of 81.32 kDa. Similar to P2, a BLASTp 
analysis showed similarity (E-value: 0.0) to the hypo-
thetical protein encoded by ORF 3 of FpAV1 (75.50% 
aa sequence identity; YP_009272950.1) and FgAV1 
(75.27%; AUI80777.1) as well as to the capsid protein 
P3 of FiAV1 (72.58%; AYJ09267.1). It shared only 
31.18% identity with the capsid protein P3 of AaV1 
(YP_001976151.1) (E-value: 4e-07). Based on the in 
silico analysis, the capsid of IcAV1 is hypothesized to 
be built of subunits of P3.

Including the polyA tail, the 3’ UTRs of the genome 
segments are 161 bp (dsRNA 1), 164 bp (dsRNA 2), 
and 209 bp (dsRNA 3) in length, and the 5’ UTRs are 
77 bp (dsRNA 3), 80 bp (dsRNA 1), and 112 bp (dsRNA 
2). All three segments contain an identical hexadecamer 
sequence at their extreme 5’ end: 5’-GGC TGT GTG TTT 
AGTT-3’ (Supplementary Fig. S5). The first four nucle-
otides 5’-GGCT-3’ are also conserved in all segments of 
the putative alternaviruses CcAV1, FgAV1, FiAV1, and 
FsAV1 (not shown).

In total, the genome of IcAV1 consists of 8669 
bp. To determine the taxonomic position of IcAV1, a 
BLASTp search was conducted using P1 (RdRP). For 
this, all sequences belonging to the proposed family 
"Alternaviridae" were included in the maximum-like-
lihood analysis (Fig. 2B). As an outgroup, two RdRP 
sequences of viruses of the family Quadriviridae were 
used. While the Fusarium solani-infecting FsAV1 clus-
tered together with alternaviruses from Aspergillus spp. 
and with Cordyceps chanhua alternavirus 1 (CcAV1), 
IcAV1 formed a cluster with alternaviruses isolated from 
Fusarium spp. The type member AaV1 and Stemphylium 
lycopersici mycovirus (SlV) formed a separate clade. 
However, the low bootstrap values observed at some 
nodes indicate that more sequence information from 
other tentative "Alternaviridae" members is needed to 
place IcAV1 in the correct clade. Based on this phylo-
genetic and sequence analysis, and due to its genome 
arrangement and its properties, IcAV1 is proposed to be 
a new member of the proposed family "Alternaviridae".

Fig. 1  Agrose gel electrophoresis of dsRNA of Ilyonectria crassa 
alternavirus 1 (IcAV1) extracted from virus-like particles of Ilyonec-
tria crassa isolate NW-FVA-1829. M, GeneRuler 1 kb DNA Ladder 
(Thermo Fisher Scientific, Waltham, Massachusetts). Segment 1 is 
visible at around 3.6 kbp, and a double band at around 2.5 kbp is vis-
ible for dsRNA 2 and dsRNA 3.
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00705- 022- 05652-y.
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Fig. 2  (A) Genomic organization of Ilyonectria crassa alternavirus 
1 (IcAV1). The dsRNA segments are displayed as horizontal lines 
with their respective UTRs on each terminus. ORFs are highlighted 
as boxes with the start and stop positions indicated above the boxes. 
The polyadenylated 3’ end of each segment is indicated by A(n). Note 
that the figure is not drawn to scale. (B) Maximum-likelihood tree of 
IcAV1 and selected viruses with 1000 bootstrap replicates, whose 
values are displayed at the nodes. The scale bar (2.0) corresponds to 
the genetic distance. The dot indicates the novel virus IcAV1. The 
abbreviated names of viruses and dsRNA elements are as follows: 

AsV341, Aspergillus mycovirus 341; AfV-F, Aspergillus foetidus 
virus F; AheAV1, Aspergillus heteromorphus alternavirus 1; CcAV1, 
Cordyceps chanhua alternavirus 1; FsAV1, Fusarium solani alterna-
virus 1; IcAV1, Ilyonectria crassa alternavirus 1; FiAV1, Fusarium 
incarnatum alternavirus 1; FpAV1, Fusarium poae alternavirus 1; 
FgAV1, Fusarium graminearum alternavirus 1; SlV, Stemphylium 
lycopersici mycovirus; AaV1, Alternaria alternata virus 1; BcRV2, 
Botrytis cinereal RNA virus 2; BcMyV4, Botrytis cinereal mycovirus 
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