Journal of Plant Diseases and Protection
https://doi.org/10.1007/s41348-023-00804-x

DPG

ORIGINAL ARTICLE q

Check for
updates

Evaluation and identification of viruses for biocontrol of the ash
dieback disease

Tobias Lutz'® - Maia Ridley? - Michael Steinert®

Cornelia Heinze'

- Birgit Hadeler - Barbara Schulz? - Rasmus Enderle?

Received: 27 July 2023 / Accepted: 13 September 2023
© The Author(s) 2023

Abstract

The invasive ascomycete Hymenoscyphus fraxineus is the causative agent for ash dieback on the European species Fraxinus
excelsior and Fraxinus angustifolia, and there is concern that it is going to replace the native, closely related and nonpatho-
genic Hymenoscyphus albidus. Fungal management in forests is limited, and alternative approaches for control are needed.
Within the scope of the project “FraxForFuture”, several strategies are being investigated. One idea comprises the use of
a viral hyperparasite, which can induce a reduced virulence in the fungal host H. fraxineus in an antagonist-like system.
This phenomenon, the reduction of fungal virulence by a viral infection, is known as hypovirulence, and a similar method
has already been established to control the Chestnut Blight in Europe. We examined 34 isolates of H. fraxineus for both
their virulence and presence of a viral infection. Although a predominant number of isolates were found to be infected with
Hymenoscyphus mitovirus 1 (HfMV1), no additional viruses were detected, and our data did not indicate a link to reduced
virulence. The search for a viral infection was extended to one isolate of H. albidus in which we found and characterized
a novel mycovirus. Based on phylogenetic analysis and sequence properties, it was assigned to the genus Victorivirus in
the family of Totiviridae and was tentatively denominated as Hymenoscyphus albidus victorivirus 1. This novel and native

mycovirus might be suitable for inducing hypovirulence in H. fraxineus as a biocide.
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Introduction

The ascomycete Hymenoscyphus albidus (Gillet) W. Phil-
lips is endemic in Europe, where it is nonpathogenic. Both
Hymenoscyphus fraxineu and H. albidus are closely related,
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but H. albidus has steadily declined and has been rapidly
replaced by the alien invasive pathogen H. fraxineus (T.
Kowalski) (Hietala et al. 2013). Hymenoscyphus fraxineus
affects the ash species Fraxinus excelsior L. and Fraxinus
angustifolia Vahl and has led to severe decline of ash trees
in the last three decades. Especially in Northern Europe,
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ash trees have already been significantly reduced (George
et al. 2022).

Management of forest diseases is limited and differs
from the management of fungal diseases affecting agricul-
tural crops. Although fungicides in nurseries may be used
to reduce selected pathogens, they cause a diverse effect on
ectomycorrhizal fungi (Laatikainen and Heinonen-Tanski
2002) and only few fungicides have been approved for
specific use in forests by the European Union.

As Prospero et al. (2021) stated, alternative approaches
for controlling fungal diseases in forests are needed, and
they discussed the prospects of biological control. Even
though the potential of antagonistic bacteria or fungi
has been tested to control H. fraxineus (Halecker et al.
2020; Kowalski and Bilarniski 2021; Ulrich et al. 2020),
the closely related and nonpathogenic H. albidus is not
suitable for the use as biocontrol by antagonistic traits
(Gross and Sieber 2016). An example of a successful
biological approach in Europe is the control of Chest-
nut Blight, which is caused by Cryphonectria parasitica
(Murrill) M.E. Barr using the hyperparasite mycovirus
Cryphonectria hypovirus 1 (CHV1) in an antagonist-like
system (Prospero et al. 2021; Rigling and Prospero 2018).
Most mycovirus infections remain cryptic; however, some
mycoviruses can reduce the virulence of their fungal hosts.
This phenomenon is called hypovirulence (Pearson et al.
2009). Xie and Jiang (2014) summarized the advantages
of applying viruses as biocontrol agents. Once hypoviru-
lence-associated mycoviruses are transmitted to a virulent
strain of the pathogen, they quickly induce hypovirulent
traits. Even if no transmission of the virus takes place,
the mere growth of the hypovirulent strain in the host is
likely to induce pathogen-associated molecular pattern
(PAMP)-triggered immunity and/or to express effectors
which produce a defense response to target the pathogen.
Therefore, biological control of the pathogen based on a
virus-infected hypovirulent H. fraxineus may be a promis-
ing approach.

One of the most simple mycoviruses is mitoviruses of the
family Mitoviridae (Walker et al. 2022). While their genome
is not protected by a virus-encoded capsid, a single poly-
peptide with an RNA-dependent RNA polymerase (RdRp)
domain is translated from the positive sense single-stranded
RNA (+5ssRNA) genome by the use of an internal UGA
codon, which encodes tryptophan in fungal mitochondria,
the compartment in which most mitoviruses replicate (Hill-
man and Cai 2013; Lefkowitz et al. 2018).

Schoebel et al. (2014) discovered the novel mitovirus
Hymenoscyphus fraxineus mitovirus 1 (HfMV1) in H. frax-
ineus and determined its overall prevalence in European iso-
lates to be about 80% with a high variation within different
regions (Schoebel et al. 2017). In another study, they showed
that HFMV 1 is not only present in H. fraxineus but also in H.
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albidus, probably introduced by at least three cross-species
transmission events (Schoebel et al. 2018). The conspecific
HfMV1 was identified in about 50% of the screened H. albi-
dus isolates (Schoebel et al. 2018).

The presence of HIMV1 in H. albidus is remarkable,
since no extracellular stage has been reported for mycovi-
ruses to date. They are transmitted almost exclusively by
forming connections between fungal hyphae (anastomoses)
of donor and acceptor, and only few reports suggest cross-
species transmission (Arjona-Lopez et al. 2018; Vainio et al.
2017). Even though HEMV1 is present in high numbers in
European H. fraxineus populations, it does not seem to alter
host virulence (Lygis et al. 2017). No other viral infection
in H. albidus has been described yet.

Shamsi et al. (2022) screened native Japanese H. frax-
ineus isolates using Illumina sequencing and found viruses
in about 11% of the isolates with a high prevalence of the
novel mitovirus Hymenoscyphus fraxineus mitovirus 2
(HfMV2). They examined its potential for inducing hypo-
virulence and, subsequently, for its use as a biological con-
trol agent after transmitting it to different isolates through
co-culturing. This artificial introduction of HEMV2 to strains
of H. fraxineus caused either no, increasing or decreasing
effects on fungal growth in vitro. Only strains with reduced
growth showed an altered virulence on ash saplings com-
pared to their virus-free isogenic isolates (Shamsi et al.
2023). However, data from their bioassays are preliminary
and must be confirmed.

According to the International Committee on Taxonomy
of Viruses (ICTV), the family of Totiviridae, which is placed
in the order of Ghabrivirales, is composed of five genera:
Giardiavirus, Leishmaniavirus, Totivirus, Trichomonasvi-
rus and Victorivirus. The genus Victorivirus is comprised
of several members associated with fungal hosts (Ghabrial
and Nibert 2009; ICTV 2011). The genome of victoriviruses
consists of a single linear, bicistronic dsSRNA segment, rang-
ing from 4 to 6 kbp, which is encapsidated by virions with
a diameter of around 40 nm. The 5’-proximal open reading
frame (ORF) is coding for the capsid protein with a alanine/
glycine/proline-rich C-terminus, while the 3'-proximal ORF
encodes the viral RdRp. Both ORFs are connected by a — 1
ribosomal frameshift within the ORF-overlapping region
containing the tetranucleotide AUGA (ICTV 2011).

In the framework of the “FraxForFuture” project (Langer
et al. 2022), funded by the German “Waldklimafonds”, the
possibility to induce hypovirulence in H. fraxineus by a viral
infection is being investigated. To find possible candidates
for biocontrol, we followed two approaches: (i) the evalu-
ation of virulence of HfMV1 and (ii) the identification of
possible new candidates to induce hypovirulence after trans-
fection. For that, we examined 34 H. fraxineus isolates for
the presence of viruses and compared their presence with
virulence of the H. fraxineus isolates to assess their potential
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as future biocontrol agents. We extended our search for viral
infections to an isolate of H. albidus, where we detected a
single dsRNA of about 5 kbp. Its sequence showed highest
similarity to Corynespora cassiicola victorivirus 1 (CcVV1),
and therefore, we tentatively named it Hymenoscyphus albi-
dus victorivirus 1 (HaVV1). Additionally, a strain of HHMV 1
was detected in H. albidus and was tentatively denominated
as Hymenoscyphus fraxineus mitovirus 1 strain albidus
(HEMV1,,).

Having identified the novel virus in the closely related
and endemic H. albidus, successful replication of HaVV1
in the transfected host H. fraxineus seems possible and may
serve as a potential agent for biocontrol of the as dieback
disease.

Material and methods

Fungal isolates and plant material for virulence
trials

Forest stands were sampled across Germany as part of the
“FraxForFuture” project (Langer et al. 2022). Plant material
was obtained from trees of a forest stand near Rhiiden (32 U
579914 5757111) on February 22, 2021, and on March 01,
2021, as part of the “FraxPath” investigations (Peters et al.
2023). The F. excelsior trees had visible signs of necroses
in the branches and/or root collar necroses, which are typi-
cally associated with H. fraxineus infections. Isolations were
made onto 2% Malt Extract Agar (MEA) culture media and
the identity of the isolates was confirmed with morphologi-
cal and molecular techniques (Johansson et al. 2010). The
H. albidus isolate 090812.3 was collected in 2009 from an
ascocarp on a rachis of F. excelsior by O. Holdenrieder in
Switzerland (Queloz et al. 2011).

For propagation of mycelium for dsRNA isolation or for
particle extraction, the isolated strains of Hymenoscyphus
sp. were cultivated on solid ash leaf medium (AMg) at RT
in the dark as described in Lutz et al. (2023). For further
analyses, mycelium was harvested from AMg covered with
cellophane sheets.

Infection assay and symptom ranking

For the virulence trial of H. fraxineus isolates, two-year-old
F. excelsior saplings (provenance 81102: Nordostdeutsches
Tiefland) from Schlegel & Co. Gartenprodukte GmbH
(Riedlingen, Germany) were repotted into 5.5 I plant pots
using regular potting soil and acclimated in the greenhouse
at 15 °C/20 °C night/day, and a minimum of 14 h of light to
induce early flushing.

Inoculations were made in the greenhouse to the petiole
of the F. excelsior saplings based on a random design in
spring. The inoculations were conducted by first creating
a superficial cut of approximately 1 cm in length from the
lowest leaflets on the petiole toward the main stem using
a sterile scalpel. A 3 mm plug of fresh mycelium of H.
fraxineus grown on 2% MEA culture media was placed
into the center of the wound before the wound was sealed
using Parafilm (Amcor, Zurich, Switzerland). Three peti-
ole inoculations were made per sapling. In total, each of
the isolates was inoculated nine times across nine different
saplings. In addition, 18 control inoculations were made
across six saplings using sterile agar plugs.

The plants were monitored for the development of
symptoms, including necrosis development on the petiole,
leaf abscission, necrosis development on the stem, gir-
dling of the stem and wilting of leaves starting two weeks
after inoculations. Subsequent symptom development was
monitored weekly for a total of eight weeks.

Based on the observed symptoms, a ranking was devel-
oped to provide insights into the variation in virulence
between isolates. The isolates were ranked according to
three factors. The presence/ absence of a stem necrosis
was used as a primary indicator of virulence. The isolates
indicating a capacity to cause a stem necrosis were further
analyzed according to the number of observable infections
compared to the number of inoculations (infection rate).
These data were used to develop a confidence value for the
observed infection rate. Finally, the ability of the isolate
to cause mortality was inferred based on observations of
wilting of the sapling’s leaves and girdling of the stem by
H. fraxineus.

In summary, the ranking was performed according to
presence/absence of a stem necrosis, infection rate and
capacity to cause mortality. If no symptoms were observed
during the monitoring period, the isolates were marked as
not virulent (0). The remaining isolates were associated
with symptoms and were further classified as having low
virulence (1), intermediate virulence (2) or high virulence
(3). To classify the isolates, infection rate was ranked
according to these four categories relative to the highest
observed infection rate in this trial. The capacity to cause
mortality was then added to the ranking. Isolates that had
a low infection rate and a capacity to cause girdling and/
or wilting were more highly ranked than those with the
same low infection rate and no observable capacity to
cause mortality. For example, isolate “RH02_T8_B2_2”
was ranked with a low virulence (1) based on infection rate
alone. However, as this isolate was also observed as being
capable of causing mortality, the isolate was assessed as
having an intermediate virulence (2) in the final rank-
ing. This adjustment was made to differentiate isolates
capable of causing disease from those capable of causing
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mortality, which is critical in assessments of virulence and
pathogenicity.

Double-stranded RNA extraction and screening
for HfMV1 by RT-PCR

Double-stranded RNA (dsRNA) was extracted from myce-
lium or purified viral particles using the dsSRNA Extraction
kit (iNtRON Biotechnology, Seongnam-Si, South Korea)
and was analyzed by 1% (w/v) agarose gel electrophoresis
and ethidium bromide staining.

By reverse transcriptase PCR (RT-PCR), using the
primer pair Cf_4F_1 and Cf_4R_3 (Schoebel et al. 2014),
the isolates of H. fraxineus were screened for the presence
of HEMV1. Briefly, 5 ul isolated dsRNA in a total volume of
14.5 pL. was denatured in the presence of 20 pmol of reverse
primer Cf_4R_3, 0.5 mM dNTPs and 11% v/v DMSO at 98
°C for 10 min and cooled down in a NaCl/ice-water mixture
for 2 min. Viral dsRNA was reverse transcribed using 200
U Maxima H Minus Reverse Transcriptase (ThermoFisher
Scientific, Waltham, MA, USA), 4 ul 5 xXRT buffer and 20
U RiboLock RNase Inhibitor (ThermoFisher Scientific) in a
final volume of 20 pl for 30 min at 60 °C. The reaction was
terminated by heating at 85 °C for 5 min.

Complementary DNA (cDNA) was amplified with 0.625
U Dream-Tag™ Polymerase (ThermoFisher Scientific) in
a 25 pl reaction using 10 pmol of each primer Cf4_R3 and
Cf_4F_1 and 0.2 mM dNTPS with 30 cycles (95 °C for 30
s, 57 °C for 30 s, 72 °C for 60 s), starting with 3 min dena-
turation at 95 °C and a final synthesis at 72 °C for 10 min to
obtain a 537 bp fragment covering a part of the RdRp ORF.

Virus-like particle purification and protein analysis

Virus-like particles (VLPs) were enriched according to
Aoki et al. (2009), as described in Lutz et al. (2021) with
modifications. One to three g of mycelium was crushed by
means of liquid nitrogen. The powder was resuspended in
100 ml 0.1 M sodium phosphate (pH 7), and coarse mate-
rial was removed by centrifugation (8000xg, 20 min). The
supernatant was clarified once with 20% (v/v) chloroform/n-
butanol (1:2). The upper phase was stirred in the presence
of 8% (w/v) polyethylene glycol (PEG6000) and 1% (w/v)
NaCl overnight at 4 °C. The precipitate was sedimented
(10,000xg, 20 min) and resuspended in 0.05 M sodium
phosphate (pH 7), which was layered on top of 20% (w/v)
sucrose in 0.05 M sodium phosphate (pH 7) and centrifuged
(105,000xg, 2 h). The pellet was resuspended in 0.05 M
sodium phosphate (pH 7) and stored at — 70 °C.

Proteins of purified particles were separated by
SDS-PAGE according to Laemmli (1970) and stained
with Coomassie Brilliant Blue (Merril 1990). Pep-
tides were sequenced with LC-MS/MS by a nano-liquid
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chromatography system (Dionex UltiMate™ 3000 RSLC-
nano, ThermoFisher Scientific) and analyzed by means of
the Proteome Discoverer 2.0 (ThermoFisher Scientific) by
the Universitédtsklinikum Hamburg-Eppendorf (UKE, Ham-
burg, Germany).

Sequencing and sequence analysis

Isolated dsRNA of H. albidus isolate 090812.3 was sub-
mitted to next-generation sequencing. The libraries were
prepared according to Nextera XT DNA Library Prepara-
tion Kit (Illumina Inc., San Diego, CA, USA) and run on
a NextSeq2000 (Illumina Inc.) instrument at the Leibniz
Institute DSMZ (Braunschweig, Germany) as pair-end reads
(2x151). De novo assembly and contigs were analyzed
using Geneious Prime software (Biomatters, Auckland, New
Zealand, Version 2021.2.2). The extreme 5'- and 3 '-termini
were determined by SPAT (single primer amplification
technique) as it was described in Zhong et al. (2016), using
an oligonucleotide (5'-PO,-tctcttcgtgggctettgeg-23ddC-3")
with a phosphorylated 5'-terminus and a 2',3'-dideoxyC-
group (23ddC) at the 3'-terminus as a blocker to prevent
self-ligation. From the ligated dsRNA, the 5'-terminus
was amplified with primer pair 5'-atattggacttgtagcggcgg-
3'/5'-cgcaagagcccacgaagaga-3' and the 3'-terminus was
amplified with primer pair 5'-ataccaagaccgagcgaggc-3'/5'-
cgcaagagcccacgaagaga-3’ after cDNA synthesis using
primer 5'-cgcaagagcccacgaagaga-3' following the protocol
of Maxima H Minus Reverse Transkriptase (ThermoFisher
Scientific) as described above. Amplicons were subcloned
into pPGEM®-T Vector (Promega Corporation, Madison, WI,
USA) and sequenced.

Nucleic acid sequences and ORFs were analyzed by
SnapGene (GSL Biotech, San Diego, CA, USA) and BLAST
on the NCBI website (Altschul et al. 1997). Sequence align-
ments and phylogenetic analysis were performed using
MEGA X (version 10.2.4) (Kumar et al. 2018), Clustal
Omega (Goujon et al. 2010; McWilliam et al. 2013; Sievers
et al. 2011) and Muscle (Edgar 2004a, 2004b; Li et al. 2015;
McWilliam et al. 2013) in default settings.

Conserved protein domains were identified by conserved
domain database (CDD) search on the NCBI website
(Marchler-Bauer et al. 2011, 2015, 2017; Marchler-Bauer
and Bryant 2004).

Phylogenetic analysis

The evolutionary history was inferred by using the maximum
likelihood method and the Le and Gascuel (2008) model.
The tree with the highest log likelihood (— 43,385.71) is
shown. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. Initial
tree(s) for the heuristic search were obtained automatically
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by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the JTT model and
then selecting the topology with superior log likelihood
value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (five catego-
ries (+ G, parameter =0.9076)). The rate variation model
allowed for some sites to be evolutionarily invariable ([+1],
13.02% sites). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. This analy-
sis involved 39 amino acid sequences. There were a total of
1206 positions in the final dataset.

Phylogenetic analysis was carried out after sequence
alignment of the putative RdRp of HaVV1 with the respec-
tive proteins of putative or approved members of species
within the Totiviridae family found by BLASTp with an
E-value of 0.0. As an outgroup, RdRps of the Magnaporthe
oryze chrysovirus 1 D/B (MoCV1-D/B) (Higashiura et al.
2019; Urayama et al. 2014) of the Chrysoviridae family were
added.

Figure generating and editing

Figures were generated and edited by Unipro UGENE
(ugene.net, version 1.32.0), INKSCAPE (inkscape.org, ver-
sion 1.1) and SnapGene.

Results

Virus characterization and phylogenetic
relationship

Initial dsRNA screening of the H. albidus isolate 090812.3
revealed a distinct band at around 5 kbp after examination by
agarose gel electrophoresis (Fig. 1a). For further investiga-
tions, VLPs were isolated.

The dsRNA extracted from VLPs was submitted to next-
generation sequencing and completed by SPAT as described.
The complete genome is 5143 bp in length with an overall
GC content of 59.45%. On the genomic plus strand, two
ORFs between 295 bp at the 5'-terminus and 5060 bp at
the 3'-terminus are encoded. The 5'-proximal ORF (ORF 1)
encodes a protein of 758 aa with a predicted MW of 79.5
kDa. The protein clusters within the Totivirus_coat pro-
tein super family (pfam 05518; acc. ID: c125797, E-value:
Oe +00) from amino acids (aa) 70 to 706. As is typical for
victoriviruses, P1 harbors a C-terminal alanine-, glycine-
and proline-rich region (13.46% alanine, 23.08% glycine,
30.77% proline in 52 aa) (Supplementary Fig. S1). A
BLASTYD search of the deduced protein of ORF 1 showed the
highest degree of similarity (71.87% identical aa, E-value
0.0) to the putative coat protein (CP) of CcVV1 (acc. ID:

250 kDa»

100 kDa »

70 kDa»

35 kDa»

Fig. 1 Gel electrophoresis of dsRNA and proteins of HaVV1. The
sizes of the markers are given on the left of each figure. a Agarose gel
electrophoresis (1% w/v) of dsRNA, isolated from VLPs. M, GeneR-
uler 1 kb plus ladder (Thermo Fisher Scientific). b VLPs separated
by SDS-PAGE (10% w/v) and visualized by Coomassie Brilliant Blue
staining. M, PageRuler Prestained Protein Ladder (Thermo Fisher
Scientific). Two distinct bands are visible between 70 and 100 kDa,
corresponding to the RdRp and the CP

UIB81488). The complete sequence was deposited in the
GenBank database (acc. ID: OR209821).

The 3'-proximal ORF (ORF 2) encodes a protein of 830
aa with a predicted MW of 90.5 kDa. Between aa 126 and
aa 581, the motif of the RT_like superfamily was detected
by CDD (acc. ID: pfam02123, E-value 6.65e-122). The start
codon of ORF 2 overlaps with the stop codon of ORF 1 by
the tetranucleotide AUGA (Fig. 2a).

The BLASTYp search of the deduced protein of ORF 2
showed the highest degree of similarity (63.61% identical aa,
E-value 0.0) to the RdARp of CcVV1 (acc. ID UIB81489.1).
Based on CDD search and the BLASTp results, ORF 2 is
putatively coding for the viral RdRp.

On the basis of the aa sequence of the putative RdRp of
HaVV1 and of RdRps of different related viruses, a maxi-
mum likelihood tree was constructed to analyze its phy-
logenetic position. The HaVV1 clusters with a high boot-
strap value with CcVV1, Sclerotinia nivalis victorivirus 1
(SnVV1) and Aspergillus foetidus slow virus 1 (AfV-S1)
(Fig. 2b).

Screening for the presence of HfMV1

All isolates were screened for the presence of HMV1 by
RT-PCR and in 23 out of 34 H. fraxineus isolates HfMV 1
was detected (Fig. 3a). Additionally, HfMV1 was also
detected in the isolate 090812.3 of H. albidus (Fig. 3b).
Its sequence was determined by NGS and it was found that
its protein, which is encoded on the only ORF, consists of
717 aa, has a calculated MW of 80.9 kDa and has 90.10%
identity (E-value 0.0) with HIMV1 (acc. ID: AZG04296.1).
It was named Hymenoscyphus fraxineus mitovirus 1 strain
albidus (HfIMV1,;,). Due to the close relation of HIMV1,;,
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to HFM V1, it was considered as a strain of HFMV1 and was
therefore not further investigated. The incomplete nucleic
acid sequence including the complete ORF was deposited
in GenBank (acc. ID: OR224869).

Infection study

To evaluate an influence of HMV1 presence on the vir-
ulence of H. fraxineus isolates, infection assays with
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100 - MOCV1B (YP_008914864.1)

two-year-old saplings of F. excelsior were performed.
According to the final ranking, there were 20 isolates that
were considered as virulent because a necrosis developed
on the stem. The isolates determined as virulent from this
trial were not evenly distributed between the remaining clas-
sifications, i.e., having a high virulence (3), intermediate
virulence (2), low virulence (1) or were avirulent (0). There
were three isolates originating from three different trees
which were considered as highly virulent. Sixteen isolates
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«Fig.2 Genomic organization of HaVV1 and its taxonomic position
within the Totiviridae family. a Genome organization of HaVV1. The
dsRNA segments are displayed as horizontal lines with their respec-
tive UTRs at each terminus. ORFs are represented as boxes with start
and stop codon positions indicated above or underneath the boxes.
Special features of the respective ORFs are highlighted. Note that the
figure is not drawn to scale. b Maximum likelihood tree of HaVV1
and selected viruses with 1000 bootstrap replicates. Bootstrap val-
ues are displayed at the nodes. The scale bar (1) corresponds to the
genetic distance. The dot indicates the novel virus HaVV1. The
abbreviated names of viruses and dsRNA elements are as follows:
AfV-SI Aspergillus foetidus slow virus 1, BbVV Beauveria bassiana
victorivirus 1, BbVVI Beauveria bassiana victorivirus 1, BcVVI-3
Botrytis cinerea victorivirus 1-3, BdVV2(-like) Botryosphaeria doth-
idea victorivirus 2(-like), BfTVI1 Botryotinia fuckeliana totivirus 1,
BmVV1 Bipolaris maydis victorivirus 1, CchVVI Cordyceps chanhua
victorivirus 1, CcVVI Corynespora cassiicola victorivirus 1, CeTVI
Colletotrichum eremochloae totivirus 1, CfVVI Colletotrichum fruc-
ticola victorivirus 1, FaVVI Fusarium asiaticum victorivirus 1, FTV2
Fushun totivirus 2, HaVVI Hymenoscyphus albidus victorivirus 1,
HTV3/4/5 Hangzhou totivirus 3/4/5, HVV-190S Helminthosporium
victoriae virus 190S, MaVVI1 M5 Metarhizium anisopliae M5 vic-
torivirus 1, MoCVIB/D Magnaporthe oryzae chrysovirus 1 B/D,
MoV1 Magnaporthe oryzae virus 1, NcVVI Nigrospora chinensis
victorivirus 1, NoVV2 Nigrospora oryzae victorivirus 2, NPVV1/3
Neofusicoccum parvum victorivirus 1/3, NsVVI Nigrospora spha-
erica victorivirus 1, PdTV2 Penicillium digitatum totivirus 2, RnVVI
Rosellinia necatrix victorivirus 1, ScVVI Stagonosporopsis cucur-
bitacearum victorivirus 1, SnVVI Sclerotinia nivalis victorivirus 1,
SsV1 Sphaeropsis sapinea RNA virus 1, TcVI Tolypocladium cylin-
drosporum virus 1, UvV13 Ustilaginoidea virens RNA virus 13

were considered as having an intermediate virulence based
on having an intermediate infection rate and indicating a
capacity to cause mortality in the saplings. Only one isolate
(RHO3-T1-B16-1) was considered as having a low virulence.
This isolate caused a single necrosis that only became vis-
ible in the final week of monitoring, and thus was associated
with a slow and smaller than average necrosis. However, it
could still have potentially resulted in a larger necrosis given
more time, and subsequent wilting and girdling of the stem
could have been possible beyond the scope of the monitoring
period. The remaining 14 isolates were considered as aviru-
lent. In this case, the definition of avirulence includes the
possibility that an infection developed on the petiole, but the
infection remained localized and did not spread to the main
stem. The results of the virulence assay are summarized in
Table 1, and a detailed table is drawn in the supplementary
material (Supplementary Table S1). There was no signifi-
cant difference in virulence between HfMV 1-positive and
HfMV 1-negative isolates (Mann—Whitney U test, p > 0.05).

Discussion

An alternative approach for controlling the invasive patho-
gen H. fraxineus is the use of viruses that cause hypoviru-
lence to its host. While there is a similar system already

established for the control of C. parasitica with the hyper-
parasite CHV1 on chestnut trees in Europe (Rigling and
Prospero 2018), such a system has not been established for
the control of the ash dieback disease due to the unavail-
ability of a hypovirulent isolate of H. fraxineus to date. To
find a strain of H. fraxineus which may be used as a biocon-
trol agent, 34 isolates were evaluated for their variation in
virulence and its relation to the presence of viral infections.
In addition, a strain of the closely related H. albidus was
investigated for virus presence. Since it has been reported
from several virus—fungus combinations that heterologous
transfection resulted in a hypovirulence trait (Kanematsu
et al. 2010; Lee et al. 2011; Sasaki et al. 2002; Yang et al.
2021), a virus isolated from H. albidus and transfected to H.
fraxineus might be the perfect candidate to establish a hypo-
virulent isolate for use as a biocontrol agent in an antagonist-
like system.

When testing 34 strains of H. fraxineus, which were iso-
lated from ten different trees, the rate of necrosis develop-
ment was very low compared to the total number of inoc-
ulations. There were only two instances where more than
a third of inoculations resulted in a necrosis for a single
isolate. These were for isolates “RHO02-T7-B02-2” and
“RHO02-T8-B02-2”, where four out of nine and five out of
nine inoculations resulted in necrosis, respectively. This is
a limitation of using petiole inoculations compared to stem
inoculations in virulence trials. However, stem inoculations
arguably overestimate isolate virulence because the natu-
ral infection court of H. fraxineus is through the leaves and
stem inoculations bypass numerous natural plant defenses
(Hanackova et al. 2017). It is also important to consider that
H. fraxineus isolates are known to lose virulence over time
(e.g., Kowalski and Bartnik 2012). Therefore, the low rate
of necrosis development may be partly explained by the loss
of virulence between the isolation of H. fraxineus and the
initiation of the virulence trial.

To compare the data from the bioassays with the virome,
all 34 isolates were screened for the existence of dSRNA
as an indicator for a virus infection and were tested for the
presence of HIMV1 by RT-PCR. In 23 out of 34 isolates,
HfMV1, and in the H. albidus isolate 090812.3, a strain of
HfMV1 (HfMV1,,,) was detected. This high prevalence is in
accordance with the findings of Schoebel et al. (2017) who
found a mean prevalence of 80% for this virus in isolates of
European H. fraxineus with variations between 24 and 92%
in different regions. The presence of HIMV1 in H. albidus
also supports the findings of Schoebel et al. (2018) who
determined HEMV 1 to be present in about 50% of H. albidus
isolates. The absence of a relation between virus presence
and virulence revealed that the presence of HfMV1 had no
influence on the infection rate of different isolates of H. frax-
ineus in F. excelsior saplings. In our studies, isolates with a
HfMV1 infection, ranged in their virulence from avirulent
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Fig.3 RT-PCR screening for the presence of HEMV1 in the respective isolates of H. fraxineus (a) and H. albidus (b) with an expected band size

of 537 bp

Table 1 Isolates of H. fraxineus rated by rank of virulence and their
relation to a viral infection

Viral infection Rank of virulence Total
0 1 2 3
HfMV1 positive 8 24%) 1(B%) 12(35%) 2 (6%) 23 (68%)

HfMV1 negative 6 (18%)
Total 14 (41%)

0 (0%)
1. (3%)

4(12%) 1(3%) 11(32%)
16 47%) 3 (9%) 34 (100%)

(0) to highly virulent (3) and likewise did non-infected iso-
lates. This absence of correlation between HfMV 1 infection
and virulence confirmed the data of Schoebel et al. (2017).
This is not surprising, since only few mitoviruses affecting
host biology have been described so far (Jian et al. 1997;
Khalifa and Pearson 2013; Wu et al. 2007, 2010; Xie and
Ghabrial 2012; Xu et al. 2015).

Shamsi et al. (2022) described the introduction of
HfMV2, which was discovered in a Japanese population of
H. fraxineus (Shamsi et al. 2022), by co-cultivation to Euro-
pean isolates. In vitro plate assays, they observed growth
reduction, growth increase and no effect in the infected
strains compared to the virus-free, isogenic strains. They
stated that these variable effects had also been described for
mitovirus infections in other studies (Flores-Pacheco et al.
2018; Romeralo Tapia et al. 2012; Wu et al. 2007) and a sim-
ilar effect of increase, decrease or no effect was described by
Hyder et al. (2013). Therefore, mitoviruses may be improper
for the use as biocontrol agents.

In addition to HfMV1, Cermakova et al. (2017) dis-
covered a dsSRNA band of about 4.5 kbp with a moderate
incidence (15.7%) in European isolates of H. fraxineus, but
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the origin of these bands has remained unidentified. In a
screening of 116 H. fraxineus isolates from pooled sam-
ples, Shamsi et al. (2022) found three viruses that were not
mitoviruses, however they did not assign them to individual
isolates of H. fraxineus. Therefore, the use of these viruses
for the evaluation regarding their potential for biocontrol is
limited.

The findings of Schoebel et al. (2018) that HIMV 1 rep-
licates in both, H. fraxineus and H. albidus, suggests that
other viruses can also infect both of these species and may
replicate in both hosts. Due to the lower grade of adaption,
the probability to induce growth alterations and hypoviru-
lence seems likely in the heterologous host. Therefore,
we extended our search for viruses to the closely related
H. albidus. Here, dsRNA with a size of about 5 kbp was
detected and an additional infection with HIMV1 was con-
firmed by RT-PCR. Sequence analysis revealed that H. albi-
dus 090812.3 harbored a dsRNA virus related to victorivi-
ruses of the Totiviridae family and therefore we tentatively
denominated it as Hymenoscyphus albidus victorivirus 1
(HaVV1). The sequence showed the typical coding strategy
with a 5'-proximal putative capsid gene which had an ala-
nine/glycine/proline-rich C-terminus and similarities to the
Totivirus_coat superfamily were detected by CDD search.
The 3'-proximal ORF codes for the RdRp and is initiated by
the ORF-overlapping tetranucleotide AUGA which is in the
-1 frame in relation to ORF 1.

The VLP enrichment from fungal mycelium was exam-
ined by SDS-PAGE and Coomassie Brilliant Blue staining
and resulted in a distinct protein pattern showing bands cor-
responding to the calculated sizes of capsid and RdRp. The
protein bands which were detected between 70 and 100 kDa
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were clearly assigned by protein sequencing to the capsid
which is encoded on ORF 1 (79.44 kDa) and to the RdRp,
encoded on ORF 2 (90.64 kDa). Additionally, viral dsSRNA
could be extracted from VLP preparations. The possibility
to purify VLPs from H. albidus together with the protocol
for the transformation of H. fraxineus (Lutz et al. 2023) may
enable transfection experiments to obtain a hypovirulent
isolate, which could help to control ash dieback disease in
Europe in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41348-023-00804-x.
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