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Abstract

In this study, three new mycoviruses were identified co-infecting the apple replant disease (ARD)-associated root endophyte
Rugonectria rugulosa. After dsSRNA extraction, six viral fragments were visualized. Four fragments belong to a quadrivi-
rus, which has a genome size of 17,166 bp. Each of the fragments of this quadrivirus has a single ORF encoding a protein.
Two of these proteins are coat protein subunits, one ORF encodes the RdRp, and one protein has an unknown function.
This virus was tentatively named rugonectria rugulosa quadrivirus 1 (RrQV1) as a member of the proposed new species
Quadrivirus rugonectria. Another fragment represents the dsRNA intermediate form of a+ ssRNA mitovirus with a genome
size of 2410 nt. This virus encodes an RdRp and is tentatively called rugonectria rugulosa mitovirus 1 (RtMV1). RtMV1 is
suggested as a member of a new species with the proposed name Mitovirus rugonectria. The sixth fragment belongs to the
genome of an unclassified dsRNA virus tentatively called rugonectria rugulosa dsRNA virus 1 (RrV1). The monopartite
dsRNA genome of RrV1 has a length of 8964 bp and contains two ORFs encoding a structure/gag protein and an RdRp.
Full genomic sequences were determined and the genome structure as well as molecular properties are presented. After
phylogenetic studies and sequence identity analyses, all three isolates are proposed as new mycoviruses. The results help to
improve the understanding of the complexity of the factors involved in ARD and support the interest in mycoviral research.
Subsequent analyses need to focus on the impact of mycoviruses on the biology and pathogenicity of ARD-associated fungi.
The results of such studies could contribute to the development of mitigation strategies against the disease.
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Introduction

Since the first proven infection of a fungus with a mycovi-
rus in 1962, these viruses and their effect on the host have
increasingly been part of intensive research [1]. To date,
viral infections have been reported in all main fungal taxa
[2, 3]. The majority of these identified viruses have RNA
genomes, mostly appearing to be constituted of dsRNA [4].
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DsRNA mycoviruses are assigned to 8 taxonomic families
and one genus, whereas those with an ssSRNA genome are
separated in 12 families, of which 11 families are based
on + ssRNA viruses and just one on -ssRNA viruses [5].
Up to now, less is known about DNA mycoviruses. Since
the first report of a geminivirus-related DNA mycovirus in
2010, just a few more were detected [6—8]. Mycoviral infec-
tions are usually persistent, but often seem to not affect the
phenotypes of the respective host [5]. However, many myco-
viruses are known to have either a hypo- or hypervirulent
effect on their host fungi [9—15]. In the case of hypoviru-
lence, an infection causes a decrease in host pathogenic-
ity. On the contrary case of hypervirulent viral infections,
the pathogenic effect of the host fungus is enhanced. In this
study, viral infections of an endophytic Rugonectria rugu-
losa isolate were investigated. The fungus was isolated from
apple plant roots (Malus x domestica, Borkh.; M26), suf-
fering from apple replant disease (ARD). ARD is a world-
wide problem, occurring in orchards when apple is planted
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repeatedly. The disease is caused by plant reactions due to
changes in their (micro-) biome [16]. When affected, apple
orchards can lose about 50% profitability by reduction of
yield, tree vigor and a possible delay of 2-3 years, after
which the trees begin to bear fruit [17]. The causes for ARD
are highly complex and include oomycetes, bacteria, nema-
todes, fungi, and others [16].

In the search for factors of ARD etiology, Nectriaceae
species such as R. rugulosa are found repetitively. By sam-
pling apple roots grown in ARD suffering soils, R. rugulosa
was found together with related Nectriaceae species in all
soils of three ARD affected sites in Germany [18]. Thus, bio-
assays have shown that fungi of this family can cause ARD
symptoms after isolation and re-inoculation [19].

Since ARD is still not fully understood, all contributing
factors, such as mycoviruses, have to be taken into consid-
eration. Understanding a possible hypo- or hypervirulence
of the occurring mycoviruses might help to investigate on
potential applications in biological control and disease man-
agement. Thus, the research on mycoviruses is an impor-
tant component in the development of strategies to mitigate
complex plant diseases such as ARD. However, many phy-
topathogenic fungi are involved in the etiology of the disease
and it can be assumed that many of those fungi also carry
unidentified viruses. Therefore, the main objective of this
study is to give a first insight into the fungal virome of one
of the most recurring fungi involved in the etiology of ARD.

Because of the dominance of dsRNA mycoviruses,
dsRNA was extracted from R. rugulosa and sequenced by
an Illumina system. Sequences were de novo assembled and
completed by RACE (Rapid amplification of cDNA ends),
followed by annotation of the molecular features of the
individual viruses and phylogenetic analyses. The data and
full genomic sequences of the three newly identified myco-
viruses, presented in this study, are essential for a deeper
understanding of the virus—host relationship and form the
basis for further research projects.

Materials and methods
Fungal material

The R. rugulosa isolate, used in this study was isolated
from ARD suffering, in vitro propagated M26 roots
(Malus x domestica, Borkh.), which were grown for 8 weeks
in soil from the ARD affected site Ellerhoop (Chamber of
Agriculture Schleswig—Holstein, Germany, 53°42'51.7"N,
9°46'12.5"E) [20]. Before isolation, fine root surfaces
were disinfected (70% Ethanol 30 s, followed by 7.5 min
2% NaOCl). Root pieces of 1 cm length were plated on
water agar (50 pg mL~! penicillin, 10 pg mL~! rifampicin,
25 ug mL~! pimaricin). The outgrown endophytic fungi were
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separated and cultivated on 2% malt extract agar (MEA). For
nucleic acid extraction, the fungi were propagated in 2%
malt extract broth for 2 weeks and mycelium was ground
in liquid nitrogen. R. rugulosa was identified by PCR and
Sanger sequencing, as described by Crous et al. [21], using
primers for the histone H3 gene (CYLH3F: 5" AGGTCC
ACTGGTGGCAAG 3’; CYLH3R: 5" AGCTGGATGTCC
TTGGACTG 3’) [22]. The sequencing was performed at
Microsynth Seqlab (Gottingen, Germany). The resulting
sequences were analyzed by NCBI BLASTn.

The R. rugulosa isolate investigated in this study was
named No4. To test the infectivity of No4 after isolation,
M26 plants were re-infected using a soil-free inoculation
assay as described by Popp et al., 2019 [19]. The plants
showed reduced growth, as well as typical blackening in
microscopic analyses of fine roots after 5 weeks.

Extraction of nucleic acids

DsRNA for [llumina sequencing was extracted from 20 g
ground fungal material, stored at — 80 °C, based on a mod-
ified protocol of Morris and Dodds [23] as described by
Lesker et al. [24], apart from using a different cellulose
(acid-washed powder for column chromatography [Merck;
Darmstadt, Germany; product nr. 22,184]). 20 mL eluate
was digested first with 20 U Rnase T1 (Roche; Basel, Swit-
zerland) and then with 40 U DNAse I (Roche; Basel, Swit-
zerland) at 37 °C for 30 min each. DsSRNA extracts were
centrifuged and suspended in 25 pL Tris (5 mM). Subse-
quently, 20 uL extract was checked with 5 uL. of GelRed®
(Biotium; Fremont, CA, USA) dye in 1.5% agarose gel elec-
trophoreses. For virus detection by RT-PCR and RNA end
determination, a simpler protocol for whole nucleic acid
extraction was used, following the protocol of Menzel et al.
[25].

lllumina sequencing

A Nextera XT Library Preparation Kit was used to prepare
an [llumina library from double-stranded cDNA, obtained
by cDNA synthesis of the dsSRNA extract and second-
strand synthesis with random octamer primers. The library
was sequenced at the Leibniz-Institute DSMZ on a Next-
Seq instrument as paired-end reads (2 X 151 bp). The raw
reads were trimmed and de novo assembled with Geneious
v. R11.1 software (Biomatters; Auckland, New Zealand)
using an in-house established workflow, followed by local
BLASTn and BLASTp alignments of the assembled contigs
against a custom database of NCBI nuclear-core reference
sequences. The identified mycovirus contigs were ordered
and trimmed according to reference sequences to determine
the nearly complete genome sequences. The sequence infor-
mation was used to design primers for virus detection by
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RT-PCR and determination of the extreme terminal ends of
the genomes by RACE.

Virus detection with RT-PCR

RT-PCR protocols were adapted for the detection of each
of the genomic viral segments. For cDNA synthesis, 4 uL
dsRNA extract, 1 uL. cDNA primer [10 uM (Table 1);
salt-free; Eurofins Genomics; Ebersberg, Germany] and
5 pL A.bidest were mixed and heated up to 95 °C for three
minutes to separate the dsRNA strands. 50 U Maxima H
Minus Reverse Transcriptase (Thermo Fisher Scientific™;
Waltham, MA, USA), 20 U RiboLock RNase Inhibitor
(Thermo Fisher Scientific™; Waltham, MA, USA), 1 uL
dNTPs (10 mM each; Thermo Fisher Scientific™; Waltham,
MA, USA) and 4 pL 5X RT-buffer (250 mM Tris—HCl
(pH 8.3), 250 mM KCI, 20 mM MgCI2, 50 mM DTT;
Thermo Fisher Scientific™; Waltham, MA, USA) were
added subsequently and adjusted to 20 uL with A.bidest.
The cDNA synthesis started with 60 min at 50 °C, fol-
lowed by 15 min at 55 °C, 15 min at 60 °C, and 5 min at
85 °C. PCR was performed with 5 uL 2 X Phusion Flash
High-Fidelity PCR Master Mix (Thermo Fisher Scientific™;
Waltham, MA, USA), 1 pL of each specific primer [for-
ward and reverse, 10 uM each, salt-free; Eurofins Genom-
ics; Ebersberg, Germany (Table 1)], 2 uL cDNA and 1 uL.
A.bidest. PCR was performed with an initial denaturation of
15 s at 98 °C, followed by 34 cycles (denaturation: 98 °C,
5 s; annealing: primer T,, 5 s; elongation: 72 °C, 15 s/
1000 bp amplicon), and a final elongation of 300 s at 72 °C.

Amplicons were visualized by 1.0% agarose electrophoresis
and sent to Microsynth Seqlab (Gottingen, Germany) for
Sanger sequencing [22].

RNA end determination

The ends of dsRNAs were determined by RACE with
an adapted protocol, based on the method described by
Frohman et al. [26]. 3’-ends of both, dsSRNA sense and anti-
sense strands were analyzed. Reverse transcription followed
the described protocol for virus detection, with different
cDNA primers (10 uM each, salt-free; Eurofins Genomics;
Ebersberg, Germany; Table 2). For tailing 3 uL cDNA was
mixed with 20 U Terminal Deoxynucleotidyl Transferase
(TdT; Thermo Fisher Scientific™; Waltham, MA, USA),
4 pL 5 TdT Reaction Buffer (500 mM potassium caco-
dylate (pH 7.2), 10 mM CoClI2, 1 mM DTT; Thermo Fisher
Scientific™; Waltham, MA, USA), 1 pL of either dATP,
dCTP, dGTP, or dTTP (100 mM, Thermo Fisher Scien-
tific™; Waltham, MA, USA) and 11 pL A.bidest. The mix-
ture was incubated for 30 min at 37 °C followed by 10 min
at 70 °C. For each RNA end, at least two different tails were
used in different reactions. The subsequent PCR was per-
formed as the one for virus detection with a different primer
set (poly-N primer; nested primer; 10 uM each, salt-free;
Eurofins Genomics; Ebersberg, Germany; Table 2).

Table 1 Primers used

for RT-PCR detection Viral segment  Type Name Sequence (5'->3") Q;I;I)(ltl);())n
with expected amplicon
sizes of rugqnectria rugu- RrQV1 RNA1 c¢DNA Quadril_DetcDNA  GCTTCAACCTCATCTGCC 990
ﬁ; 223?;?;3;1 (RrQVD), PCR forward  Quadril_Dets CGCACCTGCAACTCTATAC
losa mitovirus 1 (RtMV1) PCR reverse  Quadril_Detas TCTCTCCCATAACTTCCACTC
and rugonectria rugu- RrQVI RNA2 cDNA Quadri2_DetcDNA  CATCAACGTAGTCACAGGAAG 1019
losa dsRNA virus 1 (RrV1) PCR forward  Quadri2_Dets ACATACACACAACCAAACACC
PCR reverse Quadri2_Detas CCAACTACCTGCCAGACAC
RrQV1 RNA3 cDNA Quadri3_DetcDNA CTTCGGCAAGGCTAGAAAC 1396
PCR forward  Quadri3_Dets GCACATACACAACAGCACC
PCR reverse Quadri3_Detas CGCCTTCCACAAAACACTTC
RrQV1 RNA4 cDNA Quadri4_DetcDNA  CTGACCTAACGACTTTGATCC 1089
PCR forward  Quadri4_Dets GCAACCTGTTACGCTTACC
PCR reverse Quadri4_Detas CGCTTCCATCTCTGTCTTTC
RrMV1 cDNA Mito_Detc TGATTGAATCACGGTCCTTTC 1054
PCR forward  Mito_Dets TCACCAAACAATGAGAAGCC
PCR reverse Mito_Detas AAAGCGACAGCAGTTATACC
RrV1 cDNA Rugo_Detc AAGAGGGGATAAGGTGACCG 938
PCR forward  Rugo_Dets ATCTTCTTACACCCCACCC
PCRreverse ~ Rugo_Detas TGCCGCCCTATACTATGAC
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Table 2 Primers for 3'- and

o Viral segment Type Name Sequence (5'->3")
5'-end determination by
RACE of rugonectria rugu- - Poly-A  Poly-A16 CCTCGGGCAGTCCAAAAAAAAAAAAAAAA
1‘(1)15;;) g‘;jgf;f;‘;l (RrQV), - Poly-G  Poly-G15 CTCAAACAGTCACGGGGGGGGGGGGGGG
losa mitovirus 1 (RfMV1) - Poly-C  Poly-C14 ATCCTGCAGGCGCGCCCccceeeececececce
and rugonectria rugu- - Poly-T  Poly-T18 CCTCGGGCAGTCCTTTTTTTTTTTTTTTTTT
losa dsRNA virus 1 (RrV1) RrQV1 RNA15-end c¢DNA Quadril_S5e_cDNA GCTACTCTTAGTCGCTAACATC
Nested Quadril_5e_nested ACGCCACTCGCAAGATAC
RrQV1 RNA1 3'-end c¢DNA Quadril_3e_¢cDNA GCAAGATTCAAGAGCTACCC
Nested Quadril_3e_nested AGAACCACGCAGAGATGAAG
RrQV1 RNA2 5-end c¢DNA  Quadri2_5e_cDNA GCAGCCAGCATAGACAAAG
Nested Quadri2_5e_nested CGAGAACACCCAACCAGTAG
RrQV1 RNA2 3-end c¢DNA  Quadri2_3e_cDNA CCACGAGAGAAGCATTTGAC
Nested Quadri2_3e_nested CTATGCACCTGCTACACAC
RrQV1 RNA3 5'-end c¢DNA  Quadri3_5e_cDNA TCCTTCCTCGACCTAATTGAC
Nested Quadri3_5e_nested TCTATCTCACACAGCTCACC
RrQV1 RNA3 3-end c¢DNA  Quadri3_3e_cDNA GAAGAGTAGAAGCAGACAACC
Nested Quadri3_3e_nested CACAGAAGAGTAAAGGAAGCAG
RrQV1 RNA4 5'-end c¢DNA  Quadri4_S5e_cDNA GCAAGCATTGCATTGTCTCC
Nested Quadri4_5e_nested TCTTGACACTCAGCGGTTC
RrQV1 RNA4 3'-end c¢DNA  Quadri4_3e_cDNA TGAAAACTGCACAGGCAC
Nested Quadri4_3e_nested ACAGCAGACGATACACGAC
RrMV1 5'-end cDNA  Mito_5e_cDNA CGGACTGTCTTCATGTACTTG
Nested Mito_5e_nested GGAGAAATCCAAATGGAATGGC
RrMV1 3'-end cDNA Mito_3e_cDNA GTCAGGTATAACTGCTGTCG
Nested Mito_3e_nested GACCGTGATTCAATCATAGTCC
RrV1 5'-end cDNA  Rugo_5e_cDNA GTGGAGAAAGGAGAAAACAGG
Nested Rugo_5e_nested ATAGGAGAGGTTGAGGGTGG
RrV1 3'-end cDNA  Rugo_3e cDNA GTATTAACTCCGCAACGACC
Nested Rugo_3e_nested TTAGTGCCACCCTTCAACC

Phylogenetic analyses

Phylogenetic analyses were performed with several myco-
viruses of the families Totiviridae, Quadriviridae, Chryso-
viridae, Mitoviridae, and ten unclassified dSRNA Riboviria
viruses. Before constructing a phylogenetic tree, amino
acid sequences of the RNA-dependent RNA polymerase
of all viruses were aligned, using the MUSCLE algorithm
in MEGA X [27, 28]. Parameters were set to default (gap
opening: — 2.9, gap extension: 0). After the initial align-
ment, highly conserved sequences were selected, referring
to the segment A(679)-E(1066) of NC_016760 [29]. The
final alignment was performed with the set of chosen seg-
ments and default parameters, using the MUSCLE algo-
rithm again. A maximum-likelihood tree was calculated,
using the bootstrap method with 1000 replications and the
Le_Gascuel_2008 substitution model with discrete Gamma
distribution (LG + G) [30]. The number of discrete gamma
categories was set to 5 and for the data subset, all sites were
used. Pairwise alignments of all segments of the families
Quadriviridae, Mitoviridae, and the unclassified dsSRNA
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viruses were done to calculate sequence identities by using
the EMBOSS/Needle tool [31].

UTR alignment, secondary structures, and motifs

Conserved UTR-sequences of the proposed quadrivirus
RrQV1 were analyzed by alignments of the four 5'- and
3'-ends and presented with the GeneDoc Software (National
Resource for Biomedical Supercomputing, Pittsburgh, PA,
USA). Secondary structure predictions of the proposed mito-
virus RtMV 1 were computed with the RNAfold WebServer
(Institute for Theoretical Chemistry, University of Vienna)
[32, 33]. Conserved motifs within the genomic RNAs were
identified by using the NCBI Conserved Domain Search
tool with default options (database: CDD v3.19—-58,235
PSSMs, expected value threshold: 0.01) [34].
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Fig.1 1.5% Agarose gel electrophoresis of dsRNA, isolated from
Rugonectria rugulosa. Fragments correspond for rugonectria rugu-
losa quadrivirus 1 (RrQV1), rugonectria rugulosa mitovirus 1
(RrtMV1), and rugonectria rugulosa dsRNA virus 1 (RrV1). Nucleic
acid stained with GelRed®. Lane 1: dsRNA, Lane 2: Pst digested
A phage DNA. A Original gel, B Detailed view of dsRNA fragments

Results and discussion
Identification of new mycoviruses

After dsSRNA extraction of R. rugulosa, agarose gel electro-
phoresis enabled the visualization of six fragments (Fig. 1).
Illumina sequencing and de novo assembly led to six con-
sensus sequences, which were assigned to different virus
families by BLAST. Accordingly, four fragments repre-
sent the different segments of a quadrivirus. One fragment
belongs to a member of the family Mitoviridae and another
one to an unclassified dSRNA virus. Each of the six RNAs
could be detected in R. rugulosa by RT-PCR. End deter-
mination by 5'- and 3'-RACE led to full genomic RNAs.
The four segments of genomic RNAs of the quadrivirus—
with the proposed name rugonectria rugulosa quadrivirus 1

(RrQV1)—have sizes of 4897 bp, 4312 bp, 4153 bp, and
3804 bp and each RNA encodes a single open reading frame
(ORF). The mitovirus with the suggested name rugonec-
tria rugulosa mitovirus 1 (RrMV1) consists of one RNA
with a length of 2410 nt and one ORF. The unassigned virus
with the proposed name rugonectria rugulosa dsRNA virus 1
(RrV1) has one genomic RNA, 8964 bp in length, which
encodes two ORFs.

Subsequent comparison of genome sizes determined
from sequence analyses with sizes from the agarose gel of
dsRNA extractions reveals that the fragments in the gel,
compared to the A-phage DNA ladder, were all higher than
expected. Such a shift can occur when using GelRed® as
dye for nucleic acids in agarose gels. Although it is rela-
tively non-toxic, it leads to artifacts in agarose gel electro-
phoreses. The more nucleic acids are present, the stronger
these artifacts become and the more difficult a size determi-
nation of the fragments [35]. Additionally, dSRNA generally
migrates more slowly in agarose gels than DNA because of
a lower overall charge density of RNA, which results from
condensation and the development of secondary structures
[36, 37]. Condensation is comparatively more likely in RNA
because the phosphate groups are more closely adjacent than
in DNA [38]. Compared to the other viruses, the fragment of
the mitovirus is fainter visible in the gel. Since mitoviruses
are + ssRNA viruses, it must be assumed that this fragment
is not the genomic but its dsRNA intermediate, which occurs
in all + ssSRNA viruses [39].

Genome organization

The genome of RrQV1 consists of 17,166 bp, split into four
ORFs on four dsRNA segments. 5'-untranslated regions
(UTRs) are 49 bp to 62 bp long and 3’-UTRs range from
37 to 380 bp. With sizes ranging from 3804 to 4897 bp, the
genomic RNAs meet the requirements for segments of quad-
riviruses, which should range from 3.5 to 5 kbp [29]. Pro-
teins encoded by the ORFs comprise 1591 amino acids (aa,
pl), 1384 aa (p2), 1351 aa (p3), and 1120 aa (p4). These
proteins have a calculated molecular mass of 175.5 kDa (p1),
150.9 kDa (p2), 148.9 kDa (p3), and 119.5 kDa (p4), respec-
tively. Protein p1 has a so far unknown function, whereas p2
and p4 are coat protein (cp) subunits. P3 is the RNA-depend-
ent RNA polymerase (RdRp) and has a conserved RT-like
domain at aa651-aal112. Upstream of the respective ORFs
within the 5-UTRs of RrQV1, (CAA), repeats are localized,
which may serve as translational enhancers [29, 40]. The
first 11 nucleotides at the 5'-end and the last 16 nucleotides
at the 3'-end of RrQV1 are highly conserved (5" YACGAA
WAAAC...AUUAGCAAUGYGCGCYV 3. This holds true
for all four segments, with exception of the 3'-end of RNA
3, which lacks the last two nucleotides. An alignment of
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Fig.2 Alignment of A 5-UTRs and B 3’-UTRs of RrQV 1. Numbers next to the sequences represent the nucleotide position, mapped with Gene-
Doc 2.7. Black boxes are conserved domains. Boxes in gray have one dissimilar nucleotide in maximum

the first and last 30 nucleotides of the RrQV1 segments is
shown in Fig. 2.

The genome of the mitovirus RrMV1 is monopartite with
a 2410 nt+ssRNA. One single ORF is flanked by a 197 nt
5'-UTR and a 68 nt 3'-UTR. It encodes an 83.9 kDa RdRp
with a length of 714 aa. A conserved mitovirus-RNA-Pol-
ymerase domain was found at position aal70-aa633. Mod-
eling the structure of the terminal sections of the + ssRNA of
RrMV1 resulted in three stem-loop structures at the 5'-end
with a negative energy change of — 34.91 kcal mol~! and
two stem-loops at the 3'-end with — 29.95 kcal mol~!. The
plain structure predictions are shown in Fig. 3. This forma-
tion of secondary structures at the ends of the genome is
characteristic in mitoviruses and presumably serves to pro-
tect the naked genomic RNA from enzymatic degradation
in the host cells [41, 42].

The unclassified virus RrV1 has a monopartite 8964 bp
dsRNA genome. A 794 bp 5'-UTR and a 77 bp 3'-UTR sur-
round two ORFs with lengths of 3810 nt and 4086 nt. The
translated proteins are a proposed 141.0 kDa structural/gag
protein (p1) with a length of 1269 aa and a 151.1 kDa RdRp
with a length of 1361 aa. A scaled genome map of the three
viruses is shown in Fig. 4.

Phylogenetic analyses

For the taxonomic studies, the viruses with the highest
BLAST scores to RrQV1, RtMV1, and RrV1 were selected.
In addition, representatives of the families Chrysoviridae
and Totiviridae were included in the calculations as further
mycoviral entities. After RdRp translation and alignment,
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the most conserved region, represented by amino acids
679-1066 of NC_016760 was selected for each virus, as
described by Chiba et al. [29]. This set of reduced-length
sequences was used for the further alignment, based on
which a phylogenetic tree was created in MEGA X [28].
Based on the tree, shown in Fig. 5 it can be stated that all
three introduced viruses belong to their proposed family.
RrQV1 clusters together with all other Quadriviridae and
has the closest relation to OK077752 in 99% of 1000 boot-
straps. The placement of RrQV1 in this cluster reinforces
the assignment of this virus to the family. Moreover, the
taxonomic proximity of Chrysoviridae, Totiviridae, and
Quadriviridae has been shown previously and can be con-
firmed here [29, 43]. The mitovirus RrMV1 has the closest
relation to NC_004052 and a subtree of NC_030862 and
NC_012585. It is assigned to the family Mitoviridae, which
form their own subtree with two clusters in 100% of the
bootstraps. Since these 4+ ssRNA viruses are much simpler in
structure than the listed dSRNA viruses and use the genetic
code of mold fungi, they were expected to form a distinct
group and have a higher taxonomic distance from the other
viruses [44, 45]. For this reason, no further outgrouper was
necessary for the construction of the phylogenetic tree.
According to that tree, RrV1 is assigned to the group of
unclassified dSRNA Riboviria. In 96% of the bootstraps, it is
listed together with IN671443, JN671444, and NC_033415
to a subtree of this group. The other subtree among the
unclassified viruses summarizes mainly Fusagravirus spe-
cies. RrV1 is therefore not included in the cluster, even if
it could be considered as a possible family of its own in the
future [46].
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Fig.4 Scaled genome maps. RrQvi
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blue: rugonectria rugu- 1 3 ORF 1 (unknown function) E 4897
losa mitovirus 1 (RrMV1);
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losa dsRNA virus 1 (RrV1). o . -
Digits indicate nucleotide 1 3 ORF 2 (CP subunit p2) = 4312
positions of 5’-ends, ORFs,
and 3'-ends. Boxes represent 01 4116
ORFs with their function .
(encoding protein) in brackets. Le ORESS (RdRp ) 4los
Dark gray boxes: Conserved m_
RdRp domains. Lines represent
genomic RNAs. Single line: 02 3424
ssRNA, double lines: dsRNA. o . —
Scale bars indicate 1000 nt, L3 ORF 4 (CP subunit p 4) — 3804
500 nt, and 2000 nt, related to
the respective virus 1000 nt
RrMV1
198 2342
| — ORF (RdRp) = 2410
500 nt
RrV1
795 4604 4802 8887
1 === ORF I (structural / gag) |A ORF 2 (RdRp) 8964

2000 nt

Sequence identities and species demarcation

To determine the sequence identities of the new viruses
in relation to the others in the phylogenetic tree, pairwise
sequence alignments of the gRNA, RdARp-ORFs, and RdRp
amino acid sequences were made. Results of analyses of
the RdRp encoding Segment 3 of the quadrivirus RrQV1
with other members of the family led to a high similarity
with thelonectria quadrivirus 1 (TQV1), with a protein-
sequence identity of 94%. The lowest identity was found in
the aa-sequence with RnQV1, isolates W1075 and W726
(30.1%). Table 3 gives an overview of all results, compar-
ing segment 3 of the Quadriviridae. Since the identity of
RrQV1 Segment 3 was comparatively high with TQV1,
the remaining three segments were analyzed as well and
summarized in Table 3. RnQV1 W726 was not included
here, because of missing sequence data on segments 1, 2,
and 4. As for segment 3, TQV1 has the highest similarities
with RrQV1 in the other segments. The protein-sequence
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identity of those viruses varies from 69.9 to 82.8%. The
lowest score was obtained with RnQV1 W1118, segment
1 (18.9%). For the determination of the species, there is no
official demarcation value for the family of Quadriviridae
[29]. The criteria in other virus families are very diverse
and are therefore not suitable for transmission and applica-
tion in this family. To date, only three different members of
the family Quadriviridae are known. All of these viruses
have been identified in different hosts. With RrQV1, for
the first time, an infection within the genus Rugonectria
could be detected. Therefore, we recommend RrQV1 as
a member of a new species, tentatively named Quadrivi-
rus rugonectria within the family Quadriviridae.
Identities of the mitovirus RrMV1 with other species
vary from 22% (aa-sequence, CpMV1) to 55.3% (ORF,
BcMV-2). The highest similarity of the RrtMV1 aa-
sequence (38.4%) was found with CeMV (NC_012585).
Table 4 sums up the gRNA-, ORF- and protein sequences’
lengths and identities of all analyzed Mitoviridae
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99r @ U01899 leishmania RNA virus 1-4

@ M92355 leishmania RNA virus 1-1

@ U32108 leishmania RNA virus 2-1

@ AF337175 gremmeniella abietina RNA virus L1

@ AF039080 sphaeropsis sapinea RNA virus 2

® AM261427 epichloe festucae virus 1 strain P23

@ AB085814 helicobasidium mompa No.17 dsRNA virus
@ U41345 helminthosporium victoriae virus 1908

@ ABI176964 magnaporthe oryzae virus 1

45 e

AB771723 rosellinia necatrix quadrivirus 1 strain W726

60 AB744679 rosellinia necatrix quadrivirus 1 strain W1118
LR028030 leptosphaeria biglobosa quadrivirus 1
OK888540 rugonectria rugulosa quadrivirus 1
99 OKO077752 thelonectria quadrivirus 1

AF297176 helminthosporium victoriae 1458 virus

HMO004067 verticillium dahliae chrysovirus 1
AF296439 penicillium chrysogenum virus
96 FN178512 aspergillus fumigatus chrysov1rus
8 @ N671444 fusarium virguliforme dsRNA mycov1rus 1
. JIN671443 fusarium virguliforme dsRNA mycovirus 2
@ NC 033415 trichoderma atroviride mycov1rus
@ 01456169 rugonectria rugulosa dsRNA virus 1 «—

@ L.C333734 rosellinia necatrix fusagravirus 1
. NC 040828 trichoderma asperellum dsRNA virus 1
@ MT035914 macrophomina phaseolina fusagravirus 2
@ MK780821 macrophomina phaseolina fusagravirus 1
97 @ MT035915 macrophomina phaseolina fusagravirus 3
991] @ KP900891 macrophomina phaseolina double-stranded RNA virus 2
91 ® MT035916 macrophomma phaseolina fusagravirus 4

Totiviridae

9929 NC 016760 rosellinia necatrix quadrivirus 1 strain W1075

Quadriviridae

Chrysoviridae

Unclassified dsRNA Riboviria

100

Fig.5 Phylogenetic tree, based on the alignment of conserved amino
acids (aa) of RNA-dependent RNA polymerases (RdRp), referring
to aa 679-1066 of the quadrivirus reference NC_016760. Alignment
was performed with the MUSCLE algorithm [27]. The tree was con-
structed with the Maximum Likelihood method and 1000 bootstraps,
using the program MEGA X [28]. The substitution model Le_Gas-

members. Following the change in taxa, mitoviruses are
no longer assigned to the Narnaviridae as of 2019 but have
their own family with the Mitoviridae [47, 48]. There is
no species demarcation for the Mitoviridae yet. However,
since RrMV1 is below 50% sequence identity in protein
sequences compared to all other mitoviruses considered
and this was the species demarcation value within the
Narnaviridae, we propose it as member of a new species,
tentatively named Mitovirus rugonectria within the family
Mitoviridae [49].

When comparing the RdRp aa-sequences of the unclas-
sified RrV1 with other unclassified dsRNA Riboviria
viruses, identities range from 29.3% (MpDSRV2) to

NC 004046 cryphonectria parasitica mitovirus 1

NC 004049 ophiostoma mitovirus 3a

NC 004054 oph1ostoma novo-ulmi mitovirus 6-Ld
NC 028471 botrytis cinerea mitovirus 2
JQO13377 sclerotinia sclerotiorum mitovirus 1
NC 004053 ophiostoma mitovirus 5
NC 004052 ophiostoma mitovirus 4

OK888542 rugonectria rugulosa mitovirus 1

NC 030862 fusarium poae mitovirus 2

72 NC 012585 thielaviopsis basicola mitovirus -

Mitoviridae

—

cuel_2008 was used with discrete Gamma distribution (LG + G) [30].
Virus families are provided with colored dots and annotation of the
family name. The scale bar is representing the substitutions per site.
Numbers, next to the branches are indicating the percentage of trees,
bootstrapped in the shown manner. Viruses are annotated with their
GenBank Accession Number and virus name

32.9% (FvV1, MpFV3). Similarities of gRNAs and ORFs
are between 42.5% and 48.1%. In Table 5, all calculated
sequence identities of RrV1 with other viruses are listed.
Since all viruses similar in BLAST are unclassified, RrV1
should be assigned to the unclassified dSRNA Riboviria
as well. For unclassified viruses, there are no guidelines
for species demarcation. At less than 40%, the amino acid
sequence identities of RdRp are also low compared to the
other unclassified viruses. Therefore, RrV1 is proposed
as a new virus. However, RrV1 cannot be assigned to a
(new) species according to the ICTV guideline on nam-
ing viruses and virus species, since a new species must be
assigned to a genus for binomial naming [50].
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Table 3 Lengths and sequence identities (%) of rugonectria rugulosa quadrivirus 1 (RrQV1) dsRNA segments 1, 2, 3, and 4 with related Quad-

riviridae
Segment  Virus Accession number  gRNA Open reading frame Protein sequence
Length (nt)  Identity (%) Length (nt)  Identity (%) Length (aa)  Identity (%)
1 RrQVv1 OK888538 4897 - 4776 - 1591 -
1 RnQV1 W1075 NC_016757 4942 45.20 4809 44.10 1602 40.70
1 RnQV1 W1118  AB744677 4971 45.70 4809 45.70 1602 18.90
1 LbQV-1 LR028028 4728 45.80 4680 46.30 1559 23.00
1 TQV1 OKO077750 4876 66.90 4776 67.00 1591 69.90
2 RrQVv1 OK888539 4312 - 4155 - 1384 -
2 RnQV1 W1075 NC_016759 4352 44.90 4071 45.10 1356 20.50
2 RnQV1 WI1118  AB744678 4307 45.70 4074 45.70 1357 21.30
2 LbQV-1 LR028029 4543 46.00 4152 46.30 1383 26.90
2 TQV1 OKO077751 4312 73.30 4155 73.50 1384 82.80
3 RrQV1 OK888540 4153 - 4056 - 1351 -
3 RnQV1 W1075 NC_016760 4099 46.70 3933 47.50 1310 30.10
3 RnQV1 W726 AB771723 4104 47.30 3933 47.70 1310 30.10
3 RnQVI WI1118  AB744679 4093 48.20 3933 48.60 1310 30.30
3 LbQV-1 LR028030 4490 48.40 4104 50.60 1367 39.20
3 TQV1 OK077752 4158 80.70 4056 80.80 1351 94.00
4 RrQvl 0OK888541 3804 - 3363 - 1120 -
4 RnQV1I W1075 NC_016758 3685 45.40 3186 44.80 1061 21.70
4 RnQVI WI1118  AB744680 3468 45.30 3180 46.00 1059 19.90
4 LbQV-1 LR028031 4048 45.40 3336 48.00 1111 27.60
4 TQV1 OKO077753 3933 67.60 3363 71.90 1120 81.60

Bold values indicate the viruses identified in this study (RrQV1, RtMV1, RrV1)

Table4 Lengths and sequence identities (%) of rugonectria rugulosa mitovirus 1 (RrMV1) gRNA, ORF coding for RdRp and RdRp protein

sequence with related members in the genus Mifovirus

Virus Accession number gRNA Open reading frame Protein sequence
Length (nt) Identity (%) Length (nt) Identity (%) Length (aa) Identity (%)

RrMV1 OK888542 2410 - 2145 - 714 -
CpMV1 NC_004046 2728 44.90 2103 47.30 700 22.00
OnuMV4 NC_004052 2599 53.90 2352 54.00 783 31.90
OnuMV5 NC_004053 2474 52.40 2190 54.00 729 33.30
OnuMVe6Ld NC_004054 2843 50.90 2088 52.40 695 28.10
OnuMV3a NC_004049 2617 46.70 2157 47.20 718 23.20
SsMV1 JQO013377 2513 50.90 2076 51.20 691 36.60
CeMV NC_012585 2896 49.90 2118 52.20 705 38.40
BcMV-2 NC_028471 2497 53.20 2133 55.30 710 38.30
FpMV1 NC_030862 2414 51.80 2295 51.60 764 37.70

Bold values indicate the viruses identified in this study (RrQV1, RtMV1, RrV1)

Conclusion

For the first time, three new viruses were identified
using dsRNA extraction and I[llumina sequencing from
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an endophytic Rugonectria rugulosa isolate associated
with ARD. Full-length genomic RNAs were used to tease
out the particular features of each virus. By phylogenetic
analysis, rugonectria rugulosa quadrivirus 1, as member
of the suggested species Quadrivirus rugonectria and
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Table 5 Lengths and sequence identities (%) of rugonectria rugulosa dsRNA virus 1 (RrV1) gRNA, ORF coding for RdRp and RdRp protein

sequence with related unclassified Riboviria

Virus Accession number gRNA Open reading frame 2 Protein sequence
Length (nt) Identity (%) Length (nt) Identity (%) Length (aa) Identity (%)

Rrv1 OL456169 8964 - 4086 - 1361 -
TaMV1 NC_033415 8566 46.20 3645 45.80 1214 31.20
FvV1 IN671444.1 9402 46.70 3870 48.10 1289 32.90
MpFV2 MT035914.1 9024 45.70 3813 45.30 1270 32.80
MpDSRV2 KP900891.1 9188 45.40 3249 42.50 1082 29.30
MpFV3 MT035915.1 9328 44.70 3951 46.00 1316 32.90
RnFGV1 LC333734.1 9368 45.40 3936 47.90 1311 32.70
MpFV1 MK?780821.1 9289 45.20 3813 46.70 1270 32.10
FvV2 IN671443.1 9327 46.70 3933 46.90 1310 32.70
TaRV1 NC_040828.1 9838 44.10 3987 46.30 1328 31.40
MpFV4 MT035916.1 8930 44.60 3627 45.90 1208 32.00

Bold values indicate the viruses identified in this study (RrQV1, RrtMV1, RrV1)

rugonectria rugulosa mitovirus 1, as member of the pro-
posed species Mitovirus rugonectria could be assigned
to a taxonomic family. Together with rugonectria rugu-
losa dsRNA virus 1, all three viruses can be proposed
as new viruses after analysis of sequence identities with
related species. Future experiments need to clarify whether
infections with these viruses have a hypo- or hypervirulent
effect on the host. Although some mycoviral infections do
not appear to have any effect on host infection behavior,
there are reports of such virulence increasing and decreas-
ing effects of some mycoviruses [9-15]. If any of these
cases occur, the viruses could serve as a control target or
biocontrol agent in the containment of ARD. Building on
this, the effect of infection on the etiology of ARD needs
to be elaborated. Thus, the presented results can contribute
to the growing field of mycovirology and the diversity and
spread of these viruses in plant root-associated fungi.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11262-022-01924-6.

Acknowledgements This work was funded by the Federal Ministry of
Education and Research and is part of the ORDIAmur network (FKZ:
031B0025A), which is allocated to the BONARES program.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest The authors declare no conflicts of interest.

Research involving human participants and/or animals The authors
declare that no human and/or animal material, data, or cell lines were
involved in this study.

Informed consent The authors declare that no individual rights
were infringed during this study. All involved individuals have been
informed and gave their consent to publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hollings M (1962) Viruses associated with a die-back disease
of cultivated mushroom. Nature 196:962-965. https://doi.org/
10.1038/196962a0

2. Ghabrial SA, Castén JR, Jiang D et al (2015) 50-plus years of
fungal viruses. Virology 479-480:356-368. https://doi.org/10.
1016/j.virol.2015.02.034

3. Pearson MN, Beever RE, Boine B et al (2009) Mycoviruses of
filamentous fungi and their relevance to plant pathology. Mol
Plant Pathol 10:115-128. https://doi.org/10.1111/j.1364-3703.
2008.00503.x

4. King AMQ, Adams MJ, Carstens EB et al (eds) (2012) Virus
taxonomy: classification and nomenclature of viruses. Ninth
report of the international committee on taxonomy of viruses.
Elsevier Academic Press, London

5. Kotta-Loizou I (2021) Mycoviruses and their role in fungal
pathogenesis. Curr Opin Microbiol 63:10-18. https://doi.org/
10.1016/j.mib.2021.05.007

6. Khalifa ME, MacDiarmid RM (2021) A mechanically transmit-
ted DNA mycovirus is targeted by the defence machinery of its

@ Springer


https://doi.org/10.1007/s11262-022-01924-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/196962a0
https://doi.org/10.1038/196962a0
https://doi.org/10.1016/j.virol.2015.02.034
https://doi.org/10.1016/j.virol.2015.02.034
https://doi.org/10.1111/j.1364-3703.2008.00503.x
https://doi.org/10.1111/j.1364-3703.2008.00503.x
https://doi.org/10.1016/j.mib.2021.05.007
https://doi.org/10.1016/j.mib.2021.05.007

434

Virus Genes (2022) 58:423-435

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

host Botrytis cinerea. Viruses. https://doi.org/10.3390/v1307
1315

Li P, Wang S, Zhang L et al (2020) A tripartite ssDNA mycovirus
from a plant pathogenic fungus is infectious as cloned DNA and
purified virions. Sci Adv. https://doi.org/10.1126/sciadv.aay9634
Yu X, LiB, Fu Y etal (2010) A geminivirus-related DNA mycovi-
rus that confers hypovirulence to a plant pathogenic fungus. Proc
Natl Acad Sci USA 107:8387-8392. https://doi.org/10.1073/pnas.
0913535107

Olivé M, Campo S (2021) The dsRNA mycovirus ChNRV1 causes
mild hypervirulence in the fungal phytopathogen Colletotrichum
higginsianum. Arch Microbiol 203:241-249. https://doi.org/10.
1007/500203-020-02030-7

Ozkan S, Coutts RHA (2015) Aspergillus fumigatus mycovirus
causes mild hypervirulent effect on pathogenicity when tested on
Galleria mellonella. Fungal Genet Biol 76:20-26. https://doi.org/
10.1016/j.fgb.2015.01.003

Nuss DL (2005) Hypovirulence: mycoviruses at the fungal-plant
interface. Nat Rev Microbiol 3:632—-642. https://doi.org/10.1038/
nrmicro1206

Deng F, Xu R, Boland GJ (2003) Hypovirulence-associated dou-
ble-stranded RNA from Sclerotinia homoeocarpa is conspecific
with ophiostoma novo-ulmi mitovirus 3a-Ld. Phytopathology
93:1407-1414. https://doi.org/10.1094/PHYTO.2003.93.11.1407
Polashock JJ, Hillman BI (1994) A small mitochondrial double-
stranded (ds) RNA element associated with a hypovirulent strain
of the chestnut blight fungus and ancestrally related to yeast cyto-
plasmic T and W dsRNAs. Proc Natl Acad Sci USA 91:8680-
8684. https://doi.org/10.1073/pnas.91.18.8680

Shapira R, Choi GH, Nuss DL (1991) Virus-like genetic organiza-
tion and expression strategy for a double-stranded RNA genetic
element associated with biological control of chestnut blight.
EMBO J 10:731-739. https://doi.org/10.1002/j.1460-2075.1991.
tb08004.x

Chu Y-M, Jeon J-J, Yea S-J et al (2002) Double-stranded RNA
mycovirus from Fusarium graminearum. Appl Environ Microbiol
68:2529-2534. https://doi.org/10.1128/AEM.68.5.2529-2534.
2002

Winkelmann T, Smalla K, Amelung W et al (2019) Apple replant
disease: causes and mitigation strategies. Curr Issues Mol Biol
30:89-106. https://doi.org/10.21775/cimb.030.089

van Schoor L, Denman S, Cook NC (2009) Characterisation of
apple replant disease under South African conditions and poten-
tial biological management strategies. Sci Hortic 119:153-162.
https://doi.org/10.1016/j.scienta.2008.07.032

Popp C, Wamhoff D, Winkelmann T et al (2020) Molecular
identification of nectriaceae in infections of apple replant dis-
ease affected roots collected by harris uni-core punching or laser
microdissection. J Plant Dis Prot 127:571-582. https://doi.org/10.
1007/s41348-020-00333-x

Popp C, Grunewaldt-Stocker G, Maiss E (2019) A soil-free
method for assessing pathogenicity of fungal isolates from apple
roots. J Plant Dis Prot 126:329-341. https://doi.org/10.1007/
$41348-019-00236-6

Mahnkopp F, Simon M, Lehndorff E et al (2018) Induction and
diagnosis of apple replant disease (ARD): a matter of heterogene-
ous soil properties? Sci Hortic 241:167-177. https://doi.org/10.
1016/j.scienta.2018.06.076

Crous PW, Groenewald JZ, Risede J-M et al (2004) Calonec-
tria species and their cylindrocladium anamorphs: species with
sphaeropedunculate vesicles. Stud Mycol 50:415-430

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 74:5463—
5467. https://doi.org/10.1073/pnas.74.12.5463

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Morris TJ, Dodds JA (1979) Isolation and analysis of double-
stranded RNA from virus-infected plant and fungal tissue. Phy-
topathology 69:854. https://doi.org/10.1094/phyto-69-854
Lesker T, Rabenstein F, Maiss E (2013) Molecular characteri-
zation of five betacryptoviruses infecting four clover species
and dill. Arch Virol 158:1943-1952. https://doi.org/10.1007/
s00705-013-1691-x

Menzel W, Jelkmann W, Maiss E (2002) Detection of four apple
viruses by multiplex RT-PCR assays with coamplification of plant
mRNA as internal control. J Virol Methods 99:81-92. https://doi.
org/10.1016/S0166-0934(01)00381-0

Frohman MA, Dush MK, Martin GR (1988) Rapid production
of full-length cDNAs from rare transcripts: amplification using a
single gene-specific oligonucleotide primer. Proc Natl Acad Sci
USA 85:8998-9002. https://doi.org/10.1073/pnas.85.23.8998
Edgar RC (2004) MUSCLE: multiple sequence alignment with
high accuracy and high throughput. Nucleic Acids Res 32:1792—
1797. https://doi.org/10.1093/nar/gkh340

Kumar S, Stecher G, Li M et al (2018) MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol
Evol 35:1547-1549. https://doi.org/10.1093/molbev/msy096
Chiba S, Castén JR, Ghabrial SA et al (2018) ICTV virus tax-
onomy profile: Quadriviridae. J Gen Virol 99:1480-1481. https://
doi.org/10.1099/jgv.0.001152

Le SQ, Gascuel O (2008) An improved general amino acid
replacement matrix. Mol Biol Evol 25:1307-1320. https://doi.
org/10.1093/molbev/msn067

Madeira F, Park YM, Lee J et al (2019) The EMBL-EBI search
and sequence analysis tools APIs in 2019. Nucleic Acids Res
47:W636—W641. https://doi.org/10.1093/nar/gkz268

Lorenz R, Bernhart SH, Siederdissen HZ, C, et al (2011) Vien-
naRNA package 2.0. Algorithm Mol Biol 6:26. https://doi.org/10.
1186/1748-7188-6-26

Gruber AR, Lorenz R, Bernhart SH et al (2008) The Vienna RNA
websuite. Nucleic Acids Res 36:W70-W74. https://doi.org/10.
1093/nar/gkn188

Lu S, Wang J, Chitsaz F et al (2020) CDD/SPARCLE: the con-
served domain database in 2020. Nucleic Acids Res 48:D265—
D268. https://doi.org/10.1093/nar/gkz991

Huang Q, Baum L, Fu W-L (2010) Simple and practical stain-
ing of DNA with gelred in agarose gel electrophoresis. Clin Lab
56:149-152

Gast FU, Hagerman PJ (1991) Electrophoretic and hydrody-
namic properties of duplex ribonucleic acid molecules tran-
scribed in vitro: evidence that A-tracts do not generate curvature
in RNA. Biochemistry 30:4268—4277. https://doi.org/10.1021/
bi00231a024

Bhattacharyya A, Murchie AIH, Lilley DMJ (1990) RNA bulges
and the helical periodicity of double-stranded RNA. Nature
343:484-487. https://doi.org/10.1038/343484a0

Manning GS (1978) The molecular theory of polyelectrolyte solu-
tions with applications to the electrostatic properties of polynu-
cleotides. Q Rev Biophys 11:179-246. https://doi.org/10.1017/
50033583500002031

Kumar M, Carmichael GG (1998) Antisense RNA: function and
fate of duplex RNA in cells of higher eukaryotes. Microbiol Mol
Biol Rev 62:1415-1434. https://doi.org/10.1128/MMBR.62.4.
1415-1434.1998

Ghabrial SA, Caston JR, Coutts RHA et al (2018) ICTV virus
taxonomy profile: Chrysoviridae. ] Gen Virol 99:19-20. https://
doi.org/10.1099/jgv.0.000994

Khalifa ME, Pearson MN (2013) Molecular characterization of
three mitoviruses co-infecting a hypovirulent isolate of sclerotinia


https://doi.org/10.3390/v13071315
https://doi.org/10.3390/v13071315
https://doi.org/10.1126/sciadv.aay9634
https://doi.org/10.1073/pnas.0913535107
https://doi.org/10.1073/pnas.0913535107
https://doi.org/10.1007/s00203-020-02030-7
https://doi.org/10.1007/s00203-020-02030-7
https://doi.org/10.1016/j.fgb.2015.01.003
https://doi.org/10.1016/j.fgb.2015.01.003
https://doi.org/10.1038/nrmicro1206
https://doi.org/10.1038/nrmicro1206
https://doi.org/10.1094/PHYTO.2003.93.11.1407
https://doi.org/10.1073/pnas.91.18.8680
https://doi.org/10.1002/j.1460-2075.1991.tb08004.x
https://doi.org/10.1002/j.1460-2075.1991.tb08004.x
https://doi.org/10.1128/AEM.68.5.2529-2534.2002
https://doi.org/10.1128/AEM.68.5.2529-2534.2002
https://doi.org/10.21775/cimb.030.089
https://doi.org/10.1016/j.scienta.2008.07.032
https://doi.org/10.1007/s41348-020-00333-x
https://doi.org/10.1007/s41348-020-00333-x
https://doi.org/10.1007/s41348-019-00236-6
https://doi.org/10.1007/s41348-019-00236-6
https://doi.org/10.1016/j.scienta.2018.06.076
https://doi.org/10.1016/j.scienta.2018.06.076
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1094/phyto-69-854
https://doi.org/10.1007/s00705-013-1691-x
https://doi.org/10.1007/s00705-013-1691-x
https://doi.org/10.1016/S0166-0934(01)00381-0
https://doi.org/10.1016/S0166-0934(01)00381-0
https://doi.org/10.1073/pnas.85.23.8998
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1099/jgv.0.001152
https://doi.org/10.1099/jgv.0.001152
https://doi.org/10.1093/molbev/msn067
https://doi.org/10.1093/molbev/msn067
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1093/nar/gkn188
https://doi.org/10.1093/nar/gkn188
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1021/bi00231a024
https://doi.org/10.1021/bi00231a024
https://doi.org/10.1038/343484a0
https://doi.org/10.1017/s0033583500002031
https://doi.org/10.1017/s0033583500002031
https://doi.org/10.1128/MMBR.62.4.1415-1434.1998
https://doi.org/10.1128/MMBR.62.4.1415-1434.1998
https://doi.org/10.1099/jgv.0.000994
https://doi.org/10.1099/jgv.0.000994

Virus Genes (2022) 58:423-435

435

42.

43.

44,

45.

46.

sclerotiorum fungus. Virology 441:22-30. https://doi.org/10.
1016/j.virol.2013.03.002

Hong Y, Dover SL, Cole TE et al (1999) Multiple mitochondrial
viruses in an isolate of the dutch elm disease fungus ophiostoma
novo-ulmi. Virology 258:118-127. https://doi.org/10.1006/viro.
1999.9691

Kotta-Loizou I, Castén JR, Coutts RHA et al (2020) ICTV virus
taxonomy profile: Chrysoviridae. J Gen Virol 101:143-144.
https://doi.org/10.1099/jgv.0.001383

Cole TE, Hong Y, Brasier CM et al (2000) Detection of an RNA-
dependent RNA polymerase in mitochondria from a mitovirus-
infected isolate of the dutch elm disease fungus, Ophiostoma
novo-ulmi. Virology 268:239-243. https://doi.org/10.1006/viro.
1999.0097

Pritchard AE, Sable CL, Venuti SE et al (1990) Analysis of
NADH dehydrogenase proteins, ATPase subunit 9, cytochrome
b, and ribosomal protein L14 encoded in the mitochondrial DNA
of paramecium. Nucleic Acids Res 18:163—171. https://doi.org/
10.1093/nar/18.1.163

Wang L, Zhang J, Zhang H et al (2016) Two novel relative double-
stranded RNA Mycoviruses infecting Fusarium poae strain SX63.
Int J Mol Sci. https://doi.org/10.3390/ijms 17050641

47.

48.

49.

50.

Walker PJ, Siddell SG, Lefkowitz EJ et al (2020) Changes to virus
taxonomy and the statutes ratified by the international committee
on taxonomy of viruses. Arch Virol 165:2737-2748. https://doi.
0rg/10.1007/s00705-020-04752-x

Lefkowitz EJ, Davison AJ, Siddell S et al (2018) Virus taxonomy:
classification and nomenclature of viruses: online report of the
international committee on taxonomy of viruses. Nucleic Acids
Res 46(D1):D708-D717

Hillman BI, Esteban R (2012) Family Narnaviridae. In: King
AMQ, Adams MJ, Carstens EB et al (eds) Virus Taxonomy: Clas-
sification and Nomenclature of Viruses. Ninth Report of the Inter-
national Committee on Taxonomy of Viruses. Elsevier Academic
Press, London, pp 1055-1060

Zerbini FM, Siddell SG, Mushegian AR et al (2022) Differenti-
ating between viruses and virus species by writing their names
correctly. Arch Virol 167:1231-1234. https://doi.org/10.1007/
s00705-021-05323-4

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.virol.2013.03.002
https://doi.org/10.1016/j.virol.2013.03.002
https://doi.org/10.1006/viro.1999.9691
https://doi.org/10.1006/viro.1999.9691
https://doi.org/10.1099/jgv.0.001383
https://doi.org/10.1006/viro.1999.0097
https://doi.org/10.1006/viro.1999.0097
https://doi.org/10.1093/nar/18.1.163
https://doi.org/10.1093/nar/18.1.163
https://doi.org/10.3390/ijms17050641
https://doi.org/10.1007/s00705-020-04752-x
https://doi.org/10.1007/s00705-020-04752-x
https://doi.org/10.1007/s00705-021-05323-4
https://doi.org/10.1007/s00705-021-05323-4

	Three new mycoviruses identified in the apple replant disease (ARD)-associated fungus Rugonectria rugulosa
	Abstract
	Introduction
	Materials and methods
	Fungal material
	Extraction of nucleic acids
	Illumina sequencing
	Virus detection with RT-PCR
	RNA end determination
	Phylogenetic analyses
	UTR alignment, secondary structures, and motifs

	Results and discussion
	Identification of new mycoviruses
	Genome organization
	Phylogenetic analyses
	Sequence identities and species demarcation

	Conclusion
	Acknowledgements 
	References




