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Abstract: The connections between viruses and their hosts are complex and can arise from any
combination of different evolutionary events including “codivergence”, “switching”, and
“duplication” of the pathogen. Mycoviruses, a diverse virus group whose members specifically
infect fungal hosts, are subject to similar evolutionary processes. In this study, we present the
identification and complete genome characterization of the second isolate of a mitovirus,
commonly known as Tuber excavatum mitovirus, officially named Triamitovirus tuex1. This
mycovirus infects the hypogean, ectomyrrhizal fungus Tuber excavatum Vittad.. Both
Triamitovirus tuexl isolates, Tekirdag (identified by us) and Lammspringe, were found in the
fruiting bodies of T. excavatum isolates collected from Tiirkiye and Germany, respectively.
Edited by: Comparative genomic analyses revealed that the two virus isolates share 85.33% sequence
Boris Assyov similarity in their whole genomes, with their protein encompassing RNA-dependent RNA
polymerase (RdRp) domain showing an identity rate of 94.60%. The most diverse part of the
viral genomes was found to be the 5’ untranslated regions (UTRs), with a sequence similarity
of 78.53%, while the 3> UTRs were the most conserved, with 91.53% sequence similarity.
Considering the shared host species, the emergence of these Triamitovirus tuex1 isolates appears
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ORCID iDs of the authors: to reflect a duplication pattern (intra-host divergence) resulting from adaptive radiation.
EB. 0000-0009-6047-6776
IA. 0000-0002-1731-1302 Ozet: Viriisler ile konaklar1 arasindaki baglantilar karmasiktir ve “kodivergens (birlikte
EK. 0000-0002-7279-313X raksama)”, “degisim” ve “patojenin goZaltilmas1” gibi farkli evrimsel olaylarin herhangi bir
ES. 0000-0003-1711-738X kombinasyonundan kaynaklanabilir. Mikoviriisler, 6zel olarak mantar konaklarini enfekte eden,
gesitlilik gosteren bir viriis grubudur ve benzer evrimsel siireclere tabidir. Bu ¢alismada, Tuber
Key words: e . . A .
Mycovirus expavatym ml.to.V1r.us.u olarak bilinen ve resmi olaralf Triamitovi ru§ tuexl qlarak adlandirilan bir
Mitovirus mitovirlisiin ikinci izolatinin tanimlanmasi ve tim genom nitelemesi sunulmaktadir. Bu
Virus evolution mikoviriis, hipogean, ektomikorizal mantar Tuber excavatum Vittad.1 enfekte eder. Sirasiyla
Truffle Tiirkiye ve Almanya'dan toplanan Tekirdag (bizim tarafimizdan tanimlanan) ve Lammspringe
Tuber excavatum Triamitovirus tuexl izolatlarinin her ikisi de, T. excavatum meyvelerinde tanimlandi.

Karsilastirmali genom analizleri, her iki viriis izolatinin da tiim genomlarinda %85,33'liikk bir
dizi benzerligi paylastigin1 ve RNA bagimli RNA polimeraz (RdRp) alanini (domain) igceren
proteinlerinin  %94,60'ik bir benzerlik oranma sahip oldugunu ortaya koymustur. Viral
genomlarin en ¢ok farklilik gosteren kismunin %78,53'lik bir dizi benzerligi gosteren 5'
translasyonu yapilmayan bélgeler (UTR’ler) oldugu, 3' UTR’lerin ise %91,53'lik bir dizi
benzerligi ile en ¢ok korunmus kisimlar oldugu bulunmustur. Konak tiirlerin ortak olmasi goz
oniinde bulunduruldugunda, bu Triamitovirus tuexl izolatlarinin ortaya ¢ikislari, adaptif
radyasyondan kaynaklanan bir ¢ogaltma modelini (konak-i¢i ¢esitlenmesi) yansitiyor gibi
goriinmektedir.

Introduction

Research on fungal-associated viral communities has technologies (Ayllon & Vainio 2023). HTS analyses have
experienced a significant increase, propelled by the unveiled the remarkable diversity of fungal viruses
advancements in high-throughput sequencing (HTS) (mycoviruses) and their wide-ranging infectivity across
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diverse fungal groups, spanning from basal lineages to
highly divergent divisions, each with unique lifestyles
(Hough et al. 2023). Moreover, HTS methodologies have
facilitated the discovery of numerous novel fungal viruses
within unassigned virus groups, as well as the identification
of various established viral taxa previously undocumented
in the fungal kingdom (Ayllon & Vainio 2023)
(https://talk.ictvonline.org/ictv-
reports/ictv_online_report/n.

Currently, the International Committee on the
Taxonomy of Viruses (ICTV) classifies mycoviruses into
more than 30 families (https://ictv.global/). The majority
of mycoviruses typically possess genomes comprised of
double-stranded RNA (dsRNA) or positive-sense single-
stranded RNA (+ssRNA) (Ghabrial et al. 2015).
Additionally, mycoviruses with genomes containing
negative-sense single-stranded RNA (—ssRNA) have been
identified and are classified within the family
Mymonaviridae (Wang et al. 2018, Lin et al. 2019,
Walker et al. 2020, Guo et al. 2021). Recently, several
single-stranded DNA (ssDNA) mycovirus species have
been discovered, with only two classified within the
recognized mycoviral family Genomoviridae. These
include the monopartite Gemycircularvirus sclerol
infecting Sclerotinia sclerotiorum and the tripartite
Gemytripvirus fugral infecting Fusarium graminearum
(Yuetal. 2010, Varsani & Krupovic 2021).

In a single host species, multiple factors can impact
the development of diverse genotypes within a virus
species. These factors could be mutation rates and genetic
recombination (e.g. genome segment reassortment), as
well as host factors (e.g. antiviral status and genetic
background) and ecological factors (e.g. climate and
habitat disruption) that exert selection pressure on viruses
(Elena & Sanjuin 2007, Parvez & Parveen 2017,
LaTourrette & Garcia-Ruiz 2022). In evolutionary terms,
the interactions between viruses and their hosts are
complex and can arise from various evolutionary
processes. These include “codivergence”, where the
phylogenies of viruses and hosts show topological
congruence, “switching” involving lateral transfer of the
virus to a new host that is phylogenetically distant from
the previous one, and pathogen “duplication” where the
parasite undergoes adaptive radiation within the same
host species, resulting in multiple parasite groups with an
identical host range (Goker et al. 2011).

The Mitoviridae family consists of RNA viruses that
lack capsids and have a positive-sense, single-stranded
RNA (ssRNA) genome, which ranges from 2.1 to 4.9 kb
in length (Hillman & Cai 2013, Koonin et al. 2020). These
viruses feature a single open reading frame (ORF) that
employs the mitochondrial genetic code, encoding an
RNA-dependent RNA polymerase (RdRp) domain
characterized by six conserved protein motifs each
denoted with single letters (A-F). The family Mitoviridae
now encompasses four newly identified genera:
Kvaramitovirus, Triamitovirus, Duamitovirus, and
Unuamitovirus (https://ictv.global/taxonomy). Although
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these viruses were initially discovered in fungi, more
recent findings have identified Mitoviridae members in
plants and insects (Bruenn et al. 2015, Nibert et al. 2018,
Fonseca et al. 2020).

The genus Tuber comprises ectomycorrhizal fungi
known for their subterranean ascomata (Akata et al.
2020). Among these, Tuber excavatum Vittad. is
distinguished by its underground fruit bodies known with
transition from a pale yellowish brown to a reddish brown
hue upon maturation. These ascomata are generally
spherical or slightly lobed and feature a pronounced
cavity. The gleba within begins as white or straw-colored
and gradually darkens to reddish brown, with a network
of branching yellowish veins. This species typically
flourishes in calcareous soils, where it forms symbiotic
relationships with both deciduous trees and conifers
(Castellano & Tiirkoglu 2012, Fan et al. 2013).

Despite  their  ecological importance, virus
communities hosted by ectomycorrhizal fungi have
received limited attention, with few studies focusing on
the ecological roles of these viruses in soil environments
(Petrzik et al. 2016, Sahin & Akata 2019, Sahin et al.
2020, Sutela & Vainio 2020, Sahin & Akata 2021, Sahin
et al. 20214, Sahin et al. 2021b, Akata et al. 2023, Sahin
et al. 2023). Existing literature reports only two studies on
mitoviruses found in hypogeous ectomycorrhizal fungal
genus Tuber (Stielow et al. 2011, Stielow et al. 2012).
These viruses designated as Tuber excavatum mitovirus
(TeV) and Tuber aestivum mitovirus (TaV) were
officially classified as member of the virus species
Triamitovirus  tuexl isolate  Lammspringe and
Duamitovirus tuael, respectively.

In this study, we characterize the full-length genome
sequence of the second member (isolate) of Triamitovirus
tuexl (TeV isolate Tekirdag) identified in a Tuber
excavatum isolate. We further make evolutionary
inferences about the two Triamitovirus tuexl isolates in
light of the comparative genomic analyses.

Materials and Methods

Sampling of T. excavatum ascocarp

During a field survey conducted on August 18, 2021,
a single ascocarp of Tuber excavatum (Fig. la) was
collected under an oak tree (Quercus sp.) in the Tekirdag
province of Tirkiye. This specimen was subsequently
deposited at the ANK Ankara University Herbarium
under the voucher specimen, with identifier Akata &
Sahin TT 002.

dsRNA Isolation, in vitro Reverse Transcription, and
Polymerase Chain Reaction Amplification

The ascocarp sample was sterilized by submerging it
in a 2% sodium hypochlorite solution for one minute, then
rinsing it thoroughly with sterile distilled water. After
dehydration, the sample was finely milled into a powder.
This powdered sample was used to enrich dsSRNA with the
Viral dsRNA  Extraction Mini Kit (iNtRON
Biotechnology, South Korea). The dsRNA obtained was
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treated with S1 nuclease and DNase | according to the
manufacturer’s guidelines (Promega). The sample was
purified with the GeneJET PCR Purification Kit (Thermo
Fisher Scientific) and converted to cDNA using the
primer-dN6 (5-
CCTGAATTCGGATCCTCCNNNNNN-3") and the
RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). This cDNA was then randomly
amplified with the rPCR primer (5'-
CCTGAATTCGGATCCTCC-3") and DreamTag DNA
Polymerase (Thermo Fisher Scientific), following the
method outlined previously (Darissa et al. 2010). The
rPCR amplicons were then cleaned up using the
PureLink™ PCR Purification Kit (Thermo Fisher
Scientific). About 1pg of the purified PCR products was
sent to the Agrigenomics Hub (Ankara University,
Tiirkiye) for library preparation. Sequencing of 150 bp
paired ends, at a minimum depth of 100x, was performed
on an lllumina Novaseq 6000 platform.

Sequence Data Analysis and Phylogenetic Study

Raw reads from high-throughput sequencing (HTS)
were assembled into contigs de novo using CLC Genomic
Workbench version 20.0.2 (Qiagen). De novo assembly
analyses included a word size of 26, a default bubble size
of 50, automatic estimation of paired distances, and a
minimum contig length of 200 nucleotides (nt). The
resulting contigs and their amino acid (aa) sequences,
translated using the Swiss Institute of Bioinformatics'
(SIB) online tool (https://web.expasy.org/translate/), were
analyzed via BLASTx and BLASTp to identify viral
sequences with an e-value < 1. Viral protein domains,
such as RNA-dependent RNA polymerase, were
identified using the Pfam protein family database
(https://pfam.xfam.org/). Evolutionary analysis involved
aligning the RdRp aa sequences of Triamitovirus tuex1
isolates Tekirdag and Lammspringe with other mitovirus
species within the Mitoviridae family using the ClustalwW
multiple sequence alignment tool (Madeira et al. 2019).
Phylogenetic trees were generated using MEGA X
software, applying the maximum-likelihood (ML)
method and the JTT+G+I substitution model (Kumar et
al. 2018). The reliableness of the tree branches was tested
with 1000 bootstrap replicates.

Determining the Sequences of 5° and 3’ Termini with
RLM-RACE

To sequence the 5°- and 3’-termini, the 3” ends of the
extracted dsSRNA were tagged with the short DNA oligo
RLO (5’p-CATGGTGGCGACCGGTAG-NH2 3”) using
T4 RNA ligase 1 (New England Biolabs). The tagged
dsRNA was cleaned up using the PureLink™ PCR
Purification Kit (Thermo Fisher Scientific) and reverse
transcribed into cDNA with the primer RTP (5°-
CTACCGGTCGCCACCATG-3’) and the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). The terminal sequences were PCR amplified
using the sequence specific reverse and forward
oligonucleotide primers, TeV-5RACE1 (5-
ATCCTGTTGCGTCTCACATG-3’) and TeV-3RACE1
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(5>-TCAGTTGGGTTGGGTAGAGG-3’), respectively,
with the RTP primer included in the PCR. The resulting
PCR products were inserted into the pGEM-T Easy
Vector (Promega) and sequenced using the conventional
Sanger segeuncing with universal M13 oligonucleotides
at Agrigenomics Hub (Ankara University, Tiirkiye).

Results

BLASTX analyses of the assembled contigs derived
from T. excavatum Akata & Sahin TT 002 (Fig. 1a)
revealed a contig exhibiting 94.60% aa sequence similarity
to the RdRp of a mitovirus, previously identified in a T.
excavatum isolate collected from the Lammspringe village
located in Lower Saxony, Germany (Stielow et al. 2012).
This predefined virus was designated as “Tuber excavatum
mitovirus (TeV) isolate Lammspringe” at that time. Later,
it was officially defined as an exemplar virus of a mitovirus
species Triamitovirus tuex1 by the ICTV. Condsidering the
70% RdRp sequence similarity as the species demarcation
threshold for mitovirids
(https://ictv.global/ictv/proposals/2021.003F.R.Mitovirida
e _100nsp_4ngen.zip), the mitovirus we identified was
defined as an isolate of Triamitovirus tuex1. We, therefore,
used the isolate hame “Tekirdag” to define the mitovirus
we identified in the T. excavatum specimen Akata & Sahin
TT 002. The genetic makeup of TeV isolate Tekirdag and
isolate  Lammspringe consist of 3,301 and 3,305
nucleotides (nt) and have G+C contents of 38.17% and
37.70%, respectively (Supplementary Material). The
genome sequences of TeV isolate Tekirdag was kept in the
NCBI GenBank database with the accession number
OR157964.1. Using the fungal mitochondrial genetic code,
where the opal stop codon UGA codes for tryptophan, the
analysis showed that TeV isolate Tekirdag genome harbors
a single open reading frame (ORF) as similar to the genome
of TeV isolate Lammspringe (Fig. 1b). The predicted
polypeptides encoded by the ORFs of isolates Tekirdag and
Lammspringe composed of 802 and 797 aa with the
molecular weights of 89.03 kDa and 88.29 kDa as
calculated using the online Protein Molecular Weight tool
(https://www.aathio.com/tools/calculate-peptide-and-
protein-molecular-weight-mw). The lengths of the 5’ and 3’
untranslated regions (UTRs) of isolate Tekirdag are 774
and 118 nt, and the sizes of the corresponding regions in
isolate Lammspringe are 793 and 118 nt (Fig. 1b). The 5'-
and 3'- terminals of both isolates were analyzed by RNA
Folding Form V2.3 of the RNA mfold server
(http://www.unafold.org/mfold/applications/rna-folding-
form-v2.php) and shown to have similar stem-loop
secondary structures (Fig. 1c). No potential cyclization
motif forming a panhandle structure which is often present
in genomes of mitovirids was predicted in TeV isolates
Tekirdag and Lammspringe.

Searches in the Conserved Domains Database (CDD)
of NCBI showed that the polypeptides encoded by TeV
isolates Tekirdag and Lammspringe contain RdRp
domains located between aa positions 211 and 712, and
206 and 707, respectively (Fig. 1b).



172

a

Tuber excavatum
Akata & Sahin TT 002

775 14

05

291

Triamitovirus tuex1 Isolate Tekirdag

3183

5'UTR

RdRp

(211aa - 712aa)

3301

3'UTR

E. Boraet al.

Triamitovirus tuex1 Isolate Lammspringe

704 1409 2914

3187

RdRp

S'UTR (206aa - 707aa)

3305
3UTR

C. a%a
[ &
AL
AL Isolate
S ‘C(‘\/U,UC Tekirdag
A Uu—u
C— U
(<v:’ . \
] u A— 3201
U U \ /
Nu-a” 40 \ 3
/
Y Uu—a
i [
i G—Uu
il |
A
G-C c v
G-¢
5'UTR || 3zurr
U-A
d u—a
Y-a | |
A-U a—c
|
0 5 G—Uu—U—G6—G—C¢C
G-¢
5 U-A-A-G-U-U-A-G
4G =369
dG =-17.04 ¥ 3

ORF (802aa, 89.03kDa)

AuG uaG
ORF (797aa, 88.29kDa)

6

G

Co
& A
L(A,C" Isolate
AN ¢ Lammspringe
o4

=8 /
o000
(e} [}
w
c
=]
Ed

o
|

1

—O-C—C—C—>—G
c
c—o—@—c—c—>

vcv»;»:‘avc«i

P
@
c
)
@
)

G-U-A-A-G-U-U-A i
5 g6=-2526 %

Tekirdag / Lammspringe
Pairwise Identity rate

| Whole Genome ~ ORF
85.33% 87.51%

RdRp Coding Region
88.65%

5" UTR
78.53%

3’UTR Whole protein RdRp
91.53% 94.60% 96.02%

Fig. 1. a. Ascocarp of the Tuber excavatum Akata & Sahin TT 002, b. schematic representation of the genome organizations of
Triamitovirus tuexl isolates Tekirdag and Lammspringe. The UTRs and the ORFs encoding for RdRp were shown for each genome.
The portion of the ORFs encoding for the RARp domains are also specified, ¢. Predicted secondary structures of the 5° and 3” UTRs of
both Triamitovirus tuex1 isolates. The initial free energy values calculated for the secondary structures were stated, d. the percentage
of sequence similarity rates observed between the Triamitovirus tuexl isolates Tekirdag and Lammspringe at both the nucleotide and

protein levels.

Further analysis in CDD showed that these conserved
RdRp domains of both isolates are part of the mitovirus
RdRp family (Accession: cl05469, with E-values of
3.09586e-67 and 9.95093e-67, respectively).
Additionally, BLASTp analyses indicated that the RdRps
of TeV isolates Tekirdag and Lammspringe exhibit
94.60% sequence similarity to each other and the RdRp of
Tuber mitovirus 3 (NCBI GenBank accession:
WZN15221.1) was found to be their second best hit with
68.09% and 68.34% identities, respectively.

After comparing the genome sequences of both
isolates, we found that the 3 UTRs displayed the highest
similarity, with 91.53% nt sequence identity. Following
this, the RdRp domain encoding regions exhibited
88.65% nt identity, while the ORFs showed 87.51% nt
identity. The overall similarity across the entire genomes
was 85.33%. Conversely, the most diverse regions were
the 5” UTRs, with a nt sequence similarity of 78.53% (Fig.
1c). At the protein level, the isolates share 94.60% aa
sequence similarity in their entire protein encoded by their
single ORFs. Additionally, the RdRp domains of both
isolates have a 96.02% aa sequence overlap (Fig. 1c).

To elucidate the relationship between TeV isolates
Tekirdag and Lammspringe and other mycoviruses, a
phylogenetic tree was generated using the RdRp
sequences from both isolates along with those from
various mitoviruses. The resulting tree revealed that both
isolates are grouped within the genus Triamitovirus,

clustering with several members such as Tuber mitovirus
3, Geopora sumneriana mitovirus 1, Rhizictonia solani
mitovirus 39, and Ceratobasidium mitovirus A (Fig. 2a).
A multiple sequence alignment analysis of the RdRp
domains from ten different Triamitovirus genus members
showed that the RdRp domains of TeV isolates Tekirdag
and Lammspringe encompass all six conserved motifs (F,
A, B, C, D, and E, arranged from the N-terminal to the C-
terminal). Especially, this includes the most conserved
motifs A, B, and C, which are located in the catalytic palm
subdomain (Fig. 2b).

Discussion

Taking into account the species demarcation criteria
for mitoviruses, which sets a 70% RdRp sequence identity
threshold, along with the high sequence similarity rates
exceeding 85% and 94% at the genome and protein levels
respectively, the two TeV isolates, infecting the same host
species Tuber excavatum, are considered as two
representative members (strains, genotypes, or variants)
of the mitovirus species Triamitovirus tuex1.

Within a single host species, various factors can
influence the emergence of different genotypes of a virus
species. In the context of the emergence of various
mycovirus strains, these factors include, but are not
limited to, 1) the viral mutation rate, 2) genetic
recombination events, 3) specific host factors, and 4)
ecological differences.
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Fig. 2. a. Unrooted maximum-likelihood tree of the RdRps of both Triamitovirus tuex1 isolates and related mitoviruses. Bootstrap
values (>50%) are shown for each branch. GenBank accession numbers are also stated for each virus. Suillus luteus narnavirus 5 was
selected as the outgroup sequence in the phylogenetic tree. The bars (lower left) show a genetic distance of 1 for the phylogenetic tree,
b. the comparison of the RdRp conserved motifs (F, A, B, C, D, and E in the order from N-terminal to C-terminal) among both
Triamitovirus tuexl isolates and closely related viruses within the genus Triamitovirus is shown. Matching amino acid residues are
highlighted in yellow boxes, while amino acid residues sharing similar chemical properties are shown in grey and green boxes.

If we briefly mention each of these factors; 1) Viruses
mutate rapidly due to their high replication rates and lack
of proofreading mechanisms in their replication
machinery. Thus, mutations can occur randomly during
viral genome replication and lead to the emergence of new
virus strains. This phenomenon can generally be observed
in mitoviruses as well. 2) Mitoviruses have RNA genomes
that can undergo genetic recombination (for instance via
intermolecular template switch or via non-replicative
recombination involving strand break and ligation) when
multiple mitovirus strains infect the same host cell. In fact,
multiple mycovirus infections are commonly observed in
fungal hosts of diverse origin. This infection state of the
host can result in the creation of novel viral genotypes
with combinations of genetic material from different viral
strains. 3) Variability in host factors such as antiviral
status and genetic background, can influence which viral
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genotypes are more successful in establishing infection
and spreading within a host population. It is plausible that
at least some of the genetic variations in TeV isolates
might be the result of the accumulation of host adaptive
mutations 4) Environmental factors such as climate,
habitat disruption, and interspecies interactions can
impact the distribution and prevalence of viruses,
potentially creating selection pressure on viruses. As a
result, certain genotypes/variants may have advantages in
specific environments, leading to their propagation and
survival. Overall, the interplay of these factors can result
in the diversification of viral genotypes even within a
single host species, contributing to the ongoing evolution
and adaptation of viruses.

A fundamental question in evolutionary biology
concerns the extent to which the evolution of parasites is
tied to the evolution of their hosts (Klassen 1992, Johnson
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et al. 2003). If viruses are specific to their hosts and
transmitted solely vertically (for instance, without natural
vectors), their phylogeny should be congruent with that of
their hosts, adhering to Fahrenholz' rule of strict
codivergence (de Vienne et al. 2013). However, a
combination of events such as host switching, duplication
(intra-host divergence), and parasite extinction can result
in incongruence between the phylogenies of viruses and
their hosts (Goker et al. 2011). In this context, "switching"
denotes the lateral transfer of the parasite and its
successful establishment in a new host that is
phylogenetically distant from the previous one. If this
transfer leads to parasite speciation, it is termed a
"complete switch"; otherwise, it is an "incomplete
switch." "Duplication” refers to the parasite's adaptive
radiation within the same host species, producing multiple
parasite groups with an identical host range.

In a prior investigation, advanced statistical methods
were employed to evaluate the hypothesis that
mycoviruses from different lineages codiverge/coevolve
with their hosts (Goker et al. 2011). With a dataset limited
to 25 mitovirus-related sequences, the researchers
observed that the evolutionary patterns of mitoviruses
closely resembled, though not precisely mirrored, the
duplication-switching pattern rather than codivergence. In
this sense, the emergence of Triamitovirus tuexl isolates
within the same host species appears to reflect a
duplication (intra-host divergence) event resulting from
adaptive radiation.

It is important to highlight that various genomic
regions of Triamitovirus tuexl members evolve at
different rates. For example, comparative analyses
revealed that the 3° UTRs of both isolates are highly
conserved (91.53% similarity), whereas the 5° UTRs
show the most diversity (78.53%). The relatively high
sequence similarity observed in the 3 UTRs of the virus
isolates could be attributed to their widely acknowledged
crucial roles in synthesizing the minus (-) strand during
the genome replication of positive (+) sSRNA viruses.
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