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Abstract
Deep sequencing of small RNAs has proved effective in the diagnosis of mycovirus infections. In this study, the presence 
of mycoviruses in ten isolates of the phytopathogenic fungus Fusarium circinatum was investigated by high-throughput 
sequencing (HTS) of small RNAs. The contigs resulting from de novo assembly of the reads were aligned to viral genome 
sequences. The presence of each mycovirus detected in the isolates was confirmed by RT-PCR analysis with four previously 
described primer pairs and seven new pairs designed on the basis of sequencing data. The findings demonstrate the potential 
use of HTS for reconstructing previously identified mitoviruses infecting F. circinatum.

Introduction

Fusarium circinatum Nirenberg & O’Donell (teleomorph: 
Gibberella circinata Nirenberg & O’Donell) is the causal 
agent of pine pitch canker (PPC), one of the most devastat-
ing diseases in coniferous forests, plantations and nurseries 
worldwide. This pathogen severely affects Pinus species 
and also Pseudotsuga menziesii (Mirb.) Franco, causing 
pre- and post-emergence and late damping off on seedlings, 
with mortality rates of up to 90%. In mature trees, it causes 
wilting, slow growth and bleeding cankers, reducing the 

economic yield of the affected timber and increasing the 
risk of trees breaking during windstorms [1]. The fungus is 
widespread in several parts of America, Europe, Asia and 
Africa and is mainly spread via soil- and airborne spores, 
movement of infected material (seedlings, seeds, pruning 
tools, etc.), and carrier and vector insects [2, 3]. Although 
there are no effective means of controlling the disease in 
the field, biocontrol is currently one of the most promising 
management options [4].

Fungal viruses (mycoviruses) are frequent in nature, 
infecting a huge variety of fungi ranging from edible mush-
rooms to yeasts [5]. Mycoviruses are of great interest in 
plant pathology, as some are able to reduce the pathogenicity 
of their hosts (hypovirulence) [6], although many aspects 
of their biology and ecology remain poorly understood. 
The best-known case of a mycovirus infection affecting 
fungal virulence is the chestnut blight pathosystem (causal 
agent, Cryphonectria parasitica (Murrill) M.E. Barr) [7], 
in which hypovirulence has been used in practice to control 
C. parasitica infections. This has led to increased interest 
in the use of mycoviruses as biocontrol agents in infections 
caused by other phytopathogenic fungi [8, 9]. Three dif-
ferent members of the genus Mitovirus (family Narnaviri-
dae) have been described to be associated with the forest 
pathogen F. circinatum: Fusarium circinatum mitovirus 1, 
2-1 and 2-2 (FcMV1, FcMV2-1 and FcMV2-2) [10]. These 
viruses are rather prevalent among isolates in northern Spain 
[11]. Despite the interest surrounding this pathogen in for-
est health, the effects of FcMV1, FcMV2-1 and FcMV2-2 
on F. circinatum are not yet fully understood. It has been 
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reported that FcMV1 infection significantly increases fungal 
virulence in plants [12]; however, the effect of mycoviral 
infection may differ depending on environmental conditions 
[13, 14]. Hence, the antiviral response in phytopathogenic 
fungi deserves further attention.

In recent years, the use of next-generation sequencing 
technology has improved our knowledge of mycovirus 
diversity and some aspects of mycovirus-host interactions. 
Thus, mycoviruses have been successfully detected by deep 
sequencing of total RNA [15], dsRNA [16] and small RNAs 
[17–19]. The identification of virus-derived small RNA frag-
ments (vsRNA) by high-throughput sequencing (HTS) has 
revealed cryptic viruses and suggested that both ascomycete 
and basidiomycete fungi have an RNA silencing pathway in 
which vsRNA plays a key role (e.g., [18, 19]).

The RNA silencing process (RNAi) is an important post-
transcriptional control pathway that has been described in 
plants, animals and fungi [20]. This molecular mechanism is 
involved in some cellular processes such as gene regulation 
and defence against selfish nucleic acids. Hence, infection 
by RNA viruses is thought to trigger the RNA silencing 
response of the host. The RNAi machinery includes a dicer 
or dicer-like protein (ribonuclease III-like enzyme) that rec-
ognizes viral dsRNA molecules and cleaves them to vsRNA 
of ~21-25 nucleotides in length [21, 22]. The RNA-induced 
silencing complex (RISC) includes argonaute-like proteins 
that unwind the paired strands of vsRNA, degrade one of 
them, and use the other to identify cognate sequences (viral 
RNA). A ribonuclease-H-like enzyme associated with argo-
naute then degrades the viral target resulting in an antiviral 
response [23–25].

In this study, we hypothesized that F. circinatum pro-
cesses viral RNAs into vsRNA in a manner similar to 
that described for other pathogenic fungi. We investi-
gated whether deep sequencing of small RNAs can reveal 
new viral strains. The aim of this study was therefore to 

investigate the practical use of small-RNA deep sequencing 
for the identification of mycoviruses infecting F. circinatum.

Materials and methods

Fungal isolates, total RNA isolation 
and high‑throughput sequencing of small RNAs

A total of ten F. circinatum isolates collected in different 
regions of Spain were selected for study (Table 1). The fun-
gal isolates were cultured in Petri dishes containing PDA 
medium (3.90% w/v potato dextrose agar, Scharlab S.L., 
Spain). After culturing for a week in the dark at 25 °C, each 
isolate was subcultured in cellophane-membrane-covered 
PDA medium for total RNA extraction.

The total RNA from each isolate was extracted from 
mycelia ground in liquid nitrogen with the aid of a sterilized 
pestle. The powdered sample was sequentially treated with 
TRI Reagent® (Sigma Aldrich Química S.L., Spain) fol-
lowed by 99% (v/v) chloroform (PanReac Química, Spain), 
and the total RNA was then precipitated with 70% (v/v) iso-
propanol (Sigma Aldrich). The pellets were washed with 
ethanol 75 % v/v (PanReac Química) and resuspended in 20 
µl of double-sterilized Milli-Q water. After RNA extraction, 
samples were transferred to RNase- and DNase-free tubes 
(Axygen®, USA) and stored at −80 °C. The RNA of each 
isolate was pooled in two aliquots (20 µl; 2 µl per isolate, 
final concentration, 1053 ng µl−1). The quality and quantity 
of the RNA in one pooled extract was measured in a Nan-
oDrop 2000 Spectrophotometer (Thermo Fisher Scientific, 
USA) and the other aliquot was stored at −80 °C to preserve 
the integrity of the RNA. The same pooled extract was run 
in a 1.20% (w/v) agarose D1 low-EEO (Conda Laboratories, 
Spain) gel, first for 10 min at 70 v and then for 65 min at 
50 v. After that, the gel was submerged for 25 min in 10% 

Table 1   Isolates of Fusarium circinatum used in this study: geo-
graphical origin of the strains and the living organisms from which 
F. circinatum was isolated (source) are provided. Viral infection by 

Fusarium circinatum mitovirus 1, 2-1, 2-2 (FcMV1, FcMV2-1 and 
FcMV2-2, respectively), contig 50 and contig 571 (model 310) are 
indicated by the symbol +

Isolate Origin Source FcMV1 FcMV2-1 FcMV2-2 Contig 50 Contig 571

FC5 Asturias Pinus canariensis Sweet ex K. Spreng - - - - -
FC122 Cantabria Tomicus piniperda L. - + - - +
FC179 Cantabria T. piniperda + + + + +
FC213 Cantabria Pityophthorus pubescens Marsham + + - - +
FC921 Cantabria T. piniperda - + - - -
Va70 Cantabria Pinus radiata D. Don - - - - -
FC13 Castile and León P. radiata - - - - -
FC14 Castile and León P. radiata - - - - -
FC20 Galicia Pinus nigra Arnold - + - - +
FC24 Basque Country P. radiata - - - - -
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(v/v) ethidium bromide (Merck, Germany) staining solution 
and then visualized under UV light. The sizes of the bands 
were estimated by comparison with DNA Molecular Marker 
II (Roche Life Science, Spain).

The remaining pool of RNA was sent to Fasteris SA 
(Switzerland; http​s://www.fast​eris​.com) for siRNA library 
construction and HTS (Illumina HiSeq 2500, Illumina Inc., 
USA). The sample processing consisted of acrylamide gel 
purification of small fragments of RNA, single-stranded 
ligation (3′ and 5′ adapters) and cDNA library generation 
by reverse transcription and PCR.

Alignment of Illumina sequence reads and de novo 
assembly

For the analysis, Illumina adapter sequences were removed 
from reads, using Trimmomatic software v0.32 [26]. Explor-
atory analysis of reads was performed with Geneious Pro 
6.0.6. [27] (Mapping parameters: sensitivity, medium-low; 
iterations for consensus, two; minimum mapping quality, 
99.90%; word length, 18 nt; maximum ambiguity, 4 states), 
and the complete reads dataset (1-50 nt) was mapped against 
the following queries: (a) genome of F. circinatum, (b) 
genome of the fungal mitochondria, (c) previously known 
F. circinatum mitoviruses (FcMV1, FcMV2-1 and FcMV2-
2), and (d) contigs of interest obtained in this study (see 
below). The size distribution of reads corresponding to viral 
genomes (vsRNA) was visualized in a histogram, and the 
mean size was calculated for each strain of virus. All reads 
between 19 and 35 nt were mapped against viral genomes 
using MISIS v2.7 [28] to identify sense and antisense 
vsRNA. In addition, the hotspots of vsRNA accumulation 
within viral genomes were analyzed as possible recognition 
sites for dicer proteins. The peak values were first identi-
fied using the “peakPick” package [29] of software R [30] 
(analysis window, ± 10 positions; limit, 12 standard devia-
tions). All peaks that were not covered by > 100 vsRNAs 
(sense and antisense) were then removed, and the range of 
the mean read size of each hotspot was calculated.

De novo assembly was conducted by computing a total 
of 33 models in the software Velvet 1.2.10 [31]. Each model 
was defined by three parameters: (a) read size (b) k-mer size, 
and (c) whether or not AssemblyAssembler 1.4 script (Jacob 
Crawford, Cornell University) was used for the analysis. The 
complete dataset of reads (read size between 1 and 50 nt) 
was used in a total of 12 analyses. In parallel, the complete 
dataset of reads was mapped against the host genome (i.e., 
the F. circinatum genome, accession ASM49732v2) using 
Bowtie software 1.2.0 [32]. The resulting non-aligned reads 
(i.e., reads that did not match with any region of the fungal 
genome) were selected for a total of 15 analyses in Velvet. 
The Bowtie output files showed that most informative reads 
were ≥14 bp long, and therefore the reads between 14 and 

31 bp were selected for six additional models. All k-mer 
values used for analysis were between 9 and 31 bp (Online 
Resource 1). A total of nine models were run using the post-
assembly script AssemblyAssembler 1.4. as reported previ-
ously for mycovirus assembly [18].

The models that simultaneously provided the highest val-
ues of N50 and number of contigs generated during Velvet 
computation were selected for further analysis. The con-
tigs were compared against known sequences in the NCBI 
GenBank Viruses database (taxid: 10239; http​s://www.ncbi​
.nlm.nih.gov/) using BLASTx and BLASTn (http​s://blas​
t.ncbi​.nlm.nih.gov/Blas​t.cgi) to identify viral sequences. 
The resulting contigs of these models were then aligned 
against the FcMV1, FcMV2-1 and FcMV2-2 genomes 
(GenBank accession numbers KF803546.1, KF803547.1 and 
KF803548.1, respectively) in Geneious Pro 6.0.6., in order 
to estimate the number of effective contigs (contigs that 
corresponded to the viral genome). Contigs with similarity 
of less than 90% to the reference sequence were removed 
from the alignment. The percentage sequence coverage was 
calculated to enable selection of the best model for each 
mycovirus.

Analysis of viral prevalence

RNA samples from the isolates included in pool prepara-
tion (see above) were used as templates for RT-PCR with 
selective primers. cDNA was synthesised using random hex-
amer primers and PrimeScriptTM II Reverse Transcriptase 
(Takara Bio USA Inc., USA) as described previously [33]. 
The subsequent PCR reactions were carried out using a 
KAPA Taq PCR Kit (Kapa Biosystems, USA) and eleven 
selective primer pairs (Table 2). The PCR reaction volume 
was 50 µl, and the protocol consisted of denaturation for 
10 min at 95 °C followed by 37 cycles of 30 s at 95 °C, 
45 s at the different annealing temperatures summarized 
in Table 2 and 2 min at 72 °C. The final elongation step 
consisted of 7 min at 72 °C [11]. The PCR products were 
separated for 50 min at 110 v in a 1.60% (w/v) agarose D1 
low-EEO gel stained with 0.004% (v/v) 10,000x GelRedTM 
(Biotium, USA). The size of the resulting fragments was 
determined by comparison with a DNA Molecular Marker II 
(Roche). The products of PCR reactions performed with the 
primer pairs FcontFOR/FcontREv and FcirCONT/FcirCON-
TRev were analyzed in a 2% (w/v) agarose D1 low-EEO 
gel under the above-mentioned staining and electrophoretic 
conditions. In these cases, the amplicon size was estimated 
by comparison with a 50 bp DNA ladder (Nippon Genet-
ics Europe, Germany). New primer pairs (Table 2) were 
designed using Primer3Plus software [34], and their homol-
ogy to query sequences was confirmed using Geneious Pro. 
6.0.6. The amplicons were sent to Macrogen Europe Inc. 

https://www.fasteris.com
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(The Netherlands; www.macr​ogen​.com) for DNA purifica-
tion and sequencing.

Sequences obtained using selective primers and Sanger 
sequencing were trimmed using Geneious Pro. 6.0.6 and 
compared to sequences available in the GenBank (NCBI) 
database using MegaBLAST (nr/nt database; taxid: 10239). 
All sequences obtained by direct sequencing of amplicons 
were aligned against FcMV1, FcMV2-1 and FcMV2-2.

Results

Yield and size distribution of the vsRNA reads

The small-RNA deep sequencing analysis included ten F. 
circinatum strains isolated from plant material and bark 
beetles (Table 1). The quality of the total RNA extracts 
used for the small-RNA library construction was accept-
able, based on spectrophotometry (absorbance ratio 260/280, 
1.85) and agarose gel analysis (visible bands of 18S and 28S 
rRNA). The total number of reads produced by the Illumina 
sequencer was 24,415,829 (insert size, 1-50 bp), correspond-
ing to 1230 megabases. The proportion of clusters that ful-
filled the default Illumina quality criteria was 95.73%, and 
the proportion of bases with a quality score ≥ 30 (Q30) was 
96.12%. The numbers of reads per insert size were distrib-
uted as follows: 60.26% inserts of 27-50 bp, 38.56% inserts 
of 18-26 bp, and 1.17% inserts with a size ≤ 17 bp (Fig. 1).

Regarding the annotation of reads, 86.55% of the 
obtained reads were assigned to the queries summa-
rized in Figure 2. The sequence coverage was 97.90% for 
FcMV1 and more than 98.50% for FcMV2-1 and FcMV2-2 
(Fig.  3). The mean read sizes that mapped with viral 
genomes were 25.52 ± 0.18 nt for FcMV1, 24.27 ± 0.10 nt 
for FcMV2-1, 24.99 ± 0.14 nt for FcMV2-2 (mean and 
standard error; Fig. 4). A total of 11, 21 and 28 hotspots 
fulfilled the selection criteria for plausible dicer recog-
nition sites in FcMV1, FcMV2-1 and FcMV2-2, respec-
tively. The mean size of reads accumulated in the hotspots 
ranged between 21.80 and 31.41 nt in FcMV1, 20.89 and 
29.55 nt in FcMV2-1, and 21.27 and 30.80 nt in FcMV2-2.  

Contig assembly and mapping

The highest values of N50 and the resulting contigs 
(Online Resource 1) were obtained for models 204, 310 
and 360. The viral contigs provided by these models 
were identified on the basis of comparison of sequences 
with those included in the NCBI GenBank Viruses data-
base (taxid: 10239) by using BLASTx and BLASTn. 
Using this approach, we detected 47, 40 and 40 contigs 
per model (i.e., models 204, 310 and 360, respectively), Ta
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corresponding to previously known F. circinatum mitovi-
ruses and two contigs that were apparently more similar to 
mitoviruses infecting other fungal species (i.e., contig 50 
and 571 from model 310, Table 3). The possible origin of 
these contigs was examined on the basis of RT-PCR with 
specific primers (see below). However, isolate FC179 was 
simultaneously infected by the three mitovirus strains and 
showed positive amplification for the two contigs consid-
ered (see below). In addition, only one FcMV2-2 infection 
was identified among the host isolates, whereas FcMV2-1 
was represented by multiple strains (N = 5, Table 1).

Based on mapping the contigs against the genomes of 
known F. circinatum mitoviruses, 0.21% of contigs result-
ing from model 204 corresponded to the FcMV1 genome, 
and 0.22% corresponded to both FcMV2-1 and FcMV2-
2. With model 310, 0.37% of the contigs corresponded 
to FcMV1, 0.37% to FcMV2-1 and 0.40% to FcMV2-2. 
With model 360, 0.37% of the contigs corresponded to 
the genome of FcMV1, 0.37% to FcMV2-1 and 0.40% to 
FcMV2-2. The three models showed more than 50% cov-
erage of the viral genome (Table 4), with model 310 and 
model 360 providing the best coverage values.

Detection of viruses by RT‑PCR and mitovirus 
identification

All of the PCR primers used yielded amplification products. 
The primer pair FMC3F1/FMC3Rev1 amplified sequences 
of FcMV2-1 and FcMV2-2 indistinctly, while the primer 
pairs FMC1F1/FMC1F1rev1, FMV1BL/FMV1BLrev, 
FMNGS1for/FMNGS1rev and FcontFOR/FcontREv pro-
duced amplicons only in the isolates infected by FCMV1. 
Similarly, the primer pairs FMC2MFor/FMC3Rev1 and 
FMNGS21fr/FMNGS21rv only amplified sequences that 
corresponded to FcMV2-1, while the primer pairs FMC-
3MidF/FMC3Rev1, FM22for/FM22rev and FMHTS22/
FMHTS22rev amplified fragments of FcMV2-2.

Two new primer pairs were designed based on the con-
tigs 50 and 571 (Table 3). Primer pair FcontFOR/FcontREv 
amplified a fragment of the expected size (163 nt) in one host 

isolate (i.e., FC179). The genome sequence of FcMV2-2 that 
had been deposited in the GenBank database was incom-
plete, and we therefore had to determine whether contig 50 
represents the 3′- proximal sequence that was lacking for 
this virus. We found that contig 50 could be aligned with 
the sequence of a previously unpublished cloned genome 
fragment from isolate FcCa070 [10], linking it with the end 
of the FcMV2-2 sequence (Online Resource 2). In addition, 
the whole dataset was mapped against FcMV2-2, including 
contig 50 at the 3′ end (Fig. 3d), and the distribution of read 
sizes was also investigated, revealing a mean size of 24.94 
± 0.13 nt in length (Fig. 4). The primer pair FcirCONT/
FcirCONTRev amplified fragments of similar sample size to 
that expected for contig 571 in four host isolates (Table 1), 
irrespective of the presence or absence of previously known 
F. circinatum mitovirus strains. However, the sequences 
obtained were not informative due to the short length of the 
amplicons (< 50 bp) (Tables 1 and 2). Otherwise, contig 571 
shared ~60-65% global nt sequence identity with the three 
previously known F. circinatum mitoviruses.

A total of 50% of the isolates were virus-free, while 10% 
had a single infection and 40% of the F. circinatum strains 
were co-infected (Table 1). More specifically, FC921 was 
infected with FcMV2-1, while FC20 and FC122 were co-
infected with FcMV2-1 and a possible new mitovirus vari-
ant (contig 571). In addition, multiple virus infection was 
observed in two of the isolates: isolate FC213 was infected 
with FcMV1, FcMV2-1 and contig 571, and isolate FC179 
was infected with FcMV1, FcMV2-1, FcMV2-2 and contig 
571.

Discussion

Next-generation sequencing is a powerful tool for the analy-
sis of viral infections [17, 35]. In this study, HTS of vsRNA 
was used for the first time to recover members of the family 

Fig. 1   Size distribution of small RNA reads obtained using Illumina 
HTS

Fig. 2   Distribution of annotated reads from HTS analysis by category
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Narnaviridae infecting F. circinatum, demonstrating the 
suitability of this approach, as shown previously for myco-
viruses infecting Heterobasidion spp. [18]. Vainio et al. [18] 
used a similar computing method and reported that 3.70% of 
resulting contigs corresponded to viruses, while less than 1% 
did so in this study. Similarly, Donaire and Ayllón [19] found 
a higher proportion of reads corresponding to viral genomes. 
By contrast, similar yields to those found for F. circinatum 
mitoviruses were obtained in other studies focused on plant 

viruses and mycoviruses [17, 36]. The low percentage of 
viral sequences detected might be explained by the low 
quality of the RNA, although the Q30 values and the low 
proportion of reads ≤ 17 nt (Fig. 1) did not indicate degrada-
tion of the RNA. Possible biological explanations include a 
low rate of viral replication (latency) at the time when RNA 
was extracted or reduced activity of the RNAi machinery. 
In this regard, it is known that mitoviruses replicate inside 
mitochondria, while RNA silencing mainly occurs in the 

Fig. 3   Distribution of reads (19-35 bp) from small-RNA sequencing along the (a) FcMV1 complete genome, (b) FcMV2-1 complete genome, 
(c) FcMV2-2 partial genome and (d) FcMV2-2 partial genome including contig 50 at the 3′ extreme

Fig. 4   Size distribution of small 
RNA reads matching with the 
genome of F. circinatum, the 
genome of the fungal mitochon-
drion, and mitoviruses hosted 
by F. circinatum (FcMV1, 
FcMV2-1, FcMV2-2 and 
FcMV2-2 including contig 50). 
Sizes with relative abundance 
lower than 0.50% are not shown
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cytoplasm. However, effective RNAi has been reported in 
other fungi infected by members of the family Narnaviridae 
including members of the genus Mitovirus. [19]. Thus, the 
mitochondrion embodies a key element in signalling path-
ways that trigger the antiviral response in humans and other 
mammals [37, 38]. Recently, Nibert [39] investigated the 
relationship between the presence of UGA codons in the 
genome of mitoviruses and in the genetic code of the host 
mitochondrion. This triplet is read as a tryptophan codon in 
the genetic code of mitochondria but as a stop codon in the 
standard code. The findings reported by Nibert [39] suggest 
that mitoviruses hosted by F. circinatum (i.e., FcMV1 and 
FcMV2-1), which have a high percentage of UGA codons 
in their genomes, are unlikely to be translated in the cytosol. 
This finding might explain the low proportion of reads pro-
vided by HTS in this study. On the other hand, a signalling 
pathway involving mitochondria and possible RNA silencing 
activity inside mitochondria [19] cannot be ruled out as ele-
ments of the antiviral response in this fungus.

To our knowledge, this study represents the first exami-
nation of the molecular antiviral response in F. circinatum, 
and hence, vsRNA analysis might provide insights into 
this process. As shown in Figure 4, the most informative 
read size ranged between 19 and 35 nt (i.e., >50% of reads 
between 20-26 nt in each virus strain), which is consist-
ent with the size of vsRNA reported in other filamentous 
fungi [18, 40, 41]. For de novo assembly, either 14 to 31-nt 
(Bowtie output) or 1 to 50-nt reads were used, resulting in a 
similar contig yield as when a k-mer of 17 was used. These 
results show that multiple model computation is required to 
prevent underestimating reads with biological significance. 
Chen et al. [36] also observed multiple vsRNA sizes among 
HTS reads and suggested the possible participation of mul-
tiple dicer-like proteins in RNAi of maize (Zea mays L.). In 
chestnut blight, two dicer proteins (genes dcl-1-2) have been 
identified, and their participation in the antiviral response 
has been reported [42]. Similarly, four argonaute-like genes 
(agl1-4) have also been characterized in C. parasitica, with 
the agl2 gene being the only one required for the induction 
of RNA silencing of viruses [43]. Otherwise, the results 
reported here confirmed several hotspots along the viral 
genome reported by Donaire et al. [44], possibly suggesting 
multiple recognition sites for dicer proteins. Further studies Ta
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Table 4   Sequence coverage of the FcMV1, FcMV2-1 and FcMV2-2 
genomes by the resulting effective contigs of the three best models

*partial genome

Mycovirus Model 204 Model 310 Model 360

FcMV1 39.7 % 59.9 % 59.9 %
FcMV2-1 52.1 % 52.7 % 52.7 %
FcMV2-2* 35.9 % 53.5 % 53.5 %
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are therefore required to characterize the pathways involv-
ing the RNAi machinery (e.g., cleavage motifs for dicer) in 
F. circinatum.

In this study, the viral prevalence was moderate to high 
(i.e., 50% of isolates were infected by mycoviruses), while 
the coinfection rate was moderate despite the small sample 
size. These findings are consistent with those of Vainio et al. 
[11], who reported that isolates from the Cantabria region 
showed moderate-high rates of single and double infection 
(>80% in some locations), while none of the F. circinatum 
strains from the Basque Country showed infection. Regard-
ing other geographical locations, isolates from Castile and 
León and from Asturias did not show any infection; however, 
40% of the isolates from Asturias were infected by FcMV1 
in the above-mentioned study. Interestingly, the isolate 
from Galicia (FC20) was coinfected, although this was not 
detected in an earlier study [11]. The most plausible expla-
nation for the new detection is the use of novel primer pairs 
or the possible low rate of viral replication suggested above. 
Mycoviruses appear to be more abundant in Cantabria than 
in other locations. However, more samples were colleted 
there than in other parts of the Iberian Peninsula. Schoe-
bel et al. [45] studied the genetic diversity of Hymenoscy-
phus fraxineus mitovirus 1 (HfMV1; family Narnaviridae) 
throughout the distribution range of its host, the invasive 
fungus Hymenoscyphus fraxineus (T. Kowalski) Baral, Que-
loz & Hosoya. The researchers concluded that two phylo-
genetic groups of viruses are present in Europe, which is 
consistent with the proposed introduction of two individuals 
of H. fraxineus from Asia. Considering all of these data, we 
conclude that there is no clear pattern in the distribution of 
mycoviruses hosted by F. circinatum in Spain. Nonetheless, 
further studies are required to clarify whether the prevalence 
of FcMV1, FcMV2-1 and FcMV2-2 is related to a founder 
effect, as two introductions of F. circinatum in Spain have 
been suggested [46]. In this study, small-RNA deep sequenc-
ing revealed two contigs that showed similarities to myco-
viruses not previously reported as being hosted by F. circi-
natum. Regarding the sequencing and read mapping results, 
we consider it likely that contig 50 represents the 3′ end of 
the incomplete genome of FcMV2-2. However, the positive 
RT-PCR amplification using specific primers did not provide 
enough information to definitively support identification of 
contig 571 as part of a new viral strain.

In summary, we used deep sequencing to investigate the 
infection of Mitovirus spp. in the forest pathogen F. circi-
natum. The findings show that HTS followed by de novo 
assembly is suitable for detecting previously identified 
mitoviruses, even at low viral prevalence. By contrast, this 
method was of limited value for characterizing new viral 
strains. Finally, we describe new primer pairs for use in 
future research focused on viral infection of F. circinatum.
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