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A B S T R A C T   

Viruses in the families Circoviridae and Anelloviridae have circular single-stranded DNA genomes and have been 
identified in various animal species. Some members of the Circoviridae family such as beak and feather disease 
and porcine circovirus have been found to cause disease in their host animals. Anelloviruses on the other hand 
have not been identified to cause disease in their hosts but are highly prevalent in mammalian species. Using a 
non-invasive sampling approach, we identified novel circovirus and anelloviruses from faecal samples of wol
verines dwelling in Montana, USA. Wolverines are forest carnivores that feed on a wide variety of carrion and 
other prey species, and they occupy diverse habitats across northern Europe to North America. Little is known 
about viruses associated with wild wolverines. Our investigation of the faecal samples resulted in the identifi
cation of a novel circovirus from three out of four wolverine samples, two collected in 2018 and one in 2019. 
Comparison with other circoviruses shows it is most closely related to a porcine circovirus 3, sharing ~69% 
identity. Additionally, three anellovirus genomes were recovered from two wolverine faecal samples which share 
68-–69% ORF1 nucleotide similarity with an anellovirus from another mustelid species, pine martens. Here we 
identify novel single-stranded DNA viruses associated with wolverine and open up new avenues for research.   

1. Introduction 

Wolverines (Gulo gulo) are carnivorous animals whose habitat spans 
the arctic, boreal, and alpine wilderness territories ranging from North 
America to northern Europe (Aubry et al., 2007; Krebs et al., 2007; 
Scrafford et al., 2017). Wolverines are the largest land-dwelling species 
of the family Mustelidae. They have powerful jaws and sharp claws, 
which they use to scavenge, feeding primarily on the decaying remains 
of dead animal carcasses during winter. The diet of wolverines consists 
of a wide range of rodents and ungulates (van Dijk et al., 2008). Their 
diverse diet and circumpolar distribution make wolverines an inter
esting candidate for observing the potential pathogens they may 
encounter in the wild. Studies describing infectious pathogens that are 
prevalent among wolverine populations are limited. A serological study 
described the prevalence of wolverine antibodies to canine distemper 

virus (CDV), canine parvovirus (CPV), and canine adenovirus (CAV) 
(Dalerum et al., 2005). This study indicated that of the 64 Alaskan 
wolverine samples collected between 1998 and 2002, four samples had 
antibodies to CDV (7%), one contained antibodies to CPV (2%), and no 
samples contained antibodies to CAV (Dalerum et al., 2005). The scar
city of literature describing infectious viral agents in wolverine pop
ulations highlights the need to better understand their virome. 

In this study, through the analysis of faecal samples collected from 
wolverine resident living in the Flathead Valley region in the Northern 
Rocky Mountains of Montana (USA), we identified novel viruses in the 
families Circoviridae and Anelloviridae. 
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2. Materials and methods 

2.1. Sample collection, viral DNA extraction and high-throughput 
sequencing 

We opportunistically collected four faecal samples from wolverines 
in the Flathead Valley of the Northern Rocky Mountains, Montana, USA 
during the winter of 2018 (n = 3) and 2019 (n = 1). Faecal samples were 
stored at − 20 ◦C. 5 ml of SM buffer was added to 5 g of the faecal sample, 
which was first homogenised and then centrifuged at 10,000 rpm for 10 
mins. The supernatant was filtered through a 0.22 μm syringe filter and 
viral-like particles precipitated with 10% PEG w/v and centrifuged at 
10,000 rpm for 10 min to form a pellet. The pellet was resuspended in 
500 μl of SM buffer, and 200 μl of this was used to extract viral DNA 
using the High Pure viral nucleic acid kit (Roche Diagnostics, USA). 1 μl 
of the extracted DNA was then used in a rolling circle amplification 
(RCA) reaction using TempliPhi 2000 kit (GE Healthcare, USA). RCA 
products were sequenced on an Illumina NovaSeq 6000 sequencer at 
Psomagen (USA). The resulting read data were trimmed using Trim
momatic (Bolger et al., 2014) and the trimmed reads were de novo 
assembled using SPAdes v 3.12.0 (Bankevich et al., 2012). Contigs were 
then filtered for those with similarities to circoviruses and anelloviruses 
using BlastX (Altschul et al., 1990) and specific abutting primers were 
designed based on these contigs. 

2.2. Recovery and sequence assembly of circovirus and anellovirus 
genomes 

For recovery of viral genomes from individual samples, polymerase 
chain reaction (PCR) was performed using the specific abutting primers. 
For the circoviruses the following primers were used: Wolv_circo1F: 
5′TAG CCA TCC TTC TGT TGA CCA GCT GC′3 Wolv_circo1R: 5′-CAG 
GAT GAC CCA TAT GCT AAC TCC TCC A′-3, and for the anelloviruses 
the following primers were used; Wolv_anello1F: 5′-CAC CAG ATG TAA 
ACT ACT TTT CCT TCC-′3 Wolv_anello1R: 5′-GGA TGT GGG TAT AGT 
ATG AGT TTA GTT CC-′3 and Wolv_anello2F: 5′-GTG GAA AGA TCA 
AAA TAA GTA CAC CGA TCC-′3 Wolv_anello2R: 5′-CCT CTA TAA CTA 
TAT AGT CTG GTG GGA AAG-′3. 10 μl PCR reactions were performed 
using Kapa HiFi DNA polymerase (Kapa Biosystems, USA) water, 1 μl of 
the specific primer pair, and 1 μl of the RCA template DNA. 

The four wolverine samples were screened using each primer pair. 
PCR amplicons were resolved in a 0.7% agarose gel and amplicons of the 
correct size were excised from the gel, purified, and cloned into pJET 1.2 
vector (ThermoFisher Scientific, USA), and transformed into XL blue 
E. coli cells. The E. coli transformants were PCR screened to confirm 
plasmid with correct insert was present. Colonies harbouring the correct 
recombinant plasmids were grown overnight in a shaking incubator at 
37 ◦C and the recombinant plasmids were purified and Sanger 
sequenced at Macrogen Inc. (Korea). The Sanger sequence reads of both 
circoviruses and anelloviruses were assembled using Geneious Prime 
2021.0.3 (Biomatters Ltd. New Zealand). 

2.3. Bioinformatic analyses 

2.3.1. Circoviruses 
Representative genomes of the circoviruses, one genome represent

ing a species, were downloaded from GenBank and linearized at the 
nonanucleotide sequences. From these replication-associated protein 
(rep) and capsid protein (cp) gene sequences were extracted and used to 
build protein sequence datasets of the Rep and CP. 

Datasets of the full genome, Rep and CP amino acid sequences, 
together with the circoviruses identified in this study were aligned using 
MAFFT (Katoh and Standley, 2013). Maximum likelihood phylogenetic 
trees were constructed from the aligned full genome, Rep and CP data
sets using GTR + G + I, LG + G + I, and LG + G + F substitution models 
(determined in MEGA V7 (Kumar et al., 2016)), respectively with 

PhyML (Guindon et al., 2010). TreeGraph2 was used to collapse 
branches with aLRT values below 0.8 support (Stover and Muller, 2010). 
The phylogenetic trees were rooted (cyclovirus sequences as outgroup) 
and visualised in FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/ 
figtree/). 

2.3.2. Anelloviruses 
Complete genomes of anelloviruses available in GenBank were 

downloaded and ORF1 gene sequences were extracted to build an ORF1 
dataset. The ORF1 dataset together with the ORF1 of the anelloviruses 
identified in this study were translated and aligned using MAFFT (Katoh 
and Standley, 2013). The resulting alignment was used to infer an 
approximately-maximum-likelihood phylogenetic tree using FastTree 
(Price et al., 2010) with JTT + CAT model substitution model. Branches 
with less than 0.6 posterior support were collapsed in Treegraph2 
(Stover and Muller, 2010). 

2.3.3. Pairwise identities 
All pairwise identities (nucleotide and amino acid) were determined 

using SDT v1.2 (Muhire et al., 2014). 

3. Results and discussion 

3.1. Identification of novel anelloviruses and circoviruses from wolverine 
samples 

We used a metagenomic approach to identify novel anelloviruses and 
a circovirus from wolverine faecal samples opportunistically sampled 
during 2018 and 2019 in the Northern Rocky Mountains of Montana. 
Three faecal samples from wolverines (ID # 37,38,39) were sampled in 
the winter of 2018 and one (ID# 40) was sampled in the winter of 2019. 
Among de novo assembled contigs generated from the high-throughput 
sequencing data, we identified sequences with similarities to a circovi
rus and two with similarities to anelloviruses. Based on these contigs we 
designed abutting primers to recover and screen the four samples for 
these viruses. 

Circoviruses are small single-stranded DNA viruses that have ge
nomes of about 2 kb encoding two known proteins, replication- 
associated protein (Rep) and a capsid protein (CP) (Breitbart et al., 
2017) have been found in various animal species (Rosario et al., 2017). 
Some circoviruses are known to cause disease in their host, for example 
beak and feather disease virus (BFDV) which causes malformations of 
the tissues/matrices that allow proper beak and feather development 
(Bert et al., 2005). 

Anelloviruses are another group of ssDNA viruses commonly found 
in wildlife. (Bigarre et al., 2005; de Souza et al., 2018; Kaczorowska and 
van der Hoek, 2020; Ng et al., 2009; Nishiyama et al., 2014). Their 
genome is also between ~1.7–4 kb in size (Biagini, 2009; Biagini et al., 
2011). Anelloviruses are believed to be present in up to 90% of people 
(de Souza et al., 2018). While these viruses appear rather ubiquitous, no 
known disease has been directly implicated in an anellovirus infection 
(Kaczorowska and van der Hoek, 2020). Several studies have docu
mented the prevalence and diversity of anelloviruses in animal pop
ulations (Bigarre et al., 2005; Ng et al., 2009; Nishiyama et al., 2014). It 
is not yet known if the relationship between anelloviruses and animals is 
pathogenic or more commensal in nature (Kaczorowska and van der 
Hoek, 2020). Anelloviruses have a large gene (ORF1) whose translation 
product is involved in the replication and encapsidation of the virus 
(Biagini et al., 2011). 

Three circoviruses were identified in three of the four wolverine 
faecal samples (ID# 38, 39 sampled in 2018; ID# 40 sampled in 2019). 
The three anelloviruses were identified in two of the four wolverine 
faecal samples (ID# 38,39 both sampled in 2018), with two variants 
present in the same wolverine faecal sample (ID# 38). 
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3.2. Circoviruses 

The three circoviruses that we identified are 1967 nts in length and 
were present the typical circovirus genome organization of a CP and a 
Rep. Pairwise comparison of these three genomes shared ~97.7% 
pairwise sequence identity and thus we have named all these three as 
wolvfaec circovirus. Their Reps and CPs share 98.2% and 99.1% pair
wise amino acid identity, respectively (Fig. 1). When compared to other 
circoviruses, the wolvfaec circoviruses share 57–68.6% genome-wide 
pairwise identity, whereas their Reps share 41.5–65.5%, and CPs from 
23.4–56.4% identities. Based on the current classification of circoviruses 
with an 80% (Rosario et al., 2017) species demarcation threshold for 
genome-wide comparisons, the wolvfaec circoviruses represent a new 
species of circovirus. The wolvfaec circoviruses are phylogenetically 
most closely related to porcine circovirus 3 (GenBank accession 
KT869077) (Fan et al., 2017). Within the Rep of the wolvfaec circovi
ruses we identified RCR and SF3 helicase motifs (Fig. 1) which are 
similar to those of other circoviruses (Rosario et al., 2017). We believe 
the three circoviruses that we recovered from three wolverine faecal 
samples in 2018 and 2019, were either infecting wolverines themselves 
or from a prey animal. 

3.3. Anelloviruses 

Anelloviruses have been identified in various mammalian species. 
The Anelloviruses that we recovered from wolverines are 2,607–2,609 
nts in length and have three predicted open reading frames; ORF1, ORF2 
and ORF3 (Fig. 2). Two of the anelloviruses share 99.8% ORF1 nucle
otide identity, and 99.6% amino acid identity, and were identified in 
sample ID# 38 and 39, both were sampled in 2018. The third anellovirus 
from sample ID# 38 shares ~79% ORF1 nucleotide and ~ 80% amino 
acid pairwise identity with the other two. In comparison to the other 
anellovirus ORF1 nucleotide sequences, the ORF1s of the three anello
viruses identified in this study share 57.1–68.9% nucleotide and 
31.2–60.2% amino acid identity (Fig. 2). Therefore, the anelloviruses we 
identified based on the species demarcation of anelloviruses (Biagini, 
2009; Biagini et al., 2011), represents a new anellovirus species, and 
thus we have named these torque teno mustelid virus 2. Interestingly, 
they are most closely related to the anellovirus referred to as pine 
marten torque teno virus 1 (Genbank accession JN704611) (van den 
Brand et al., 2012). 

4. Concluding remarks 

Literature pertaining to wolverine infection and pathology is rather 
limited such as their elusive nature due to the inherent obstacles in 
investigating infectious agents in wolverine populations. Wolverine 
habitats are typically remote and widely distributed across a variety of 
environments across Europe and North America (Scrafford et al., 2017). 
Utilising a non-invasive faecal sampling approach, we identified a novel 
circovirus in three wolverine faecal samples, of which two were 
collected in 2018 and one in 2019, demonstrating that this virus infects 
wolverines or their prey. Future research is needed to determine if 
wolverines are the true host and whether this virus is pathogenic. 
Additionally, we identified three anelloviruses (torque teno mustelid 
virus 2) belonging to two groups in two wolverine faecal samples from 
the same year, however, one has two variants that are ~20% dissimilar. 
These wolverine anelloviruses were most closely related to another 
mustelid supporting wolverines as the likely host. These findings create 
new opportunities to understand the relationship between hosts, circo
viruses, and anelloviruses. Continued research is needed to explore the 
wolverine virome. 
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