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Red  foxes  (Vulpes  vulpes)  are  the  most  abundant  carnivore  species  in  the  Northern  Hemisphere.  Since
their populations  are  well  established  in  peri-urban  and  urban  areas,  they  represent  a  potential  reser-
voir  of  viruses  that transmit  from  wildlife  to humans  or domestic  animals.  In this  study,  we  evaluated
the  faecal  virome  of  juvenile  and  adult  foxes  from  peri-urban  areas  in  central  Croatia.  The  dominating
mammalian  viruses  were  fox picobirnavirus  and  parvovirus.  The  highest  number  of  viral  reads  (N =  1412)
ircovirus
arvovirus
icobirnavirus
ed fox
iral metagenome

was attributed  to a new  fox  circovirus  and  complete  viral  genome  was  de  novo  assembled  from  the  high-
throughput  sequencing  data. Fox  circovirus  is  highly  similar  to dog  circoviruses  identified  in  diseased  dogs
in USA and Italy,  and  to  a  recently  discovered  circovirus  of foxes  with  neurologic  disease  from  the  United
Kingdom.  Our  fox picobirnavirus  was more  closely  related  to the  porcine  and  human  picobirnaviruses
than  to known  fox  picobirnaviruses.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Red foxes (Vulpes vulpes)  are the most abundant and widespread
arnivore species in the Northern Hemisphere. Populations of the
ed fox are well established in peri-urban and urban areas, so
hey represent a potential reservoir of viruses that transmit from
ildlife to humans or domestic animals. Foxes and dogs (Canis

upus familiaris) often share the same viral pathogens such as canine
arvovirus 2, canine enteric coronavirus, rotavirus and canine dis-
emper [1]. The most important is rabies, which was endemic in
roatia since 1977, but today almost eradicated thanks to the ongo-

ng vaccination campaigns using oral rabies vaccine to target the
ed fox population in Croatia [2]. Fox carcasses, collected regu-
arly to access the effectiveness or vaccination, can also be used
or various laboratory investigations.

Today, high-throughput sequencing followed by viral metage-
omic analysis has proved to be powerful tool for exploring and
nalysing new and existing viruses from variety of human and ani-
al  sample types and faeces are commonly studied.
In the present study we evaluated the faecal virome of asymp-
omatic juvenile and adult red foxes from peri-urban areas
n central Croatia using random cDNA synthesis followed by
igh-throughput Illumina sequencing. Considering the fact that

∗ Corresponding author: Tel.: +385 1 612 3605.
E-mail address: ilojkic@veinst.hr (I. Lojkić).

ttp://dx.doi.org/10.1016/j.cimid.2016.01.005
147-9571/© 2016 Elsevier Ltd. All rights reserved.
composition of the faecal virome of foxes has been studied recently
[3], our results showed different viral profile. We  detected a new
fox circovirus and other viruses including fox parvovirus and fox
picobirnavirus but not the astroviruses and hepevirus.

2. Materials and methods

2.1. Sample collection

Twenty four fox carcasses were collected during a regular fox
shooting period associated with the nationwide oral rabies vaccina-
tion (ORV) of foxes approved by Croatian Ministry of Agriculture. All
foxes were collected in central Croatia in two counties: Zagrebačka
and Bjelovarsko-Bilogorska (peri-urban area). Fox jaws were sub-
jected to age and tetracycline determination, the key techniques
in the evaluation of oral vaccination effectiveness [4] and accord-
ing to result classified as adult or juvenile. Carcasses were frozen
at −80 ◦C for 1 week and after defrosting, faecal materials were
sampled from the rectum of the foxes and frozen at −80 ◦C until
processing. Samples from juvenile foxes were pooled into four sam-
ples, two  samples per county. The same criterion was  applied to the
samples from adult foxes.
2.2. Sample preparation and viral nucleic acid extraction

A 10% (wt/vol) mixture of faeces in phosphate-buffered saline
(PBS) was prepared and centrifuged. The supernatants were then

dx.doi.org/10.1016/j.cimid.2016.01.005
http://www.sciencedirect.com/science/journal/01479571
http://www.elsevier.com/locate/cimid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cimid.2016.01.005&domain=pdf
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ltered using 0.22 �M filters (Millipore, USA) to remove remaining
ell fragments and bacteria. The resulting filtrates were subse-
uently subjected to nuclease treatment with 100 U of DNase

 (New England Biolabs, UK) at 37 ◦C for 1 h. The resulting
irion-enriched samples were used for simultaneous viral RNA
nd DNA automatic extraction using iPrep viral kit and iPrep
nstrument (Invitrogen, USA). Ribosomal RNA was  depleted from
he genomic DNA-depleted samples using 30 �l of RNA, 3 �l of
eaction buffer A, 0.5 �l Riboguard Rnase inhibitor (20–40 U/�l,
picentre Biotechnologies, USA) and 1 �l (1 U/�l)TerminatorTM 5′-
hosphate-Dependent Exonuclease (Epicentre). The mixture was
ncubated at 30 ◦C for 60 min. Thereafter the samples were sub-
ected to a subsequent round of purification using RNA clean XP
Beckman Coulter, USA) magnetic beads and then used as template
or double-stranded cDNA synthesis using random hexamers, ran-
om primer FR26RV-N (5′ GCC GGA GCT CTG CAG ATA TCN NNN NN
′) at a concentration of 0.5 �M and FR40RV-T primer (5′ GCC GGA
CT CTG CAG ATA TC (T)20 3′) at 0.05 �M [5] with cDNA Synthesis
ystem Kit (Roche Diagnostic GmbH) according to the manufac-
urer’s instructions.

.3. Library construction and Nextera XT Illumina sequencing

The resulting dsDNA was quantified using Qubit fluorimeter
Life Technologies, USA), and diluted to a final concentration at
.2 ng/uL (1 ng total of each sample). Sequencing libraries were then
repared using Nextera XT sample preparation and Nextera index
its (Illumina, USA) using 5 uL of diluted dsDNA according to man-
facturer’s instructions and then sequenced using the MiSeq nano
00 cycles kit on MiSeq platform (Illumina). An option for automatic
rimming for quality and primer was used.

.4. Data analysis

The resulting Fastq files for each paired read were subjected
o de novo contig assembly (CAP3), with criteria of 90% minimum
verlap identity and a minimum overlap length of 40 nucleotides;
ontigs < 200 bp in length were not analysed further. Both, reads
nd contigs were compared to the GenBank non-redundant pro-
ein database using BLASTx with an E-value cut-off of 10-4 and
earch was filtered to be restricted to the sequences in the database
hat correspond to subset Viruses (taxid:10239). The Blast out-
ut was used to create a taxonomic classification of the reads
nd contigs with Megan 5.8.3. [6]. The reference sequences were
ownloaded from the NCBI (http://www.ncbi.nlm.nih.gov/) for
urther assemblies using Geneious 5.0.8. The raw sequence data
ave been submitted to the Sequence Read Archive (SRA) at
enBank with SRA accession number SRP056276. The nucleotide
equences obtained from our study were deposited in GenBank
ith accession numbers KP941111-KP941114. Recombination

nalysis of multiple sequence alignments was conducted with
AT [7].

.5. Phylogenetic analyses

jModelTest V.0.1.1. [8] was used to estimate best-fit model by
ierarchical likelihood ratio tests (hLRTs) and approximate Akaike

nformation criterion (AIC). Global alignments, Neighbour-joining
NJ) and maximum likelihood (ML) phylogenetic analyses were
enerated using MEGA 6 [9]. Reliabilities of phylogenetic relation-

hips were evaluated using nonparametric bootstrap analysis with
000 replicates for NJ and ML  analysis. Bayesian Inference (BI) anal-
sis [10] was performed with MrBayes v3.0b3. [11]. The GenBank
ccession numbers of the viral sequences used in the phylogenetic
nalyses are shown on tree figures.
ogy and Infectious Diseases 45 (2016) 10–15 11

3. Results

3.1. Overview of sequence data

In this study, 8 pooled fox faecal samples of juvenile (marked
as 55588, 55591, 55594, 55596) and adult (55539, 55589, 55590,
55592) animals were used for metagenomic analysis by random
cDNA synthesis followed by high-throughput sequencing. From
the total of 285,838 obtained reads, 9,798 reads showed sig-
nificant sequence identities to known viruses. Among the viral
contigs, 64.4% were bacterial viruses and 22.6% were not assigned
to any virus family. The pie charts of assigned viral reads obtained
by Megan 5 for all 8 samples are shown in Fig. 1. The ratio
between assigned eukaryotic virus sequences vs. bacteriophage
sequences were 54.8%: 45.2% in the adult foxes and 16.02%: 83.08%
in juvenile. The dominating mammalian virus in adult foxes was
picobirnavirus.

3.2. Virome of fox faeces

Fox Circovirus.  Circovirus sequences were found in three sam-
ples, two from juvenile foxes with relatively low number of reads
(28 and 30), respectively. From sample 55590 (adult foxes; Fig. 1,
Table 1) a single de novo assembled genome-sized contig was  gen-
erated from even 1412 specific reads with mean coverage = 139
(GenBank accession no. KP941114). Phylogenetic analysis of com-
plete nucleotide (nt) sequence (Fig. 2) showed that our sequence
clustered with recently identified canine circoviruses (214, H3,
Bari/411, UCD2-3216, UCD3-478) and newly described circovirus
from fox sera (VS7). The genetic relatedness with circoviruses
sequences of other species was  low (<50% nt identity with porcine
circoviruses). Our fox circovirus genome comprises 2063 nt with
a GC content of 52.3%. The genome contains two  putative open
reading frames (ORFs), on complementary strands in opposite ori-
entation that encode the viral replicase (rep) (303 amino acids (aa))
and capsid (cap) protein (270 aa). It has two intergenic noncoding
regions that are 135 and 203 nt long.

In the rep gene, the identity to canine circoviruses was gener-
ally high with the highest identity to strain UCD3 and fox isolate
VS7100005 (94% aa) and the lowest to the Bari/411–13 (89% aa). In
contrast to rep, in the cap protein the highest identity was  observed
to fox isolate VS7100005 (92%), dog strain Ha13 (91.4%), while
identity to strain UCD3 was lower (88.1%). There is no proof for
recombination event.

Fox picobirnavirus. We  detected sequences with homology to
picobirnaviruses in 6 out of 8 samples (Fig. 1). All pooled sam-
ples of adult foxes had relatively high number of picobirnaviral
sequence reads (N = 416); there were only two juvenile samples
that had picobirnaviral reads (N = 22) (Table 2). Sample 55590
(adult foxes) had 38 contigs matching members of Picobirnaviridae
assembled from 150 reads (max coverage = 8×), so the whole-size
RNA-dependent RNApolymerase (RdRp) sequence has been gener-
ated mapping to picobirnavirus consensus sequence. The complete
coding sequence of picobirnaviral RdRp gene from the sample
55590 (GenBank accession no. KP941111) consisted of 1650 nt (549
aa) and was  longer than recently described fox picobirnavirus F5-1
(GenBank accession no. KF823811; 1620 nt). Phylogenetic analy-
sis of our picobirnavirus nt sequence (Fig. 3) with other RdRp gene
sequences of picobirnaviruses of similar length showed that the
obtained sequence of the RdRp gene was more closely related to
the porcine picobirnavirus than to fox picobirnavirus. Aminoacid
sequence alignment and comparison revealed the greatest similar-

ity to porcine picobirnavirus KF861773 (69%), human AB517731
(69.2%) and to fox KF823811 (68%).

Fox Parvovirus.  Parvovirus were present in all four adult and
one juvenile sample (Fig. 1, Table 2) with the highest number of

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Fig. 1. The percentages of assigned viral sequence reads classified by viral families in faecal samples from juvenile (A) and adult (B) foxes. Sequence classification of data
sequences based on BLASTx (E value of ≤10−4).

Table 1
Number of total reads and percentage of viral reads.

Sample 55588 55591 55594 55596 55539 55589 55590 55592

Total no. of reads 56,592 40,042 2686 18,154 13,628 30,784 95,114 28,838
%  viral reads 8.74 1.67 3.42 29.84 1.01 1.34 6.82 1.18

Fig. 2. Phylogenetic analyses of the complete fox circovirus nucleotide sequence and various known circoviruses with chicken anaemia virus (genus Gyrovirus) as outgroup.
The  tree is inferred using NJ, ML  and BI analysis with Tamura-Nei evolutionary model (NJ/ML) and General-Time-Reversible + Gamma model (BI). The sequence identifiers
include the NCBI accession number and isolate name. The Croatian isolate is indicated in bold italics. Bootstrap supports (N = 1000) and Bayesian posterior probabilities are
indicated on branches (NJ/ML/BI).
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Table  2
Percentage of reads assigned to specific virus family.

Virus Juvenile no. of reads Adult no. of reads Total

Picobirnaviridae 22 416 438
Circoviridae 58 1412* 1470
Parvoviridae 4 120 124
Retroviridae 42 76 118
Herpesvirales 14 4 18
IAS  6 82 88
Rodent stool – 10 10
Adenoviridae – 62 62
ss-RNA 28 14 42
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* From sample 55590.

eads (N = 110) and contigs (N = 24) in sample 55589 (adult foxes).
he well covered regions of fox parvovirus, including a partial NS
720-bp; KP941113) and a partial VP2 (528-bp; KP941112) were
cquired and showed an nt identity of 99.6 and 99.8%, respectively,
o fox parvovirus (KC692368).

Other viruses.  Sixty-two adenoviral reads assembled to 31 con-
igs with the largest contig having 431 nt were present in a sample
rom an adult fox-55592 (Fig. 1, Table 1) with 68–81% similarity
o simian adenoviruses. Eighty-two reads 70–100% identical to IAS
irus were found among adult foxes and only three reads in juve-
ile. The largest number of IAS contigs (N = 27) and the longest
ontig of 500 nt were present in sample 55589 (Fig. 1, Table 1).
here were several short contigs grouped with ss-RNA viruses that
ere most similar to Ngari virus sequence. A total of 10 reads sim-

lar to rodent stool-associated circular virus were present in three
ooled samples of adult foxes (Fig. 1, Table 1). Among contigs that
ere grouped with ss + RNA the largest number showed identity
ith Tombusviridae-plant viruses. All samples contained at least

ne plant virus and most contained sequences from several plant
iruses. Retroviral contigs (N = 118) were present in all sequences
nd were 96–100% identical to avian leucosis virus (AVL),
hich resulted from contamination of the reagents for reverse
ranscription.
Bacteriophages. Among the viral reads and contigs, 25–85% were

acterial viruses and those contigs were the largest ones. The
ost abundant bacteriophages detected were Escherichia phage

ig. 3. Phylogenetic analysis of the complete nucleotide sequence of RdRp gene of a fox and
volutionary model (NJ/ML) and General-Time-Reversible + Gamma  model (BI). The sequ
roatian isolate is indicated in bold italics. Bootstrap supports (N = 1000) and Bayesian po
ogy and Infectious Diseases 45 (2016) 10–15 13

phAPEC8, K1, crAssphage and enterobacterial phages. Sufficient
reads were present in sample 55588 to assembly Escherichia phage
phAPEC8 genome-sized contig although a proper analysis of this
genome is beyond the scope of this study.

4. Discussion

This study describes the composition of the viral communi-
ties in the faeces of two groups of red foxes from peri-urban
areas in central Croatia and with no clinical signs of disease. From
our metagenomic study, the full-length fox circovirus genomic
sequence was  de novo assembled from the clean reads into a single
contig. Two  other viral genomes (picobirnavirus and parvovirus)
were partially assembled from the reads and mapped to the ref-
erence genomes. Based on the number of viral reads, circovirus
was the most represented virus in juvenile and picobirnavirus in
adult foxes. Juvenile foxes showed the smaller overall number of
eukaryotic virus reads in comparison to bacteriophage reads while
pooled samples from adults had greater number and diversity of
eukaryotic viruses. It might be the case that the adult foxes have
been exposed to a variety of viruses and other microorganisms over
their lifetime, and therefore have developed specific intestinal viral
flora in comparison to juvenile ones with obviously dominant nor-
mal  intestinal bacterial flora. Compared to results of Bodewes et al.
[3] other prevalent fox faecal viruses (fox hepevirus and fox astro-
viruses) were not discovered. Preparation of samples from frozen
carcasses cannot be the cause since it was identical as in study of
Bodewes et al. [3]. To corroborate this fact, we also detected + ss-
RNA viruses but they were mainly attributed to plant viruses. One
of the reasons might be the difference in the library preparation
and the other one simply the geographical origin.

Circoviruses are confirmed pathogens worldwide associated
with a wide range of illnesses in birds [12], pigs [13] and recently
dogs [14–16]. Recently, there were many new circoviruses iden-
tified in animal and human faeces and environmental samples
but their natural hosts are mainly unidentified [17,18]. Circovirus

sequences were found in three samples but the highest number of
reads was detected in a sample from adult foxes. From that sam-
ple (55590) a single de novo assembled genome-sized contig was
generated from even 1412 specific reads. Some previous results

 other picobirnaviruses. Tree is inferred using NJ, ML  and BI analysis with Tamura-3
ence identifiers include the NCBI accession number and a host species name. The
sterior probabilities are indicated on branches (NJ/ML/BI).
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how that full-length viral genomic sequences cannot be assem-
led from the clean reads due to the low quantity of the virus
ithin samples, the short reads, and the lack of known reference

equences [19,20]. Phylogenetic analysis of circoviral nt sequences
Fig. 2) and sequence analysis of the rep and cap protein showed
hat our sequence clustered with recently identified canine cir-
oviruses [14–16] and newly described circoviruses from sera of
oxes with neurologic disease [21]. Our results demonstrate that
ew canine circovirus that has been proved to be pathogenic for

oxes [21] and dogs [14–16] can be found in asymptomatic foxes
oo. Forty-seven per cent of all viral reads in the sample discussed
ere were assigned with canine circovirus. Such a high number
f viral reads obtained by viral metagenomic approach using ran-
om primers for cDNA synthesis could be attributed to unknown
ubclinical or clinical disease. The first available data on clinico-
athological signs and prevalence of circoviruses in foxes published
ecently suggested that the prevalence of circoviruses in foxes is rel-
tively high [21]. Future studies should investigate whether a new
ircovirus is main pathogen or act in co-infection with an unknown
gent. We  did not detected other prevalent canine viruses such as
anine parvovirus 2, canine enteric coronavirus, canine rotavirus
nd canine distemper which is reported in both domestic and wild
arnivores in many European countries [1].

We detected sequences with homology to picobirnaviruses in 6
ut of 8 pooled samples in this study. It is a similar or slightly higher
revalence than that identified in other host species [22–25] but
e expected such result since picobirnaviruses have been normally
etected in faecal samples of human and various animals with and
ithout clinical disease [26]. From the same sample where com-
lete new circovirus was assembled (sample 55590) the complete
dRp sequence was generated by mapping to reference genomes.
hylogenetic analysis of our picobirnavirus nt (Fig. 3) and aa (not
hown) RdRp gene sequence showed that obtained sequence was
ore closely related to the porcine and human picobirnaviruses

han to recently described fox picobirnavirus [3]. The same group of
uthors identified that picobirnaviruses from different foxes were
ot identical. The divergence of picobirnaviruses within species has
een proved previously in humans [27], pigs [28] and Dromedary
amels [29].

Parvoviruses cause a variety of mild to severe symptoms in
ammalian and avian hosts [30]. Members of the Parvoviridae sub-

amily have recently undergone a large expansion in the number
f know genera and species [31,32]. In the analyzed faecal sam-
les of foxes, sequences were detected with homology to recently
eported novel parvovirus of red fox [3].

. Conclusions

The newly discovered and other detected viruses in the present
tudy indicate potential exchange of viruses among foxes, domes-
ic animals and possible humans. Our viral metagenomic study
dentified a circovirus that was close relative to dog virus and a
icobirnavirus that was closely related to porcine and human pico-
irnaviruses, suggesting that these viruses may  have potential to
e transmitted among species.
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