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Simple Summary: The genus Circovirus groups some of the smallest viruses capable of autonomous
replication, including some notable swine and avian pathogens. Among domestic and wild birds,
circoviruses are often associated with immunosuppression and integumental disorders, but, despite
their relevance, nothing is known about their circulation in birds of prey. By conducting molecular
analyses on samples from birds of prey recovered by a wildlife rescue centre in Italy, we identified a
new viral species in the spleen of a tawny owl (Strix aluco). However, there is contrasting evidence
regarding its definitive host. On one hand, the virus was discovered to be phylogenetically closer to
mammalian rather than avian circoviruses, which allows speculations on its host being a micromam-
mal preyed by the tawny owl, rather than the bird itself. On the other hand, its detection in the spleen,
a lymphoid organ in which other avian circoviruses are often detected, supports the tawny owl being
its actual host, perhaps following a spillover event associated with predation. Adding to the growing
number of circoviruses found in recent years in a diverse range of hosts, this discovery represents
another step forward in the characterization of this genus of remarkable veterinary importance.

Abstract: Thanks to recent developments in molecular methods, many new species have been
discovered within the genus Circovirus, which comprises viruses of veterinary relevance found in
a broad range of hosts. In particular, several circoviruses are known to infect birds, often causing
immunosuppression and feathering disorders. Nonetheless, nothing is known about their circulation
in birds of prey. In this study, samples from 61 birds of prey representing ten different species,
recovered by a wildlife rescue centre in Southern Italy, were taken at necropsy and analysed by
PCR with pan-Circovirus primers. Only one sample, collected from a tawny owl (Strix aluco), tested
positive. Its genome, sequenced by primer walking, displays the typical features of circoviruses.
Based on demarcation criteria, the detected strain qualifies as a novel species, which was named
“tawny owl-associated circovirus” (ToCV). Phylogenetically, ToCV clustered with mammalian rather
than avian circoviruses, and its closeness to a rodent circovirus suggests that its host may have been a
micromammal eaten by the tawny owl. On the other hand, its detection in the spleen fits with the
tropism of other avian circoviruses. Little can be therefore said on its biology and pathogenicity, and
further efforts are needed to better characterize its epidemiology.

Keywords: circovirus; birds of prey; tawny owl; molecular characterization; CRESS DNA viruses;
wildlife; phylogenesis
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1. Introduction

In recent years, the advancements in molecular techniques have revolutionized the
field of virology, offering increasingly available, rapidly improving high-throughput means
to study viral diversity [1]. As a result, the number of newly described viral species has seen
a notable surge, culminating with more than 1000 new species being officially recognized
by the International Committee on Taxonomy of Viruses (ICTV) in 2020 alone [2]. In
particular, a growing awareness has developed of the ubiquity of viruses with circular
Rep-encoding single-stranded (CRESS) DNA genomes. These viruses, which constitute
most of the ssDNA viruses, are characterized by a replication mechanism called rolling
circle replication (RCR), relying on a conserved replicase [3]. Once thought to be relatively
rare, CRESS DNA viruses have now been described in hosts across all domains of life by
the use of metagenomics [4,5].

The taxonomical changes that reshaped the family Circoviridae in the last 15 years
are the perfect example of the consequences of these rapid developments. The viruses
belonging to this family have small, covalently closed circular genomes and are considered
among the smallest viruses capable of autonomous replication in eukaryotic cells [6]. In
2000, only three species of Circoviridae were recognized [7], which became 12 by 2009 [8].
Today, 101 different species are known, infecting a broad range of hosts [9]. The insights
gained from these discoveries led to the reassignment of the genus Gyrovirus from the
family Circoviridae to Anelloviridae; in parallel, a new genus named Cyclovirus was estab-
lished within Circoviridae [10]. A little more than a decade after the discovery of the first
cyclovirus [11], more than 50 species have been described within this genus by using
sequencing techniques [9]. On the other hand, little is known about their definitive hosts
and biology, mostly due to their cultivation being extremely difficult [12,13].

In this timespan, the sole constant within Circoviridae has been the genus Circovirus,
which includes notable veterinary pathogens such as porcine circovirus 2 (PCV-2) and beak
and feather disease virus (BFDV), affecting suid and avian species, respectively. However,
even this genus has undergone significant changes, with 30 out of 49 species described in
the last 5 years [9]. Coherently with their small size, circoviruses display high mutation
rates [14], and so far, they have been detected in a range of mammals (including cetaceans
and humans) and birds, along with fishes and biting insects.

Among avian hosts, circoviruses are characterized by a tropism for epithelial and
lymphatic tissues [15]. This often leads to symptoms such as beak and feather abnormal-
ities, most notably in the case of BFDV and raven circovirus, and immunosuppression,
which is also encountered with circoviruses of canaries, pigeons, ducks, zebra finches and
gooses [12,16-20]. Despite circoviruses being detected in many avian species, including
several wild birds, nothing is known about their circulation in birds of prey. As predators,
these animals represent a crucial niche to investigate, since they may be exposed to a broad
range of viruses [21], not limited to avian ones. The aim of this study was therefore to
evaluate the presence of circoviruses in birds of prey, by considering specimens of different
species from the area of Southern Italy.

2. Materials and Methods
2.1. Sampling

The sampling activities were conducted at the Wildlife Rescue Centre (CRAS) “Fed-
erico II” of the University of Naples, on rescued birds of prey that died during rehabilitation
in 2019. During the routine anatomopathological examination, liver samples were collected
from a total of 61 birds of prey, mostly dead due to traumatic injuries. Ten species, both
diurnal and nocturnal, from three different orders were represented, including: barn owl
(Tyto alba, n = 8), common buzzard (Buteo buteo, n = 2), Eurasian hobby (Falco subbuteo, n = 1),
goshawk (Accipiter gentilis, n = 1), kestrel (Falco tinnunculus, n = 18), little owl (Athene noctua,
n = 16), long-eared owl (Asio otus, n = 4), peregrine falcon (Falco peregrinus, n = 4), scops owl
(Otus scopus, n = 5), tawny owl (Strix aluco, n = 2). Spleen samples were also collected from
13 of these birds, including two tawny owls, one long-eared owl, one goshawk, three barn
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owls, two peregrine falcons, two kestrels, one Eurasian hobby and one common buzzard.
The choice of which matrixes to sample was based on several avian circoviruses having
been detected in these sites [10]. Anamnestic details were also recorded. Samples were
kept at —80 °C until processing.

2.2. PCR Assays

Tissue samples were eluted into PBS, then viral DNA was extracted using the DNeasy
Blood & Tissue kit (QIAGEN, Hilden, Germania) following manufacturer’s instructions.
The Platinum™ II Hot-Start PCR Master Mix kit (ThermoFisher, Waltham, MA, USA) was
used for PCR analyses. Firstly, an assay was conducted with a pair of degenerate primers,
CVI1F (5'-GGIAYICCICAYYTICARGG-3') and CV1R (5'-AWCCAICCRTARAARTCRTC-3),
designed by Li et al. [11] based on the sequences of all circoviruses known at the time. An
isolate of BFDV was used as positive control. Subsequently, full genome Sanger sequencing
was attempted on positive samples by primer walking. The obtained chromatograms were
visually inspected and trimmed in 4Peaks (Nucleobytes B.V., Aalsmer, The Netherlands),
then a consensus sequence was built on ChromasPRO (Technelysium Pty Ltd., Helensvale,
QLD, Australia).

2.3. Phylogenetic and Genomic Analyses

Following a preliminary BLAST search [22], full genomes were aligned to a dataset
including reference sequences of all currently recognised Circovirus species [9] using the
MUSCLE algorithm [23] implemented in MegaX [24]. Phylogenetic analyses were then
conducted in MegaX and SDT 1.2 [25] to assess whether the sequenced strains qualified as
new viral species and to assess their relationships with other circoviruses. The ORF Finder
online tool [26] was used to search for open reading frames (ORFs).

3. Results
3.1. PCR Assays

All samples but one tested negative to the PCR analysis. The positive sample was
collected from the spleen of a tawny owl, while the liver sample from the same ani-
mal was negative. Based on the partial sequence amplified with the pan-Circovirus as-
say, another pair of primers, RC-F (5~ ACACCCACGTTCCGTAAAAC-3') e RC-R (5'-
CGAGAAGACCGAAGTCTTGG-3'), was designed, allowing for full genome sequencing.
The genome, whose length was equal to 1745 nucleotides, was deposited in GenBank with
accession number OL411978.

3.2. Phylogenetic and Genomic Analyses

The phylogenetic relationships of the detected strain with representatives of currently
recognized species of the genus Circovirus are shown in Figure 1. As revealed by the
pairwise identity matrix (Figure 2), the sequenced genome showed the highest identity
(69.7%) with rodent-associated circovirus 6. Therefore, according to the species demarcation
threshold for the genus Circovirus, which is set at 80% genome-wide nucleotide pairwise
identity [10], the detected virus belongs to a new species, which was tentatively named
“tawny owl-associated circovirus” (ToCV).

At least two major ORFs were identified, including an 885-nt-long one (nt 164-1048,
starting from the origin of replication), located on the virion strand, and a 645-nt-long one
(nt 1728-1084), on the complementary strand of the replicative form. Based on analogy with
the ORFs of other circoviruses, they were recognized as the rep and cap genes, respectively.
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Figure 1. Phylogenetic relationships between the tawny owl-associated circovirus (marked with a
black dot) and representatives of every known species of circovirus, whose names were color-coded
based on origin. The tree was inferred using the Neighbor-Joining method [27] with pairwise deletion.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches [28].
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Figure 2. Full genome pairwise identity matrix of representative sequences of every known species
of the genus Circovirus. The tawny owl-associated circovirus is marked with a black dot.

4. Discussion

The herein described survey made it possible to confirm the presence of circoviruses
in birds of prey, albeit in only one of the 61 screened animals. The positive sample was
collected from the spleen of a tawny owl that died shortly after its retrieval following a
traumatic event. Besides a severe lesion on the right forearm, other anatomopathological
findings included malnutrition (BCS 1), cerebellar hemorrhage, hypotrophic spleen and
liver, hepatic steatosis, right atrial enlargement, and ulcers in the glandular stomach. The
hematologic exam revealed a lymphocytosis with reactive heterophils. Despite the frequent
association of avian circoviruses with immunosuppression and integumental diseases, it
should be stressed that the sole molecular identification of ToCV does not make it possible
to infer its pathogenicity, whose elucidation would require specific studies conducted on
the isolated virus [29]. In addition, the reported pathological findings obviously reflect the
critical condition in which the animal was found.

As for the analysis of the genomic structure, the short, circular genome displays all the
typical features of circoviruses, most notably the ambisense organization and the presence
of two major ORFs in different strands (Figure 3). The rep gene, located on the virion
strand, codes for the replicase-associated protein (Rep), which plays a pivotal role in the
RCR mechanism [14]. This protein is fairly conserved among all circoviruses and contains
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two distinct functional domains. The first, found in the N-terminal region, is a HUH (His-
hydrophobe-His) endonuclease domain [30], characterized by the presence of RCR motifs I
(whose sequence, in the case of ToCV, is ‘FTVNN’), II (PHLQG’) and III (“YCSK") [31]. The
second, located toward the C-terminus, is a superfamily 3 (SF3) helicase domain [32] which
also features three conserved motifs, named Walker-A (GPPGVGKT), Walker-B (IFDDF)
and motif C (ITSN) [31].

1
1745 A c C
. T A
O”/ A A
Q T
: — A-T
: A-T
A-=T
C
C
TTA
TTA
Y 16kbp > C
02kbp ° C
2 T-A
2 e -C
0.4 kbp = ATT AACC|GTCC
1745 nt - -

, 1.0kbp
, 08kop

OL411978 tawny owl associated circovirus (ToCV)

Figure 3. Scheme illustrating the main features of the genome of tawny owl-associated circovirus,
generated with CGView Server [33], complemented with a representation of the stem-loop structure.
The nonanucleotide constituting the origin of replication (ori) is represented in bold, while the
tandemly repeated hexamers are boxed.

The cap gene, located in the complementary strand, codes for the capsid protein
(Cap), which is the sole component of the icosahedral capsid shell [34]. Despite being
more heterogeneous than Rep, some conserved traits are still distinguishable, such as the
accumulation of basic residues (particularly arginine) in the N-terminal region [35]. This
clustering, common to all circoviruses, is thought to produce nuclear localization signal
(NLS) motifs involved in nuclear localization [36]. In addition, arginine-rich motifs (ARM)
also contain domains facilitating DNA binding, and the N-terminal region forms an ARM
domain regulating genome encapsidation [14].

The two ORFs are separated by two intergenic regions (IRs). The largest of the two,
located between the initiation codons, contains a stem-loop structure with a conserved
nonanucleotide motif at its apex. This motif, which in the case of ToCV is “AAGTATTAC”,
constitutes the origin of replication (ori), where RCR is initiated by the Rep nicking the
virion strand between position 7 and 8 [37]. Additionally, a tandemly repeated hexamer
“GGAACC” was found immediately to the right of the ori. Similar repeated sequences were
identified in many other circoviruses, and are hypothesized to serve as binding sites for the
Rep [38-40].

Based on the species demarcation criteria established for the genus Circovirus by
Rosario et al. [10], the detected virus was established to belong to a new species, which was
named “tawny owl-associated circovirus”. According to the official naming guidelines, the
word “associated” should be included in the name of new circoviral species in absence of
strong biological evidence identifying the definitive host [10]. This is clearly the case with
ToCV, which was found to be more phylogenetically close to mammalian circoviruses than
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to avian ones, not only based on the whole genome, but also when considering the rep and
cap sequences independently (Table 1).

Table 1. List of the five species closest to ToCV at rep and cap level, along with the closest avian

circovirus. The pairwise p-distance estimation was conducted after aligning the rep and cap sequences

of the 50 representatives of the genus Circovirus at codon level with the MUSCLE algorithm.

rep cap

p-Distance Species p-Distance Species
0.270 KJ370037 rodent associated circovirus 6 0.400 KJ641716 bat associated circovirus 12
0.361 KJ641727 bat associated circovirus 5 0.422 KY370037 rodent associated circovirus 6
0.363 KJ641723 bat associated circovirus 7 0.422 KJ641724 bat associated circovirus 6
0.365 KJ641711 bat associated circovirus 8 0.437 JQ814849 bat associated circovirus 3
0.373 KJ641724 bat associated circovirus 6 0.437 KX756996 bat associated circovirus 11
0.438 AB277746 beak and feather disease virus 0.489 AY228555 duck circovirus

This somewhat represents an exception in the genus Circovirus, as species detected in
mammals clearly formed a well-defined cluster, separate from the one grouping all avian
circoviruses. Aside from two species found in fishes (close to mammalian circoviruses)
and three detected in biting insects (located within the avian cluster), the sole exception is
represented by a strain found in the stool of a chimpanzee, which clustered with viruses
found in birds (Figure 1). However, the fecal origin of said sample [11] does not make it
possible to confidently infer its actual host. Defining the host of ToCV therefore presents
some unique challenges.

The virus with the highest homology to ToCV is rodent-associated circovirus 6, de-
tected in 2015 in a South China field mouse (Apodemus draco) [41]. This finding suggests a
series of different hypotheses: one of these is the host of ToCV being a micromammal eaten
by the tawny owl, rather than the bird itself. This may have happened either in the wild or
during the rehabilitation period, during which the tawny owl was fed with carcasses of
farmed rodents. While this scenario is extremely likely in viruses identified from stools, the
detection of ToCV in the spleen but not in the liver of the same animal seems to conflict
with this theory and rises some questions on the mechanism by which the virus may have
passed from the enteric tract to this organ.

The tawny owl being the actual definitive host of ToCV, perhaps as a result of a
spillover from preyed mammals, would offer a much simpler explanation, as the spleen has
been established as a preferential site for the detection of several avian circoviruses [10,12,42].
Duck circovirus, in particular, has been reported to reach a higher load in the spleen
than in any other district, including other lymphoid organs representing major targets
for a virus with well-known immunosuppressive effects [19]. Further studies will be
required to establish whether this detection resulted from a sporadic spillover leading
to an epidemiological dead-end or from an actual and long-lasting host jump, causing
the establishment of an independent and persistent transmission cycle. The high genetic
distance compared to other circoviruses might support an ancient speciation followed by
independent evolution and host adaptation. Nonetheless, it is not possible to exclude other
strains related to the one detected in the present study circulating in mammalian species
hunted by birds of prey, and the apparently low prevalence in the considered population of
birds of prey could also suggest a “contamination”, rather than the genesis of a new species.
In this regard, it is worth noting that previous studies have demonstrated the possibility of
foreign ingested DNA being transported through the intestinal wall and Peyer’s patches to
be found in peripheral blood leukocytes and several organs, including the spleen, covalently
linked to the genome [43]. Therefore, the detection of viral DNA in the spleen would not
exclude a priori that the viral presence could be due to the ingestion of contaminated food,
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in absence of viral replication in the tawny owl. Based on this conflicting evidence, the
search for the definitive host of ToCV cannot be considered concluded.

5. Conclusions

Even in the era of metagenomics, in which new viruses can be potentially found in
every environmental sample, the discovery of a novel viral species is fascinating and may
contribute to corroborate and expand our knowledge of viral ecology. The detection of ToCV,
however, poses more questions than answers. So far, the phylogenetic relationships between
members of the genus Circovirus were considered highly indicative of their definitive host.
The case of ToCV seems more intricate, due to the apparent conflict between its phylogenetic
closeness to mammalian circoviruses and its detection in an avian species.

Currently, different scenarios could be suggested, all starting from an original pre-
dation event: (1) spleen contamination from the alimentary tract, through the passage
of non-replicating viral DNA; (2) sporadic spill-over, leading to limited replication and
epidemiological dead end; (3) the viral establishment in a new host species, followed by
independent evolution. Further efforts are therefore needed to shed light on its host range
and epidemiology. Future investigations should be conducted not only in populations
of birds of prey, but also in both wild and farmed rodents. An attempt should also be
made at virus isolation on suitable cell lines, which would allow assessing its pathogenicity.
In addition, the ongoing research for novel species will surely help to better define the
ecology of circoviruses and understand how to better cope with a genus of such remarkable
importance for veterinary infectiology.
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