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Introduction

There has been an increase in the number of tentative circoviruses identified in avian species with
duck circovirus (DuCV; Hattermann et al., 2003) recently identified and a number of avian
circovirus-like infections based on histopathology, and electronmicroscopy in doves (Raidal and
Riddoch, 1997), finches (Mysore et al., 1995), gulls (Twentyman et al., 1999) and ostrich
(Eisenberg et al., 2003). Avian circovirus infections cause different clinical manifestations ranging
from severe chronic feather, beak and claw abnormalities to non-specific ill-thrift, lethargy and
poor performance but a common feature shared is lymphoid depletion and associated
immunosuppression that exposes the infected birds to secondary opportunistic infections (Todd et
al., 2001a; Todd, 2004). In this paper, we report the use of PCR amplification using degenerate
primers to identify a novel circovirus in Australian ravens (Corvus coronoides) exhibiting clinical
signs similar to those that occur in psittacine beak and feather disease (PBFD).

Materials and methods

A wild juvenile Australian raven with a history of progressively developing feather defects was
presented for clinical examination by a wildlife rehabilitator. Blood collected from the bird onto
filter paper as described by Riddoch et al., (1996) and fragments of broken feathers and developing
feathers plucked from follicles were collected for serology and avian circovirus detection by PCR.
The bird was anaesthetised with isoflurane in oxygen and several feather follicle biopsies were
surgically obtained. These were fixed in formalin and processed for routine paraffin embedding and
histological examination.

Feather and/or blood samples were collected from an additional three ravens exhibiting the bilateral
pattern of feather depigmentation and dysplasia as the case described above. Similar samples were
also collected from five nestling or fledgling ravens that were in contact with each other at a
wildlife rehabilitation centre in Perth. Two of these young birds had occasional white-

tipped contour and covert feathers scattered throughout their plumage but no structural lesions.

Haemagglutination (HA) and Haemagglutination inhibition (HI) assays.

HA assay were performed on feather samples as described by Raidal et al., (1993) using galah
(Eolophus roseicapillus) erythrocytes sensitive to haemagglutination by BFDV. HI assay was
performed on a blood sample collected onto filter paper as described by Riddoch et al., (1996).
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Amplification of a novel Circovirus using degenerate primers.

DNA was extracted from feather tissues using modified Taberlet and Bouvet (1991) and Morin et
al., (1994) methods as previously described by Ypelaar ef al., (1999). RaCV-specific DNA was
amplified using two sets of degenerate primers based on the sequence of BFDV (AF080560 and
AF071878), CaCV (NC003410 and AJ301633), DuCV (AY364721 and AY228555), GoCV
(NC003054), PCV (U49186 and AF055392) and PiCV (AJ298229 and AF252610) that were
designed to amplify two overlapping region in ORF V1 gene. The primer set Deg.prml.f
(TAYTGYTCBAATGARGG; PROLIGO, Australia) and Deg.prml.r
(AGCCABCCRTARAARTCRTC; PROLIGO, Australia) reaction consisted of 1 x PEbuffer II
(Perkin Elmer, USA), 2 mM MgCl, (Perkin Elmer, USA), 0.2 mM of each dNTP (Perkin Elmer,
USA), 200 ng of each primer (PROLIGO, Australia), 1 U Taq DNA polymerase, 250-500 ng of
extracted DNA in a final volume of 50 pl Ultra pure water (Fischer Biotec, Australia). The
amplification protocol consisted of a denaturation step of 95°C for 5 min, 35 cycles of 95°C for 20
s, 55°C for 20 s, 50°C for 20s and 72°C for 1 min and an elongation step at 72°C for 10 min.

The primer set CircoDeg.N (CACSCTKAAYAAYCCTWCC; PROLIGO, Australia) and
CircoDeg.C (TTGMCCATSATANCCATCC; PROLIGO, Australia) reaction consisted of 1 x
PEbuffer II (PerkinElmer), 2 mM MgCl, (Perkin Elmer, USA), 0.3 mM of each dNTP (Perkin
Elmer, USA), 200 ng of each primer (PROLIGO, Australia), 1 U Taq DNA polymerase, 250-500
ng of extracted DNA in a final volume of 50 ul Ultra pure water (Fischer Biotec, Australia). The
amplification protocol consisted of a denaturation step of 95°C for 5 min, 35 cycles of 95°C for 20
s, 56°C for 20 s and 72°C for 1 min and an elongation step at 72°C for 10 min.

Amplification and analysis of raven circovirus.

The entire RaCV genome was amplified using two different sets of primers designed to produce
overlapping fragments. The primer set RaCV.IN (CGCATTCTTGTCTGTA; PROLIGO,
Australia) and RaCV.IC (CAATGGGCACGGCTAAG; PROLIGO, Australia) amplification
reaction consisted of 1 x PEbuffer II (Perkin Elmer, USA), 2 mM MgCl, (PerkinElmer, USA), 0.2
mM of each ANTP (Perkin Elmer, USA), 200 ng of each primer (PROLIGO, Australia), 1 U Taq
DNA polymerase, 250-500 ng of extracted DNA in a final volume of 50 pl Ultra pure water
(Fischer Biotec, Australia). The amplification protocol consisted of a denaturation step of 95°C for
5 min, 35 cycles of 95°C for 20 s, 55°C for 20 s, 50°C for 20s and 72°C for 1 min and an
elongation step at 72°C for 10 min.

The primer set RaCV.2N (CCAGCCGTGCCCATTG; PROLIGO, Australia) and RaCV.2C
(TACAGACAAGAATGCG; PROLIGO, Australia) amplification reaction consisted of 1 x
PEbuffer II (Perkin Elmer, USA), 2 mM MgCl, (Perkin Elmer,USA), 0.3 mM of each dNTP
(Perkin Elmer, USA), 200 ng of each primer (PROLIGO, Australia), 1 U Tag DNA polymerase,
250 — 500 ng of extracted DNA in a final volume of 50 ul Ultra pure water (Fischer Biotec,
Australia). The amplification protocol consisted of a denaturation step of 95°C for 5 min, 35
cycles of 95°C for 20 s, 56°C for 20 s and 72°C for 1 min and an elongation step at 72°C for 10
min.

All PCR products generated by the degenerate and RaCV-specific primer sets were visualised by
agars gel electrophoresis (Sambrook and Russell, 2001). PCR amp icons generated from raven
DNA (04-1131) were purified from the agars using the QIAquick Gel Extraction Kit (QIAGEN)
and either were ligated into pCR2.1 vector (Invitrogen) according to manufacturer’s protocols or
directly sequenced. The ABI Prism™ Dye Terminator Cycle Sequencing Kit (Applied Biosystem)
was used according to manufacturer’s protocols except reaction volumes were halved to 10 pl and
the annealing temperature was raised to 58°C. Sequence data was generated from at least two PCR
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amplicons and three cloned products from distinct reactions in both orientations twice. Sequence
information was determined using the Applied Biosystem 3730 DNA Analyzer.

Computer analysis of sequence data.

The nucleotide sequence of RaCV was edited and assembled using SeqEd version1.0.3 (Applied
Biosystems) and analysed using a range of programs provided by the Australian National Genomic
Information Service (ANGIS), National Center for Biotechnology Information (NCBI) and
European Bioinformatics Institute (EBI). Edited sequence was analysed using the BLASTN and
BLASTP programmes (Altschul et al., 1997) using the non-redundant (NR) nucleic acids and
protein databases at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). Putative open reading frames
were determined using SeqEd version 1.0.3, GenScan, FlipORF and relationship of the predicted
gene to other circovirus ORF and further analysed using BLASTP. The circovirus sequences were
aligned wusing the ClustalW program (http://www.ebi.ac.uk/clustalw/) and analysed
phylogenetically using the TreeCon program with 1000 bootstrap cycles. The phylogenetic trees
were generated using the neighbour-joining methods of (Tajima and Nei, 1984) and (Galtier and
Gouy, 1995).

Results

Histopathology

Histopathological examination of abnormal feathers demonstrated dysplasia of developing follicles
and a mild mixed inflammatory cellular infiltration in the pulp in some areas. This revealed a
bilaterally symmetrical pattern of patchy feather depigmentation and feather dysplasia
characterised by marked thickening of developing feather sheaths, haemorrhages within pulp and
distortion and fracture of the developing calamus of affected feathers. Widespread apoptosis of
basilar keratinocytes was present in the epidermis of developing barbs and at the epidermal collar.
Scattered globular intracytoplasmic inclusions were present within basilar and suprabasilar to
midzonal keratinocytes within developing feather barbs and other structures.

HA and HI results
HA activity was not detected in feather samples and anti-BFDV HI antibody was not detected in
blood from the ravens tested.

Isolation and cloning of DNA-specific to RaCV

The two sets of degenerate primers Deg.prml.f-Deg.prml.r and CircoDeg.N-CircoDeg.C
successfully amplified 2 circovirus-specific DNA fragments of 951 and 598 bp from raven feather
material. The nucleotide sequences generated from these 951 bp and 598 bp fragments indicated
that the RaCV sequence was more closely related to the non-psittacine circoviruses CaCV and
PiCV in comparison to BFDV and distantly related to the porcine circovirus, PCV1 and PCV2 and
was used to design the primer set RaCV.IN and RaCV.1C for further PCR amplification and
sequencing.

The four sets of primers were used by PCR to detect RaCV DNA in a further three raven feather

and/or blood samples displaying feather depigmentation and dysplasia and in clinically normal
juvenile ravens in close contact with affected birds. These PCR amplicons were not sequenced.
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Genomic organisation of the RaCV genome

The full-length RaCV genome was successfully amplified using overlapping RaCV-specific primer
sets. Sequence analysis revealed that the RaCV genome was 1898 nucleotides and circular. The
nucleotide numbering and open reading frame nomenclature adopted to describe the RaCV was
similar to that used for the previously described circovirus (Todd et al., 2001b). Nucleotide position
1 is the residue A at position 8 of the nonamer sequence (GAGTATT/AC), which is located at the
apex of the putative stem-loop structure. The stem-loop structure is conserved within the
circoviruses and is postulated to be involved in the initiation of rolling-cycle replication. The RaCV
nonamer sequence differed from other circovirus nonamer sequences with a G as the first residue
rather than as a T.

The stem-loop structure was located in a 75 nucleotide intergenic region located between the start
codons of the two major open reading frames ORF V1 and ORF Cl. Consistent with other
circovirus a series of direct and inverted repeat sequences 5° CGGCCACTTGGAGCCACGGA
3’were identified at nt 3-21 and 1871-1889 which form the stem of the set-loop structure. In
addition, two tandem repeat sequences 5° GGAGCCAC 3’ were identified at nucleotides 12-19 and
20-27 and were part of and adjacent to the stem-loop structure. The sequence of the tandem repeats
was the same as those published for CaCV (Phenix et al., 2001) and consistent with observations in
other circoviruses (Todd et al., 2001b).

Analysis demonstrated that RaCV displayed an ambisense genomic organization with one large
ORF located on the viral strand and one major ORF on the complementary strand. The ORF V1 is
located on the viral strand, started at nucleotide 36 with an ATG start codon, stopped at nucleotide
911 with a TAA codon and putative poly-A tailed located at 1077. The ORF V1 encodes a putative
Rep protein of 291 amino acids. BLASTP analysis of the predicted RaCV Rep protein sequence
identified significant alignments with RNA helicase protein family and FtsE protein involved in
cell division (Marchler-Bauer and Bryant, 2004). Muliple alignment of the putative Rep protein of
RaCV with those encoded from other circoviruses including PCV1, PCV2, BFDV, PiCV, GoCV,
DuCV, CaCV identified the conserved amino acid motifs involved in rolling circle replication
(FTLNN, G--HLQG and CSK) and the dNTP-binding domain (G---GSK). In conjunction, three
additional motifs WWDGY, DDFYGWLP and DRYP reported in the Rep sequence of CaCV
(Phenix et al., 2001), PiCV and GoCV (Todd et al., 2001b) were identified in the RaCV.

As occurs in other avian circoviruses the complementary strand of RaCV contained one ORF, ORF
C1, which probably encodes for a putative Cap protein of 243 amino acids. Like in BFDV
(Bassami et al., 1998), GoCV (Todd et al., 2001b) and CaCV (Phenix et al., 2001) the start codon
for the putative Cap protein is most likely a TCT start codon at nucleotide 1847 or an alternative
GTG start codon nearby at nucleotide 1856. An ATG sequence near to these is unlikely to be the
start codon due to the presence of a stop codon almost immediately downstream at nucleotide
position 1116. A putative poly-A tail signal was identified at nucleotide 1120. The N-terminal
region of the Cap was highly basic and arginine-rich, similar to that found in the other circoviruses.

Relationship to other circoviruses

Comparison of the RaCV genome and the nucleotide and amino acid sequences of the two putative
ORF with the other members of the Circovirus genus demonstrated that the virus was more closely
related to the canary and columbid circovirus. Pairwise alignment of the entire genome of RaCV
indicated that the greatest homology was shared with the CaCV (69%) and PiCV (64-65%) and the
homology decreased with BFDV (56-49%), DuCV (27-25%), GoCV (28-25%), PCV1 (18%) and
PCV2 (4%). The highest level of amino acid identity was observed in the putative Rep proteins of
the circoviruses. Pair-wise alignment demonstrated that the level of aa identity between the RaCV
and CaCV (76%) and PiCV (72%) was higher than that observed with RaCV and BFDV (60-57%),

172 Shane Raidal et al: Association of Avian Veterinarians, Australian Committee



DuCV (47%), GoCV (45%), PCV1 (40%) and PCV2 (38%). Comparison of the Cap protein
demonstrated that the amino acid identity, overall, was less than observed for the putative Rep
protein. The greatest amino acid identity of the RaCV ORF C1 was observed with the pair-wise
alignment to the ORF C1 of CaCV (75%). The level of identity between the RaCV ORF C1 and
PiCV (41%) BFDV (40%), PCV1 (24%), PCV2 (24%), DuCV (23-21%) and GoCV (22-20%),
demonstrated a considerable reduction. The phylogenetic analysis comparing the entire genome
and/or the amino acid and nucleotide sequences of the ORFV1 and ORFC1 demonstrated an
evolutionary relationship between the RaCV and the other seven members of the Circovirus
(Figure 1).

Discussion

The gross and histopathological lesions presented in the raven we describe in this paper are similar
to those that occur in circovirus infections in other avian species (Pass and Perry, 1984; Raidal and
Riddoch, 1997). PCR amplification of a novel circovirus genome from the lesions provides further
evidence of the existence of circovirus infection in Australian ravens, which we have tentatively
named raven circovirus (RaCV). The data generated indicates that RaCV shares the greatest
sequence homology with CaCV then PiCV and is more distantly related to BFDV, GoCV, DuCV,
PCV1 and PCV2. It may not be surprising that RaCV was most similar to CaCV given that canaries
and ravens are both passerine birds, belonging to the suborder Passeri (Sibley and Ahlquist, 1985),
and are thus potentially more closely related evolutionarily than with columbids, psittacids or
anatids which are the hosts of PiCV, BFDV, GoCV, DuCV respectively.

Of the 115 or so species that are included in the Corvidae family about one third belong in the
genus Corvus. These are amongst the largest of the passerine birds and are readily identifiable
worldwide by mostly being completely black and their distinctive cawing voice. Australia has 5
endemic Corvus species and, across its range on mainland Australia, the Australian raven is the
largest and most common. Crows and ravens are relative evolutionary youngsters that appear to be
most closely related to the birds of paradise which have a tropical Australasian distribution (Helm-
Bychowski and Cracraft, 1993; Kriukov and Odati, 2000). If avian circoviruses have coevolved
with their hosts then we predict that RaCV will be most similar to, as yet undiscovered,
circoviruses in birds of paradise (family Paradisaeidae) or bowerbirds (family Ptilonorhynchidae)
which are considered as part of the Gondwanan corvid radiation (Ericson et al., 2003).

The biological significance of RaCV as a pathogen for the Australian raven and perhaps other
Corvus species is debatable. Ravens are a common bird species in Australia and are readily
identifiable by members of the public. Unlike most Australian avifauna many Corvus species are
not protected in all jurisdictions across Australia. As in other countries, corvids have a bad
reputation amongst Australian farmers due to their scavenging of lamb carcasses, which can be
mistakenly confused with predation. There has been little scientific research into the diseases of
Australian corvids but one would consider that plumage defects that result in white depigmentation
of feathers would be readily noticed by even untrained wildlife carers and or the growing number
of veterinarians that are taking an interest in the diseases of wildlife. However, not all avian
circovirus infections are associated with the development of feather lesions (Todd, 2004) and the
prevalence of RaCV infection in wild ravens without the occurrence of feather lesions may be
much higher. It is also possible that the case we have described represents an aberrant infection by
a circovirus adapted to some other avian host. Further epidemiological or pathogenesis studies are
warranted to rule out this hypothesis but knowledge of host specificity amongst other avian
circoviruses suggests that this is unlikely (Raidal and Riddoch, 1997; Todd, 2004).

Feather depigmentation and alterations from normal colouration of feathers are commonly seen in
psittacine birds with PBFD but similar changes in pigmentation can sometimes be attributable to
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malnutrition during the time frame the feathers were being formed, although, this would be
unlikely in a wild raven. Whereas most Cacatuidae with similar severe feather dystrophy
associated with BFDV infection progressively succumb to the disease, the juvenile raven affected
in this study made an almost clinical recovery in captivity over 6-12 months following its initial
presentation. However, it is likely that a spectrum of clinical disease ranging from acute to chronic
and clinical remission variations similar to those encountered for a range of psittacine species with
PBFD will now be noticed in ravens. Since this first case several other ravens with chronic lesions
more severe to those that we have described have been examined by the authors.
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Figure 1. Phylogenetic analysis of raven circovirus (RaCV) based on the entire sequence of
the virus. The percentage likelihood from 1000 bootstrap replicates, analysed by
the neighbour-joining method, is indicated.
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