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Abstract

We report an outbreak of beak and feather disease
virus (BFDV) due to a novel genotype in the last re-
maining wild population of the critically endangered
Orange-bellied Parrot (Neophema chrysogaster). We
used PCR to detect BFDV in the blood of psittacine
beak and feather disease (PBFD) affected wild Or-
ange-bellied Parrot nestlings in Tasmania. Phyloge-
netic analysis of complete BFDV genome sequence
data from infected birds supported the positioning
of this clade genetically close to previous outbreaks
of BFDV in captive birds in Tasmania. The detection
of distinct lineages of BFDV in the remnant wild pop-
ulation of orange-bellied parrots, consisting of fewer
than 50 birds, suggests a role for other parrot spe-
cies as a reservoir for infection by spillover into this
critically endangered species.

Introduction

Psittacine beak and feather disease (PBFD) is a chron-
ic, debilitating and ultimately fatal disease of Psittaci-
formes primarily involving the integument, alimen-
tary, and immune systems of affected birds (Pass and
Perry, 1984). In most psittacine bird species chronic
infection and the development of clinical signs are
associated with high levels of morbidity and even-
tual mortality. The disease can be expressed either
acutely, ranging from sudden death, or with a chron-
ic prolonged course of feather dystrophy ultimately
leading to mortality (Pass and Perry, 1984). In grass
parrots such as Neophema and Psephotus species
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feather lesions may be subtle and best detectable
by histopathologic examination. Affected birds are
highly susceptible to secondary infections due to im-
munosuppression, and it is this aspect of the disease
that can degrade flock health and immunologic fit-
ness. The aetiologic agent of PBFD, beak and feather
disease virus (BFDV), is a member of the Circoviri-
dae and one of the smallest viruses known to exist
in terms of both physicochemical and genetic char-
acteristics (Bassami et al., 1998). Since BFDV has a
relatively simple but compact circular single-strand-
ed DNA (ssDNA) genome of approximately 2,000
nucleotides the small genome of the virus facilitates
whole genome viral epidemiologic analysis (Bassa-
mi et al., 2001). Like RNA and other ssDNA viruses,
BFDV is prone to a high rate of genetic mutation, al-
though the Rep gene is relatively conserved which
conveniently assists with diagnosing infection by
PCR detection methods (Ypelaar et al., 1999). Within
Psittaciformes, BFDV exhibits quasi-species charac-
teristics with emerging geographic or host-specificity
demonstrable within various clades (Varsani et al.,
2010b) and the observed occurrence of closely re-
lated clades in highly divergent parrot species is evi-
dence of host-switching or host-generalism in sever-
al BFDV lineages (Varsani et al., 2010b; Massaro et
al., 2012; Harkins et al., 2014; Jackson et al., 2014;
Peters et al., 2014; Sarker et al., 2014b, 2015).

PBFD has been long recognized in Australian wild
birds (Powell, 1903; Layton, 1936; McOrist et al.,
1984; Pass and Perry, 1984; Perry et al., 1991; Raidal
et al., 1993a), with the first record of an epidemic
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with PBFD-like syndrome occurring in Red-rumped
Parrots (Psephotus haematonotus) from 1887-8
in the Adelaide Hills, South Australia, which was
blamed for the almost complete extirpation of the
species from that area for more than 20 years (Ash-
by, 1907). The dispersion of wild-caught Australian
parrot species such as the budgerigar (Melopsittacus
undulatus) since the early 1840’s when this bird was
also sometimes identified by the terms Nanodes un-
dulatus, the shell parrot or simply the betsherrygah
(Leichhardt, 1846) has most likely resulted in the
global spread of PBFD as it now affects a wide range
of psittacine species both in wild and captive popu-
lations worldwide ( Clout and Merton, 1998; Raidal
et al., 1993b; Bassami et al., 2001; Ha et al., 2007).

In 2001 PBFD was listed by the Australian Govern-
ment under the Environment Protection and Biodi-
versity Conservation Act (1999) as a key threatening
process for endangered psittacine birds (Depart-
ment of the Environment and Heritage, 2005), in
particular the critically endangered orange-bellied
parrot (Neophema chrysogaster). PBFD complicated
attempts to establish the orange-bellied parrot cap-
tive-breeding program in 1985 (Brown, 1988) and
the recent re-emergence of unique BFDV genotypes
in this species is of ongoing concern (Peters et al.,
2013; Sarker et al., 2014d). In 1995 PBFD was also
confirmed in the Norfolk Island green parrot (Cyan-
oramphus cookii) probably as a result of transmis-
sion following the introduction of the Eastern Rosel-
la (Platycercus eximius) to the island (Stevenson et
al., 1995; Department of Sustainability Environment
Water Population and Communities, 2013). In New
Zealand, Mauritius, South Africa and Indonesia,
PBFD is recognised as a threat to many psittacine
bird species (Heath et al.,, 2004; Ha et al., 2007,
Ortiz-Catedral et al., 2009). Whilst it is clear that
captive neotropical parrots are susceptible to BFDV
infection (Julian et al., 2013) the conspicuous pauci-
ty of unique BFDV genotypes from South American
parrots is so far unexplained given the prominence
of macaws, conures and Amazon parrots in the
North American and European pet and aviculture
trade. The less than ideal hygiene and husbandry
conditions that were present during the expansion
of the pet bird trade should have allowed ample ex-
posure to BFDV admixing from a variety of sources
as has clearly occurred in European countries (Julian
et al., 2013). The most recent phylogenetic studies
provide increasingly more evidence that BFDV has
originated in Australasian and not African or South
American Psittaciformes (Bassami et al., 2001; ; Var-
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sani et al., 2010b; Julian et al., 2012; Massaro et
al., 2012; Peters et al., 2014; Sarker et al., 20143,
2014b; Raidal et al., 2015; Sarker et al., 2015).

The Orange-bellied Parrot is one of the world’s most
critically endangered birds (Brown, 1988; Drechsler,
1998; Orange-bellied Parrot Recovery Team, 2013)
with fewer than 50 wild birds thought to exist. The
species has been the subject of considerable con-
servation efforts over the past three decades includ-
ing the management of a captive insurance popula-
tion and release of captive-bred birds to bolster wild
population (Orange-Bellied Parrot Recovery Team,
2013). PBFD was recognized as a disease of concern
inthe first National Recovery Plan for the Orange-bel-
lied Parrot (Brown, 1988) because the establish-
ment of the captive-breeding program in 1985 was
set back by an outbreak of the disease. PBFD was
likely present in founder birds collected as juveniles
from the wild and the outbreak was thought to have
been exacerbated by poor siting of the breeding fa-
cility at Bridgewater, Tasmania, which experienced
cold, damp winters. However, the disease was con-
trolled in 1989 when the aviaries were relocated to
more a favorable climatic area (Taroona, Tasmania)
when PBFD appeared to be no longer a problem. Al-
though, PBFD was confirmed in one wild bird with
clinical signs collected at Swan Island, Victoria. The
first releases of captively bred birds to the wild were
carried out in 1993 and have continued annually for
most years since then. The use of improved facilities
and routine testing for infection by PCR, haemagglu-
tination and haemagglutination inhibition (HI) as-
says has been used successfully between 1994 and
2006 to manage and prevent the transmission of
infection in captivity. However PBFD re-emerged in
the captive flock in 2007 in several juvenile captive
birds (Sarker et al., 2014d). Efforts to control the
disease included euthanasia of clinically diseased
birds and segregation of clinically normal but PCR
positive or HI positive birds and serial retesting. The
recent detection of two distinct lineages of BFDV in
the remnant wild population of orange-bellied par-
rots, suggested a role for other parrot species as a
reservoir for infection by spillover into this critical-
ly endangered species (Peters et al., 2014). In the
present report we document BFDV genotypes de-
tected in wild nestling orange-bellied parrots during
routine surveillance of the 2014-2015 breeding sea-
son and discuss implications for the management of
this disease in the species.
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Materials and Methods

As part of a larger monitoring program for PBFD in
wild birds blood was taken from 23 wild Orange-bel-
lied Parrots in Melaleuca, Tasmania during the 2014-
2015 summer breeding season. Blood sampling
included 22 nestling (n=19 in 12 nest hollows) or ju-
venile (n=3) and one adult bird capture at feed tables.
PBFD diagnostic assays using PCR and haemaggluti-
nation inhibition (HI) were carried out by the Veteri-
nary Diagnostic Laboratory, Charles Sturt University,
following published methods (Ypelaar et al., 1999;
Khalesi et al., 2005). These tests have formed the
basis for intensive monitoring of wild Orange-bellied
Parrots for BFDV since 2000. PCR products from the
Rep gene of BFDV, were purified using a commercial
kit (QlAquick PCR Purification kit, Qiagen, Shanghai,
China) and sequenced by a commercial laboratory
(AGRF Ltd., Sydney, NSW, Australia) using a Sanger-
based AB 3730x! unit (Applied Biosystems, Carlsbad,
California, USA). High resolution melt curve analysis
was also performed to identify variation in genetic
sequencesinthe Rep (Sarker etal., 2014c) and capsid
genes (Das unpublished, 2015), respectively. Whole
genome sequencing was also performed using prim-
er sets as described for previous BFDV genotypes
from orange-bellied parrots (Sarker et al., 2014d).
DNA sequences were trimmed and bidirectionally
aligned using Sequencher v. 5.0.1 (Gene Codes Corp,
Ann Arbor, Michigan, USA). Alignment and construc-
tion of the full genome sequence was carried out
in a pairwise method with overlapping of between
265 and 394 nucleotides between the sequenced
segments. Each aligned pair had no ambiguities and
was used to generate a consensus sequence before
aligning with the next sequence. Pairwise alignment
used the inbuilt MAFFT v. 6.814b L-INS-i alighment
algorithm in Geneious (Katoh et al.,, 2002). The
full circovirus genome sequence constructed was
aligned using the same MAFFT algorithm against all
full BFDV genomes available on GenBank. Following
alignment, NJ and ML phylogenetic analyses were
carried out in Geneious. GTR with four categories
was the optimal model of nucleotide substitution in
jModelTest 2.1.3 (Darriba et al., 2012) and was used
for ML while Hasegawa, Kishino and Yano (HKY) was
used for the NJ method (Hasegawa et al., 2007).
Each analysis was bootstrapped with 1,000 itera-
tions and a majority consensus topology produced
was produced for NJ.
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Results

All samples were negative for HI antibody (titre
<1:20) but 20 of 23 birds tested positive by PCR.

High Resolution Melt (HRM) Analysis PCR

HRM analysis was performed on positive results us-
ing both Cap and Rep genes with the greatest dis-
crimination shown in the Cap gene. The results for
this are shown in the Figure below. The initial results
hinted that the outbreak was genetically different to
the previous BFDV genotypes in the captive flock
with individual amplicons clustering more closely
with a sequence from a sulphur crested cockatoo
obtained from NSW (blue line) than with a repre-
sentative sequence from a captive Tasmanian Or-
ange-bellied Parrot (0827-20213 shown as a purple
line to the left) we sequenced in 2013.

BFDV DNA Sequencing Results

DNA sequencing of the PCR positive samples yield-
ed 13 entire genomes, all of which form a sister
clade with the previous clade of BFDV from cap-
tive Orange-bellied Parrots at Taroona (outlined in
blue below). Phylogenetic analysis of the new DNA
sequences are shown in red text (only whole ge-
nomes are shown). In between these two clades is
a single BFDV DNA sequence from a Bourke’s parrot
(KF688551) collected in Western Australia in 1996.

The topology shown in Figure 2 supports the diver-
gence of the BFDV strain in the wild Orange-bellied
Parrot from all other previously sequenced BFDV
sequences. The topology shown in Figure 3 demon-
strates remarkable diversity of infection in the 2015
outbreak in wild birds highlighting BFDV diversi-
ty within and between individual nestling family
groups consistent with quasispecies theory.
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Figure 1. High Resolution Melt Analysis of BFDV using the capsid gene. Red curves show sequences from
Orange-bellied Parrots sample in 2015 alongside a single wild Sulphur-crested Cockatoo (blue line) sampled

in 1996.
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Figure 2. Bayesian phylogenetic analysis of BFDV sequences from wild Orange-bellied Parrots (2015) shown
in blue text and their relationship to other closely related genotypes from captive Orange-bellied Parrots
(Tasmanian flock) as well as mixed Australian species, mostly cockatoos but including one captive orange-bel-

lied parrot in Victoria (asterisk).
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Figure 3 Relationship of BFDV from Orange-bellied Parrots from the wild in 2015 (blue text) compared to pre-
viously identified genotypes in captive Orange-bellied Parrots from Tasmania (black text), Victoria (pink text)
and a wild Bourke’s parrot (red text) collected in 1996. Different coloured lines represent genotypes taken

from related nestlings in individual nest hollows.

Discussion

This paper demonstrates a unique BFDV clade in-
fecting wild nestling Orange-bellied Parrots during
the 2014-15 breeding at Melaleuca in Tasmania,
the last natural breeding population of the species.
BFDV phylogenetic analysis provided strong branch
support for the genetic relationship shown in Fig-
ure 2 with a relatively close genetic relationship to
BFDV genotype KF688551 from a Bourke’s parrot.
The high degree of BFDV genetic diversity and ad-
mixture within the group sampled most likely re-
flects natural dispersal and transmission from other
wild psittacine birds in the Melaleuca region. Within
the wild BFDV subclade shown in Figure 3 similar

www.aavac.com.au©

viral sequences were obtained in different nestling
groups which is best explained by a rich diversity of
BFDV contamination in the environment rather than
a single index case followed by rapid transmission.

The recent detection of two distinct lineages of
BFDV in the remnant wild population of Orange-bel-
lied Parrots, consisting of fewer than 50 birds, sug-
gests a role for other parrot species as a reservoir
for infection by spillover into this critically endan-
gered species. The BFDV DNA sequence data strong-
ly supports that the original outbreak in captive
birds was caused by wild birds being brought into
the captive breeding program after 2006 but before
2007-2008. After BFDV infection was confirmed in
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several juvenile captive Orange-bellied Parrots in
2008 (Sarker et al., 2014d) a decision was made to
test all birds in the captive breeding program and to
sample the wild population in order to determine
the source and extent of the infection. This revealed
a high prevalence of infection in captive Tasmanian
birds with 28.8% PCR positive and HI antibody ti-
tres ranging from 1:20 to 1:2,560 detected in 47 of
132 (35.6%) samples tested (Sarker et al., 2014d).
In total 71/132 (53.8%) birds in the Tasmanian flock
had laboratory evidence of current (PCR positive) or
recent (HI positive) BFDV infection. Similarly, of 71
birds tested in the Victorian flock six were PCR pos-
itive and a further three birds were HI positive and
most of these had a history that included transloca-
tion from Tasmania and/or South Australia. Of the
20 birds in the South Australian flock two were PCR
positive. Efforts to control the disease included eu-
thanasia of clinically diseased birds and segregation
of clinically normal but PCR positive or HI positive
birds and serial retesting.

The ability of circoviruses to persist in the environ-
ment for prolonged periods and their demonstrated
ability to infect closely related hosts creates prob-
lems for managing this disease in wild flocks. The
threshold susceptible population size required to en-
demically maintain BFDV in psittacine populations is
unknown but, with less than 50 individuals, the wild
population of Orange-bellied Parrots is almost cer-
tainly too small to maintain one, let alone different
BFDV clades on its own (Raidal et al., 1993a, 1998;
Swinton et al., 1998). In endemically infected flocks
high antibody prevalence balanced by low disease
prevalence reflects self-sustaining cycles of infection
and immunologic stimulation which supports the
development and maintenance of flock immunity
(Raidal et al., 1993a). Flock seroprevalence is main-
tained due to high exposure to the pathogen at the
expense of low losses. There is a trade-off between
persistent infection and flock immunity.

The absence of detectable antibody in the blood of
wild Orange-bellied Parrots is likely due to a combi-
nation of their young age as well as the presence of
active infection. For more than two decades, over
which the orange-bellied parrot has retained a very
small remnant wild population, the species has
probably lost most of it’s endemic pathogens and it
is likely that the flock behaves as a metapopulation
for BFDV genotypes maintained in other species.
The BFDV genotypes we detected currently infect-
ing the species are likely to be the result of spillover
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through contact with other psittacine birds includ-
ing cockatoos since the species is known to forage
in mixed flocks.

High titres of BFDV are excreted in feces and feath-
er material by infected birds and BFDV virions are
capable of surviving in the environment of nest
hollows for long periods (Raidal et al., 1993c). Like
other circoviruses BFDV is resilient and can readily
withstand temperatures of 80-85°C which may lead
to the long-term contamination of nest hollows,
perhaps for many years. Oral or cloacal transmission
and environmental persistence of BFDV, as well as
the predisposition of young birds to become infect-
ed, suggests a potentially significant role of shared
nest hollows in facilitating spillover, allowing abun-
dant parrot species to act as reservoirs for circovirus
infection in very sparse or small populations of spe-
cies such as the orange-bellied parrot. An analogous
situation has been documented in Mauritius, where
BFDV transmission occurs between invasive and
abundant rose-ringed parakeets (Psittacula krameri)
and the endemic, endangered Echo Parakeet (Psit-
tacula echo) (Kundu et al., 2012).

The existence of reservoirs for BFDV in wild parrots
throughout Tasmania is highly likely. The discovery
of two divergent circovirus genotypes with different
host affinities in two sibling swift parrot nestlings
that had died acutely from PBFD in Tasmania demon-
strates the likelihood of infection following shared
nest hollow use by different parrot species (Khalesi
et al., 2005; Sarker et al., 2013). The swift parrot
is uniquely analogous to the orange-bellied parrot
in that it is a small endangered migratory psittacine
that breeds in nest hollows in Tasmania. The spe-
cies has been observed reusing nest hollows when
flowering conditions are favorable. It is not surpris-
ing that PBFD infects birds through shared nest hol-
lows, for while a degree of host-specificity is seen in
psittacine circoviruses considerable host-generalism
is also observed in several lineages (Ortiz-Catedral
et al., 2010; Varsani et al., 2010a, 2010b; Raidal et
al., 2015; Sarker et al.,, 2015). Furthermore, the
likely prolonged environmental persistence of cir-
covirus virions (Raidal and Cross, 1994; Yilmaz and
Kaleta, 2004) provides a mechanism by which trans-
mission can occur in otherwise ecologically discon-
nected species. This is of particular significance in
Australia, where 47 species of psittacine birds nest
in tree hollows. At least four of these such as the
Sulphur-crested Cockatoo (Cacatua galerita), Little
Corella (Cacatua sanguine), Galah (Eolophus rosei-
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capillus) and Rainbow Lorikeet (Trichoglossus haem-
atodus) have expanded their range and population,
and are known to occupy hollows used by other
psittacine species. The Sulphur-crested Cockatoo
was the first species in which PBFD was described
and is known to maintain a high prevalence of anti-
body to BFDV in wild populations. The role of natu-
ral and artificial nest hollows in the transmission of
BFDV and other viruses (Mackie et al., 2003) in wild
Australian psittacine birds needs to be much better
characterized.

While emerging infectious diseases of wildlife are
receiving increasing attention as a potential cause
of species extinction or endangerment (Daszak et
al., 2000; Harvell 2004; Harvell et al., 2009) there
remains limited evidence that infectious disease is
a significant threatening process for the vast major-
ity of the world’s endangered species (perhaps with
the exception of amphibians). This is in part due to
the epidemiologic limitations on pathogen mainte-
nance in small populations (De Castro and Bolker,
2005). There are however some circumstances un-
der which, in theory at least, pathogens can lead to
the extinction of their host. Key among these are
firstly the introduction of a novel pathogen into a
new host species; secondly the pre-epidemic host
population is small; and the use of other abiotic or
biotic reservoirs by the pathogen. It is possible that
the emergence of PBFD in Orange-bellied Parrots
represents a scenario incorporating all of these con-
ditions. There is an urgent need to identify potential
reservoir hosts for BFDV infection in southeastern
Australia. This may be achieved through spatial and
temporal analysis of full-genome phylogenies of
PBFD in Orange-bellied Parrots and other Australian
psittacine birds, especially those that share ecolog-
ical space with this species. The re-emergence of
BFDV in the wild orange-bellied parrot population is
also a reminder that, even if infectious disease rarely
is solely responsible for the extinction of a species,
for populations that are critically endangered, emer-
gent or introduced pathogens can present a signif-
icant risk. Indeed, Orange-bellied Parrots are also
at risk from several other pathogens such as avian
polyomavirus (Raidal et al., 1998) that are capable
of causing catastrophically high mortality (Harris,
2006) and could result in the extinction of the few
remaining birds through stochastic processes. It is
crucial therefore that management of critically en-
dangered species is highly attentive to the risks of
infectious disease.
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