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Abstract. The detection of avian viruses in wild populations has considerable conservation implications. For DNA-
based studies, feathers may be a convenient sample type for virus screening and are, therefore, an increasingly common
technique. This is despite recent concerns about DNA quality, ethics, and a paucity of data comparing the reliability and
sensitivity of feather sampling to other common sample types such as blood. Alternatively, skeletal muscle tissue may offer
a convenient sample to collect from dead birds, which may reveal viraemia. Here, we describe a probe-based quantitative
real-time PCR for the relative quantification of beak and feather disease virus (BFDV), a pathogen of serious conservation
concern for parrots globally. We used this method to test for BFDV in wild crimson rosellas (Platycercus elegans), and
compared three different sample types. We detected BFDV in samples from 29 out of 84 individuals (34.5%). However,
feather samples provided discordant results concerning virus presence when compared with muscle tissue and blood,
and estimates of viral load varied somewhat between different sample types. This study provides evidence for widespread
infection of BFDV in wild crimson rosellas, but highlights the importance of sample type when generating and interpreting
qualitative and quantitative avian virus data.
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Introduction

Several avian pathogens represent major conservation concerns
(Newton 1998; Daszak et al. 2000; Altizer et al. 2003).
Noteworthy examples include malaria in Hawaiian forest birds,
cholera in albatross, and beak and feather disease virus (BFDV)
in psittacine birds (van Riper et al. 1986; Weimerskirch 2004;
Australian Department of the Environment and Heritage 2005).
For this reason, considerable time and economic resources are
devoted to the detection of pathogens such as viruses in wild bird
populations. Due to the limited resources available and the vast
scale of the problem that pathogens pose, sampling techniques
that allow for the rapid and reliable PCR-based detection and
quantification of pathogen loads from a range of host sample
types are desirable. In particular, non-invasive samplingmethods
provide practical advantages and have been extensively used to
draw general conclusions about pathogen levels (e.g. Davidson
and Skoda 2005; Yamamoto et al. 2008; Busquets et al. 2010).
For birds, feather sampling is increasingly being used as a source
ofDNAbecause feathers are often considered easier (less training
required), quicker and less invasive to obtain than tissue biopsy

or blood samples from venipuncture (Taberlet et al. 1999). As
such, a range of sample types including feathers are now
frequently being used for pathogen detection (Davidson and
Skoda 2005; Yamamoto et al. 2008; Dhinakar Raj et al. 2013),
particularly when investigations involve species that are difficult
to trap (feathers may be collected when they drop from the bird,
without the need for capture), are endangered (feather collection
results in shorter handling times), or involve a large sampling
effort, such as detection of avian influenza virus in waterfowl
(Stallknecht et al. 2012).Muscle tissue fromdead birds (e.g. birds
culled as pests, road kill or during natural mass death events)
may provide a sample type that could be compared with blood
in pathogen prevalence and load studies. This could be the case
because muscle is likely to contain blood, which otherwise
might be difficult to obtain from dead birds. Muscle tissue
would also be easier to collect and would require less training
than the sampling of other tissues. However, there is a need for
more studies that offer a direct comparison between common
sample types (e.g. blood, tissue from dead animals, feathers)
from the same individual at the same time, particularly with
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respect to the results from quantitative PCR for pathogen
detection. This is particularly the case in light of recent concerns
that have been raised about the lower quality and quantity of
DNA obtained from feathers compared with more invasive
methods (Taberlet et al. 1999; McDonald and Griffith 2011),
and the risk of false positives in feather samples in some cases
(Shearer et al. 2009).

In this study, we considered these issues following
development of a quantitative real-time PCR (qPCR) method for
the detection and relative quantitation of beak and feather
disease virus (BFDV) in crimson rosellas (Platycercus elegans).
BFDV provides a valuable case study because it is a significant
conservation threat to parrots globally; it is listed as a ‘Key
Threatening Process’ to biodiversity by the Australian
Government and has been implicated in wild parrot declines
in Australia and Mauritius (Heath et al. 2004; Australian
Department of the Environment and Heritage 2005; Kundu
et al. 2012). Furthermore, parrots are one of the world’s most
threatened orders of birds, with ~37% of species at risk of
extinction (Baillie et al. 2004). Extensive detection of wild
parrot populations and more detailed studies of the fitness
effects of infection are considered key priorities in the
conservation management of BFDV (Australian Department of
the Environment and Heritage 2005). The virus is thought to be
capable of infecting all members of the order Psittaciformes
(parrots, lorikeets and cockatoos) and is highly prevalent in
wild and captive populations worldwide (Raidal et al. 1993;
Rahaus and Wolff 2003; Ortiz-Catedral et al. 2009). BFDV
is the causative agent of a debilitating disease in birds with
signs including severe feather malformations, beak and claw
deformities (Pass and Perry 1984), and immunosuppression
that can ultimately lead to death (Todd 2000). However, disease
progression and signs are considered to be species, age and
individual specific (Raidal and Cross 1995; Doneley 2003).
BFDV is a single-stranded DNA circovirus that is ~2000
nucleotides in length and has two primary coding regions, the
replication-associated protein and capsid protein (Bassami
et al. 2001). BFDV is thought to have originated in Australia
and has spread globally through the pet trade (Varsani et al.
2011; Harkins et al. 2014). Phylogenetic inference of BFDV
suggests that different variants are associated with geographic
location (country) and are considered also to be species specific
(Eastwood et al. 2014). However, variants have been found
to cross species boundaries within captive breeding centres
(Varsani et al. 2011; Harkins et al. 2014), and has recently been
found to occur in a wild and critically endangered population of
orange-bellied parrots (Neophema chrysogaster) (Peters et al.
2014).

BFDV has been found to cause death without clear clinical
signs (Latimer et al. 1991), and so PCR methods that target
viral DNA in host samples are an excellent means of detecting
BFDV-infected birds (Katoh et al. 2008; Shearer et al. 2009).
Conventional (non-quantitative) and nested PCR methods
have previously been developed and are commonly used for
detecting BFDV DNA in host samples for diagnosis and
screening studies (e.g. Ypelaar et al. 1999; Kiatipattanasakul-
Banlunara et al. 2002). Although these methods are accurate
and provide an estimate of prevalence, conventional PCR
methods do not allow a quantitative estimate of viral load. Viral

load estimates are useful because higher pathogen burdens are
typically associated with lower host fitness (Medzhitov et al.
2012). qPCR is a reliable and sensitive method for detecting
viral DNA and is used extensively in virology to measure viral
load (Mackay et al. 2002). Currently, dye-based quantitative
PCR assays have been reported for the quantification of BFDV
load in blood, feather and cloacal samples from parrots (Raue
et al. 2004; Katoh et al. 2008; Shearer et al. 2009).

Molecular studies of BFDV could benefit from feather
sampling, particularly when a non-invasive means of sampling
endangered or difficult-to-capture species is required. However,
studies using both conventional PCR (Hess et al. 2004; Khalesi
et al. 2005) and quantitative PCR (Katoh et al. 2008; Shearer
et al. 2009) have reported conflicting outcomes in relation to
whether feathers or blood are more reliable samples (Khalesi
et al. 2005; but see Raidal et al. 2008), while muscle tissue from
dead birds has not been assessed in previous studies but could
provide an alternative means of detecting viraemia in dead
birds. This had led to significant uncertainty in the suitability
and comparability of different common sample types. Further,
the use of relative quantification, which can offer throughput
and repeatability benefits, has not been investigated in qPCR
assays for BFDV (Shearer et al. 2009).

In this study, we first developed a probe-based qPCR test
that would allow reliable, high-throughput detection of BFDV
and relative quantification of BFDV load in crimson rosella
samples, and analysed the statistical repeatability of the results.
Then, we used this test to compare qualitative (viral prevalence)
and quantitative (viral load) results from blood, muscle tissue
and feathers sampled at the same time from the same individuals
to improve knowledge of the appropriate sample types for
avian virus detection. In particular, we sought to determine
whether feathers and muscle may be an adequate sampling
method alone or in combination with blood for future virus
prevalence and load studies. Finally, we compared our assay
with an established conventional PCR test that is widely used
for BFDV screening and diagnosis (Ypelaar et al. 1999). Overall,
this study provides valuable new data on the prevalence of
BFDV in free-living crimson rosellas in Australia, a widespread
and abundant species that may act as a reservoir for this
pathogen (Eastwood et al. 2014). This study also highlights
the importance of appropriate avian sample collection for
pathogen detection using PCR.

Materials and methods
Sample collection

The crimson rosella (Platycercus elegans) is a widely distributed
parrot species in south-eastern Australia (Joseph et al. 2008).
Sixty-one adult birds were caught using a variety of methods,
including walk-in traps and mist nets; we also used nest box
traps as described in Berg and Ribot (2008). On capture, ~100mL
of blood was collected from the basillic vein and stored
immediately in ethanol. An additional 23 birds were collected
from permit-holding individuals who cull crimson rosellas as
orchard pests or sacrifice them for other research purposes
(Knott et al. 2010, 2013; Carvalho et al. 2011). These carcasses
were stored in a plastic bag at �20�C immediately after death.
Thirteen of these had blood collected either just before or just
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after death as described above. Feather and muscle tissue was
collected from the frozen carcasses later in the laboratory. A
single feather from the throat was plucked and finely chopped
to be used immediately in DNA extraction. All 23 culled birds
had Pectoralis Major muscle tissue collected from a position
either side of the sternum, which was immediately used for
DNA extraction. To avoid contamination when sampling
muscle tissue we first removed feathers from the area where
tissue was to be collected. To avoid contamination in the
laboratory while collecting feathers and muscle tissue all
laboratory equipment was disposable and the work area cleaned
after each bird was processed. Feather contamination may arise
in the field before capturing the bird or due to the uncontrolled
conditions of fieldwork. One of the sacrificed birds was used
as a BFDV-positive control, which was determined using a
conventional PCR (described below) and sequence verified,
GenBank accession no. KJ953858. No birds displayed clear
signs of the psittacine beak and feather disease (PBFD)
(feather malformation/loss or beak deformity). However, no
pathological examination was undertaken of any of the birds
used in this study.

DNA extraction and quantitation

An ammonium acetate DNA extraction method was used to
extract bird and BFDV DNA (Bruford et al. 1998). In brief,
blood, muscle tissue or finely chopped feather samples were
added to 250mL of a cell lysis buffer (20mM EDTA, 120mM

NaCl, 50mM TRIS-HCl, 20% SDS), with 200 units of
proteinase K.Ano-template controlwas added to each extraction
to control for potential contamination during the extraction
process. After incubating for 15 h at 37�C, 4M ammonium acetate
was added for protein removal, and after centrifugation (18 000g,
for 15min), ethanol was then added to the supernatant for DNA
precipitation. DNA was stored in low Tris-EDTA buffer (10mM

Tris.HCL,0.1mMEDTA;pH7.5–8.0).DNAquality andquantity
was determined using a DU 640B spectrophotometer (Beckman
Coulter, CA, USA) according to the manufacturer’s instructions,
with a 1 : 200 dilution. To verify spectrophotometer DNA
quantitation we used a fluorometer (Qubit Fluorometer, Life
Technologies) to requantify n= 39 samples from blood, muscle
tissue and feathers. PCR-quality DNA was further confirmed
for each sample by sexing each sample following the PCR
method of Griffiths et al. (1998) (results not shown).

Probe-based quantitative real-time PCR

Beacon Designer (Version 7, Premier Biosoft International) and
the published sequence AF071878 (Niagro et al. 1998) were
used to design primers in the highly conserved replication-
associated protein open reading frame of the BFDV genome
(Bassami et al. 2001; Heath et al. 2004). A forward primer (50-
GAC GCG GAT AAC GAG AAG TAT TG-30) and a reverse
primer (50-GCA ACA GCT CCA TCG AAA GC-30), were
selected that amplified a 100-nucleotide region between
nucleotide positions 90 and 190. An oligonucleotide probe
containing the fluorophore FAM and quencher TAMRA was
designed to bind to the amplicon produced (50-FAM CCG TCT
CTC GCC ACA ATG CCC AGG TAMRA-30). Both primer
and probe concentrations were optimised using a standard SyBr

green method. To perform the PCR, Brilliant Multiplex qPCR
master mix solution (Agilent Technologies, USA) with 900-nM
forward primer, 300 nM reverse primer and 100 nM probe was
added to 400 ng of sample DNA. For samples where the DNA
extraction did not a yield a sufficient quantity of DNA for the
qPCR reaction we added a standardised volume of stock DNA
(7mL). We then adjusted for the lower concentration after
calculating the relative estimation of viral load (see below).
Quantitative PCR was performed in a Stratagene Mx3005P
(Agilent Technologies, CA, USA) with conditions as follows:
initial denaturation of 10min at 95�C; followed by 40 cycles of:
30 s at 95�C, 60 s at 60�C and 30 s at 72�C; followed by final
extension of 5min at 72�C.

Quantitative PCR plates contained positive and negative
controls, and all samples were run in duplicate on each plate.
Duplicate samples with CT (cycle at which probe fluorescence
crosses the arbitrarily set detection baseline) values differing by
more than one cycle were repeated in another PCR assay. The
comparative CT method was used to calculate relative gene
expression (Schmittgen and Livak 2008). First, the data between
plates was normalised using the positive control (average CT

between sample duplicates – average CT of positive control
duplicates =DCt). Then a relative estimation of viral load was
calculated for each sample using the equation:

Viral load ¼ 2ð�DCTÞ:

CT values greater than 39 were considered negative (viral
load = 0). Samples from all 84 birds were tested in this way,
including the 13 individualswith blood,muscle tissue and feather
samples. Also a subsample of 22 blood sampleswere re-extracted
twice and tested in separate PCR assays for the purpose of
calculating repeatability in the detection of BFDV and the
estimation of viral load (relative gene expression). Viral load
was adjusted (relative gene expression multiplied by the division
of expected DNA concentration by actual DNA concentration)
if there was an insufficient quantity of DNA for the qPCR
reaction. This method was also used to adjust viral load
estimates for the DNA concentration values measured using a
fluorometer.

Comparison with an established PCR method

To determine whether our method was consistent with an
established, conventional PCR method for detecting BFDV,
39 DNA samples from blood-sampled live-caught birds and 10
DNA samples from tissue samples from culled birds were tested
with a slightly modified conventional PCR method developed
by Ypelaar et al. (1999), which is presently a ‘gold standard’ in
BFDV detection (Katoh et al. 2008; Sarker et al. 2014). Briefly,
100–400 ng of DNA template was added to 6mL of AmpliTaq
Gold 360 Master Mix (Applied Biosystems, CA, USA). The
forward and reverse primer sequences 50-AAC CCT ACA GAC
GGC GAG-30 and 50-GTC ACA GTC CTC CTT GTA CC-30,
respectively, that amplified a 717-nucleotide region of the
replication-associated protein, were added at a concentration of
10mM. Reactions were made up to 12mL using nuclease-free
water. PCR cycling was conducted in a GeneAmp 9700 PCR
system (Applied Biosystems, California USA), with initial
denaturation at 96�C for 10min, and 40 cycles of 96�C for 30 s,
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60�C for 30 s, 72�C for 90 s, then a final extension at 72�C for
7min. PCR products were separated using a 1.2% agarose gel.

Statistical analyses

Statistical analysis was carried out using SPSS 21 (IBM,Armonk
NY). Relative gene expression data was log-transformed to
improve normality before analyses. Statistical repeatability (r) of
relative viral load estimates was calculated using one-way
ANOVA following the method of Lessells and Boag (1987).
We calculated r for two comparisons: (1) inter-assay variance
(‘reproducibility’) which compares the viral loads of positive
samples across repeated DNA extractions from the same blood
samples and tested in different PCR assays (n = 8), and (2) intra-
assay variance (‘repeatability’) which compares the duplicates
of each positive DNA sample assayed on each plate (n = 5 blood
and n= 10 tissue). Additionally, CT values and viral load
estimates were compared pairwise between the three sample
types (blood, tissue, and feather) collected from 13 birds using
non-parametric Wilcoxon signed ranks tests. To determine the
sensitivity of our method we used the Kappa statistic (Viera and
Garrett 2005).

Results

Repeatability and reproducibility

BFDV was detected in samples from 29 of 84 Platycercus
elegans individuals (34.5%). In order to test reproducibility
(inter-assay variance) of BFDV detection and relative
quantification of viral load in positive samples, blood samples
from 22 birds were re-extracted and retested in a second PCR
assay. Of these, 13 were negative both times, 8 were positive
both times, and 1 sample was positive in only one of the
two assays (95.5% concordance). Reproducibility of relative
quantification of viral loads in these eight consistently positive
samples was r= 0.85. As expected, estimates of viral load were
highly repeatable amongst sample duplicates in each PCR assay
(intra-assay variance: r= 0.99, n= 15 positive samples). This
repeatability estimate was unchanged when considering blood
and tissue samples separately, or when also including negative
samples (i.e. gene expression = 0, n= 49).

Comparison between sample types

We compared the rate of detection of BFDV between blood,
muscle tissue and feather samples collected at the same time
from 13 birds. We found that the detection of BFDV in blood
and tissue samples was largely consistent (Fig. 1a), with 10
individuals providing similar results from both blood and
tissue. Feather concordancewith bloodwas 7 of 13, while feather
concordance with muscle tissue was 4 of 13. Thus, feather
samples were less consistent in the detection of BFDV compared
with blood or tissue than blood and tissue were with each other.
In particular, feathers had a higher chance of returning a positive
result for an individual which was negative for BFDV in blood
and/or tissue (Fig. 1a). Pairwise Wilcoxon signed ranks tests
revealed no significant differences in CT values between blood,
tissue and feather samples (Table 1). However, the relative viral
load estimate was significantly higher in feathers than in blood
(Table 1). There was also a tendency for tissue samples to show
higher andmore variable viral loads than blood samples (Fig. 1b).

To test for any inaccuracies in spectrophotometer DNA
quantification we requantified all 39 samples (three sample
types from 13 individuals) using a fluorometer, and found that
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Fig. 1. (a) Line plot showing differences in viral load between all three
sample types for each individual (n= 11 individuals); samples in which no
virus was detected are not shown (n= 2 individuals). Individuals with one
positive sample type are denoted using a single dot; two sample types positive
weredenotedusingadotted line; andwhenall three sample typeswerepositive
a solid line was used. (2) indicates the presence of two overlapping points.
(b) Box plots representing differences in viral load between blood, tissue and
feather samples collected from P. elegans individuals (n= 13).

Table 1. Results of Wilcoxon signed ranks tests of pairwise differences
in quantitative real-time PCR CT values and viral load estimates
between blood, tissue and feather samples collected at the same time
from the same individuals (n= 13) (the difference in viral load between
sample types was also tested using fluorometer DNA concentration

adjusted values)

Measure of infection Paired
comparison

Test
statistic

s.e. P

CT values Blood v. tissue 0.169 5.916 0.866
Blood v. feathers 0.533 8.441 0.594
Tissue v. feathers –0.356 11.247 0.722

Viral load Blood v. tissue 1.014 5.916 0.310
Blood v. feathers 2.073 8.441 0.038
Tissue v. feathers –1.067 11.247 0.286

Viral load (fluorometer-
adjusted DNA
concentrations)

Blood v. tissue 1.183 5.916 0.237
Blood v. feathers 2.073 8.441 0.038
Tissue v. feathers –1.245 11.247 0.213
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the two DNA quantification methods were highly correlated
(Spearman’s rankcorrelation: rs = 0.867,P < 0.001).Conclusions
regarding differences between blood, muscle tissue and feather
sample types were qualitatively the same after adjusting viral
load to reflect the fluorometer DNA concentration rather than
spectrophotometer-determined DNA concentration (Table 1).

Comparison between PCR methods

For samples from 49 individual P. elegans (39 from blood, 10
from tissue), we compared the results from our qPCR assay with
an established, conventional PCR assay used in detection and
diagnosis (Ypelaar et al. 1999). We found that 11 samples were
positive for BFDV using both PCRmethods (22.4% prevalence),
and 34 samples were negative according to both methods
(69.4%). The remaining four samples (8.2%), including three of
the blood samples and one of the tissue samples, were identified
as positive using our new qPCR assay but negative using the
conventional PCR assay. This represented high agreement
between the two diagnostic tests (Kappa = 0.79, s.e. = 0.097),
with evidence that our qPCR is more sensitive. Five randomly
selected samples that tested positive, using the method described
here, were confirmed as true positives by sequence verification
(GenBank accession nos KJ953851, KJ953865, KJ953868,
KJ953877, KJ953879).

Discussion

The study and monitoring of avian diseases in general has vital
economic, conservation and public health benefits (Daszak et al.
2000). As with most avian diseases, research and detection of
BFDV in wild populations can benefit from a high-throughput,
cost-effective, sensitive and reliable molecular screening and
quantification tool. Here, we reported a probe-based qPCR
method for detecting and estimating relative viral load of
BFDV, a global threat to endangered Psittaciformes (Australian
Department of the Environment and Heritage 2005). We tested
this method in one host species, the crimson rosella (Platycercus
elegans). Further work will be required to confirm whether this
method detects all known genotypes, because BFDV is
genetically diverse across (Varsani et al. 2011; Harkins et al.
2014) and within (Massaro et al. 2012; Sarker et al. 2014) host
species, and is also susceptible to high levels of recombination
(Julian et al. 2012, 2013). We demonstrate that our method
compared favourably with previous methods with high
reproducibility and repeatability (i.e. inter- and intra-assay
variance) when using the same sample type. However, we
showed that results can differ qualitatively and quantitatively
when comparing different sample types from the same individual,
notably when comparing feather samples to blood or muscle
tissue samples. This was the case even though our feather
samples were collected directly from individual birds at the
same time as blood and muscle tissue samples were collected.
However, we note the low sample size used to compare the
three sample types (n= 13 individuals). Care was taken to
avoid environmental contamination; however, when collecting
feathers (in our case the whole bird) in the field the risk of
contamination can rarely be discounted. Our results also
suggest that muscle tissue is a viable and easy-to-collect source
of viral DNA that is comparable to blood, although there was

some discrepancy between the results from blood and muscle
tissue. These results highlight the importance of careful sample
selection when investigating pathogens in avian species,
particularly when considering the use of feathers as a DNA
source.

Sample type is an important consideration for pathogen
detection in wild populations, as different pathogens often reside
in certain areas of the body, but not others. Feathers are
increasingly being used as a convenient, readily available, non-
invasive source of DNA for avian research (McDonald and
Griffith 2011), including for detection studies for a range of
host–pathogen systems, including avian influenza virus and
chicken circovirus (Davidson and Skoda 2005; Yamamoto et al.
2008; Busquets et al. 2010; Dhinakar Raj et al. 2013). However,
in many such studies it is likely that comparability between
sample types may be dependent on the host species, the
pathogen, or the stage of infection. For example, in the case of
viruses such as BFDV, feather samples could be contaminated
with virus from the environment, the individual from which it
was sampled (e.g. body fluids from preening or skin follicles)
or by coming into contact with infected individuals (Ritchie
et al. 1991; Shearer et al. 2009). Alternatively, feathers may
represent historic infection status, because feathers grown when
the bird was infected may contain viral DNA, even though the
individual may have subsequently mounted an immune response
and cleared the virus from the blood. Conversely, individuals
that have recently become infected may not have viruses in
feathers that grew when the individual was not infected. We do
not presently know which of these scenarios is most likely to
explain the discordant results between feathers and blood/
muscle tissue found in this study. The best solution for most
studies would seem to be validation of the comparability of
different sample types for each research population or species
before intensive screening is undertaken, preferably in light of
knowledge about the progression of infection with the body.

Hitherto, the most appropriate sample type for BFDV
detection has not been determined, although feathers have
previously been promoted as suitable (Hess et al. 2004; but see
Khalesi et al. 2005; Katoh et al. 2008). Our results suggest that
there were no significant differences in BFDV load between all
three sample types, although this outcome should be interpreted
cautiously as this test was based on a low sample size. Following
experimental challengewithBFDVineastern long-billed corellas
(Cacatua tenuiostris), Shearer et al. (2009) found increased
probability of detecting the virus in feather compared with blood
samples over the following six weeks, and decreased correlation
between viral load estimates from feathers and blood. These
results were attributed to environmental contamination.

Real-time PCR is well regarded for its accuracy, sensitivity
and reproducible results (Mackay et al. 2002), making it a useful
tool for the detection of wildlife pathogens, including BFDV
(Shearer et al. 2009). We considered viral load to be zero when
CT values were greater than 39; such high CT values indicate
very low viral loads, which were rarely reproducible, and are
therefore likely to be below the reliable detection limit of this
assay. Further, fluorescence artefacts may appear after a greater
number of PCR cycles (Erlich et al. 1991). This approach is
therefore recommended for this method, to minimise false
positives and achieve relative viral load estimates that are
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highly repeatable within sample types. Furthermore, comparison
with a conventional PCR method (Ypelaar et al. 1999), which
is widely used for BFDV detection (positives are determined
by visual inspection of a single band within an agarose gel),
provided largely concordant results. However, our qPCR
method detected four positive (CT< 39) BFDV samples (out of
49) that were considered negative using the conventional PCR,
which is consistent with the higher sensitivity reported for qPCR
methods (Katoh et al. 2008; Shearer et al. 2009).

BFDV is considered a serious potential threat to wild parrot
populations globally, as mortality induced by the virus is often
high (Ritchie et al. 1989; Ortiz-Catedral et al. 2009). However,
studies to date that investigate BFDV in wild populations are
scarce and only consider prevalence, and many gaps remain in
our knowledge of the transmission and fitness effects of BFDV
in wild populations (Ortiz-Catedral et al. 2009; Kundu et al.
2012). Our study provides information about BFDV in a sample
(n = 84) of wild crimson rosellas. Our findings suggest that
BFDV infection in this host species is widespread and
persistent because we detected BFDV in samples collected
across multiple years, locations, and from three subspecies (P. e.
elegans, P. e. flaveolus and P. e. adelaidae). This highly
coloured and phenotypically variable species represents an
emerging model system in the study of speciation (Joseph
et al. 2008; Ribot et al. 2012; Eastwood et al. 2014), avian
communication (Berg and Bennett 2010; Ribot et al. 2011,
2013) and vision (Ribot et al. 2009; Knott et al. 2010; Carvalho
et al. 2011), and now has great potential to enable us to further
elucidate the evolution and ecology of BFDV infection
(Eastwood et al. 2014). The finding that BFDV exists in such a
common and widespread species is a serious concern for
conservation managers that are attempting to recover threatened
psittacine species as crimson rosellas may act as reservoirs
and transmit infection to threatened species.

In summary, this study describes a probe-based qPCR that
demonstrates high-throughput and repeatability/reproducibility
in the detection and relative quantitation of BFDV in crimson
rosellas. We provide evidence showing that the results are
comparable in blood and muscle tissue samples from wild
crimson rosellas, but that feathers from the same birds may
provide inconsistent results. This suggests that muscle may be
an easy and comparable sample type to collect from dead birds.
Our study demonstrates the potential for this qPCR to accurately
assess the prevalence of a widespread but little understood virus
that is a significant threat to many species in one of the world’s
most threatened orders of birds (Baillie et al. 2004). However,
our results urge increased caution in the quantitative
comparison of different sample types, and support recent calls
for the careful consideration of the validity of feathers as a
DNA source for avian studies, in this case in the context of
pathogen detection (Khalesi et al. 2005; McDonald and Griffith
2011). Finally, this study provides evidence that BFDV is
present and widespread in wild crimson rosellas in Australia.
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