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ABSTRACT  

 

Phylogenetic analyses of the highly genetically diverse but antigenically conserved, single-stranded 

circular, DNA genome of the avian circovirus, beak and feather disease virus (BFDV) from cockatoo 

species throughout Australia demonstrated a high mutation rate for BFDV (orders of magnitude fall in the 

range of 10–4 substitutions/site/year) along with strong support for recombination indicating active cross-

species transmission in various subpopulations. Multiple variants of BFDV were demonstrated with at 

least 30 genotypic variants identified within nine individual birds, with one containing up to 7 variants. 

Single genetic variants were detected in feathers from 2 birds but splenic tissue provided further variants.  

The rich BFDV genetic diversity points to Australasia as the most likely geographical origin of this virus 

and supports flexible host switching. We propose this as evidence of Order-wide host generalism in the 

Psittaciformes characterised by high mutability that is buffered by frequent recombination and slow 

replication strategy.   

 

Keywords:  Multiple-variants; Circovirus; Viral recombination; Psittacine beak and feather disease; Host 

generalism; Mutation rate; Host switching; viral quasispecies 

 

Introduction 

Psittacine beak and feather disease (PBFD) is a chronic but ultimately fatal viral disease of young parrots 

and cockatoos, characterized by long term incubation of up to 2 years followed by immunotolerance and 

massive viral excretion and enduring antibody negative status. All Psittaciformes are considered 

susceptible to infection since it has been reported in more than 60 species of cockatoos and parrots 

(Bassami et al., 2001; Ritchie et al., 2003; Todd, 2004) and has been known to occur naturally in wild 

Australian birds for more than 120 years (Ashby, 1907; Powell, 1903; Raidal et al., 1993b). The disease is 

recognized as a key threatening process for endangered psittacine birds in Australia and has spread 

globally, now affecting a wide range of psittacine species both in wild and captive populations (Bassami 
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et al., 2001; Clout and Merton, 1998; Ha et al., 2007; Raidal et al., 1993b; Ritchie et al., 1990; Sanada et 

al., 1999). The aetiological agent of the disease, beak and feather disease virus (BFDV),  a compact 

circular, ambisense single-stranded DNA (ssDNA) virus belonging to the genus Circovirus in the family 

of Circoviridae (Heath et al., 2004; Kondiah et al., 2006; Niagro et al., 1998) is perhaps the simplest 

pathogen known to infect vertebrates.  

 

Circoviruses and the recently recognized cycloviruses  (Li et al., 2010; Rosario et al., 2011) are the 

smallest known autonomously replicating viruses, with genomes of approximately 2000 nucleotides 

encoding a replicase (Rep) and a single capsid protein (Cap) and this simplicity makes them a good 

candidate to model host-generalist phylogenetics and intra-host genetic variation in disease ecology and 

drivers of virulence versus attenuation. Circoviruses may also represent an ancient form in viral evolution 

related to plant geminiviruses and nanoviruses (Gibbs and Weiller, 1999) with circovirus “fossil” 

sequences recently identified integrated on the chromosomes of a wide range of vertebrates, invertebrates, 

protozoans, plants, fungi, algae and bacteria (Delwart and Li, 2012). Recombination has been clearly 

shown as a key mechanism within BFDV evolution but there is also evidence that the C-terminal region 

of Rep originated from an RNA-binding protein taken from a progenitor calicivirus, a RNA virus species 

that only infects vertebrates (Gibbs et al., 2006; Gibbs and Weiller, 1999).  

 

In extant hosts and compared with other non-enveloped DNA viruses, of which the highly conserved 5 kb 

circular dsDNA genomes of avian polyomaviruses are probably the best choice for comparison, BFDV is 

highly genetically diverse and prone to mutation (Duffy and Holmes, 2008; Julian et al., 2013; Sarker et 

al., 2014a) yet, somewhat paradoxically, remains relatively antigenically conserved with only subtle 

evidence of different serological strains so far detected (Khalesi et al., 2005; Raidal et al., 1993; Shearer 

et al., 2008). The order Psittaciformes contains more than 370 species, most of which are concentrated in 

the tropical parts of the Southern Hemisphere (White et al., 2011). Over 20% have been subjected to 
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conservation efforts including 85 species listed as critically endangered, endangered or vulnerable, and 19 

species are considered at risk of extinction globally by the International Union for Conservation of Nature 

(IUCN, 2013). In Australia, five endemic species of black cockatoos (Calyptorhynchus spp.), such as the 

red-tailed black-cockatoo (Calyptorhynchus banksii) and glossy black-cockatoo (Calyptorhynchus 

lathami) as well as two white-tailed black-cockatoos of Western Australia have been classified as 

endangered in the IUCN Red List of Threatened species (IUCN, 2013), whereas the gang-gang cockatoo 

(Callocephalon fimbriatum) has been listed as an endangered species in New South Wales (NSW). Whilst 

habitat loss and degradation is considered their major threat (Garnett et al., 1999; White et al., 2011) the 

spread of infectious diseases, in particular PBFD, is also considered a key threatening process.  

 

In the present study we analysed BFDV genomes from a range of host species primarily to ascertain 

threats to endangered cockatoos particularly in relation to predictable host-switch events involving more 

common competitors such as the sulphur-crested cockatoo (Cacatua galerita), galah (Eolophus 

roseicapillus), long-billed corella (Cacatua tenuirostris) and Major Mitchell’s cockatoo (Lophochroa 

leadbeateri) in captive and wild populations throughout Australia. Our aim was to evaluate the 

phylogenetic and biogeographic relationships of cockatoo-derived BFDV genomes comparing 38 new 

genomes with representative BFDV genomes, Rep and Cap gene data from existing geographical and 

genotype clades. We also tested the hypotheses that phylogenies based on Cap and Rep gene alone are not 

congruent with whole genome analysis; that cockatoo derived BFDV clades represent evidence of flexible 

host generalism; and that genetic diversity and levels of divergence within BFDV clades are similar 

within and not constrained by host availability.  

 

Results 

Analyses of BFDV genome sequences for patterns of relatedness 

A Bayesian phylogenetic tree of 38 entire BFDV genome sequences (GenBank accession numbers: 
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KF385399-KF385436) from seven different cockatoo species along with another 81 BFDV genome 

sequences publicly available on GenBank exhibited a pattern of strong geographic clustering to Australia, 

but within Australia all psittacine bird species appeared potentially susceptible to each genotype (Fig. 1) 

(See ML tree with original bootstraps support as a supplementary Fig. S1 and Table S1 for more detail 

information). Phylogenetic analysis of Rep alone matched closely (R2=0.814 P<0.001 supplementary Fig. 

S2) with whole genome analysis but Cap was much less able to predict whole genome phylogeny 

(R2=0.733 P<0.001 supplementary Fig. S3). Regression analyses failed to demonstrate any significant 

correlations between BFDV genetic distances, host genetic distances, spatial distances, temporal or wild 

status. Analysis using BaTS showed no significant association between host species or geographical 

location and phylogeny within Australia.  

 

BFDV genomes from two red-tailed black cockatoos (GenBank accession numbers: KF385399 and 

KF385400) in Western Australia shared >89% pairwise nucleotide identity but Bayesian phylogenetic 

analysis revealed that the potential sources of BFDV infection were different (Fig. 1). For example, one 

BFDV genome (KF385400) demonstrated strongest clade support (100%)  with spatially distant 

genotypes of BFDV from a cockatiel (Shearer et al., 2008), sulphur-crested cockatoo (KF385415) from 

Victoria, one long-billed corella BFDV genome (KF385428) from Victoria and one galah BFDV genome 

(KF385435) from Queensland. Whereas, another genome from a wild caught red-tailed black cockatoo 

(KF385399) showed >79% clade identity with a temporally (13 years), and spatially (4000 km) distant 

rainbow lorikeet genome (AF311299) from Victoria. 

 

A similar scenario was documented in the case of the endangered glossy black cockatoo. Even though, the 

BFDV genomes (KF385408-KF385412) from five glossy black cockatoo shared 90.3-99.1% sequence 

identity, Bayesian phylogenetic tree indicated that the BFDV originated in this individual from a different 

ancestor (Fig. 1). BFDV genomes (KF385409-KF385412) from four glossy black cockatoo shared >88% 
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clade support with other Australian BFDV genomes, whereas another BFDV genome from glossy black 

cockatoo (KF385408) formed a separate and well-supported monophyletic clade with other BFDV 

genomes (KF385399, AF311299, AF31195-96). On the other hand, five gang-gang cockatoo BFDV 

genomes formed a well supported clade (99%) indicating that these birds may support a unique genotype, 

but closely related (>83% clade identity) to other Australian BFDV genotypes.  

 

Unexpectedly, a BFDV genome obtained from a captive orange-bellied parrot (KF188691) from Victoria 

had strong clade (>96%) support with seven BFDV genomes (KF385420-KF385425) from Victorian 

long-billed corella and one long-billed corella BFDV genome (KF385429) from Queensland.  

 

Estimation of mutation rate 

Using uncorrelated relaxed lognormal and strict molecular clock the estimated mutation rates for entire 

genome, Rep and Cap gene varied slightly and falling in the same order of magnitude (10–4 subs/site/year) 

(Table 3), which is much higher than any other DNA virus. The mean rate of mutation estimated for 

BFDV full genome data sets ranged from 8.18×10-4 to 9.67×10-4 subs/site/year.    These were outside the 

95% HDPs  (8.32×10-5 to 3.94×10-4) of randomised data sets (Table S2) and therefore supportive of a 

temporal structure in the data. Higher mutation rates were also consistently estimated in Cap versus Rep 

(Table 3). However, using Path-O-Gen, there was little support for a good temporal signal for BFDV 

genome data sets (r2= 0.122, residual mean square = 1.43×10-3 and correlation-coefficient = 0.320).  

Frequent recombination in BFDV genomes 

Using RDP4, SBP and GARD recombination was detected in the BFDV genomes from cockatoo species 

(Fig. 2 and Fig. S4). The strongest support for recombination was detected in the c-terminal portion of the 

capsid gene between a wild-caught long-billed corella (KF385429) and a wild red-tailed black cockatoo 

bred (KF385399) originally sourced from Queensland and Western Australia respectively (specific 
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recombination breakpoint location: 1277; P ≤ 0.001 using SBP and GARD). A second recombination was 

detected in the intergenic region of the genome between two glossy black cockatoo BFDV genomes from 

the New South Wales. Additionally, third recombination in the Rep gene region was also strongly 

supported between two BFDV genomes that were from geographically distant birds. One (KF385404) 

was a wild gang-gang cockatoo from New South Wales and the second (KF385400) bird was another 

wild red-tailed black cockatoo from Western Australia.  

 

DNA fold analysis for three specific recombination breakpoint locations (detected by using SBP and 

GARD) revealed that these recombination breakpoints were consistently predicted to be physically 

located within loop-like DNA structures of the encapsidated genome (Fig. 3). 

 

 

Sequence analysis of BFDV genome for intra-host genetic variation  

A representation of the multiple genotypes was obtained by determining the nucleotide sequences of 12-

20 positive clones from each set of primers as well as direct PCR amplicon sequencing. The BFDV 

genotypic variants were analysed using ClustalW (Thompson et al., 1994). Phylogenetic trees were 

derived from nucleotide sequences from each individual bird with raven circovirus (GenBank accession: 

DQ146997) (Stewart et al., 2006) as a root. The distance-based NJ method (Saitou and Nei, 1987), under 

Tamura-Nei parameter model (Tamura and Nei, 1993), was implemented for phylogenetic 

reconstructions.  

 

In samples from nine birds preferential amplification of different BFDV genotypes was detected within 

individually infected birds. In one bird for example, gang-gang cockatoo (96-1404), preferential 

amplification of one genotype (Fig. 5A; red circle and GenBank accession: KF385401) was detected by 

whole genome amplification, which was cloned and then sequenced 6 times producing identical sequence 

data. Whereas by analysing 12 separately cloned amplicons, a further two variants were detected in the 



Page 8 of 30 

 

same bird when using primer set 2 and BFDV-J-R (Table 2), which produces an amplicon of 1259 

nucleotides including partial Rep and Cap coding regions. Furthermore, another four genotypic variants 

were detected by analysing another 20 cloned amplicons from the same bird when primer set 2 and 4 

(Table 2) was used, which produces an amplicon of 717 nucleotides of the Rep gene. Also in this bird the 

second and third primer set failed to amplify the first genotype even though the target sequences were 

identical. Within this bird (96-1404), and out of a total of seven variants, two variants (KF385401, 

KF499127) showed significant difference in pairwise nucleotide (>94%) and amino acid (>96%) identity 

with all other neighbouring variants (Fig. 4). Comparison of the phylogenetic tree derived from the 

nucleotide sequences of different BFDV genotypic variants of that bird shows an expansion of genetic 

distances among variants compared to the highly genotypic variant (Fig. 5A; red circle). 

 

Interestingly, five genotypic variants (GenBank accession: KF385400, KF499122-KF499125) from the 

spleen and feather samples of one of the wild red-tailed black cockatoos (13-1780-055) showed relatively 

close relatedness among nucleotide sequences analysed (>99% pairwise nucleotides identity) (Fig. 4), and 

the bootstrap values associated with the derived NJ tree suggest limited robustness (Fig. 5B). However, 

the nt differences had a potentially significant influence on protein structure demonstrating >97% 

pairwise amino acid identity (Fig. 4). Cloning and sequencing of feather and splenic samples from 

another wild red-tailed black cockatoo (13-1780-052) demonstrated three intra-host polymorphisms with 

>99% and ≥98% pairwise nucleotide and amino acid identity (Fig. 4).  In both of these birds each feather 

sample only yielded one genetic variant with splenic tissue being the source of further variants.  

 

Neighbor-joining tree from the genotypic variants of a gang-gang cockatoo (04-604) also demonstrated 

significant expansion of Rep genetic distances among variants (Fig. 5C; red circle and GenBank 

accession: KF385402). Further, nucleotide sequences analysed revealed that highly genotypic variant 

showed ≥96% and >97% pairwise nucleotide and amino acid identity respectively with other genotypic 
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variants (Fig. 4). A similar scenario was also documented in another wild gang-gang cockatoo (Fig. 5D). 

Another four white cockatoos (05-746, LBC-10, LBC-11 and LBC-51) demonstrated two genotypic 

variants in each bird, and almost all showed ≥98% pairwise identity both for nucleotide and amino acid 

(Fig. 4).   

 

Discussion 

A focus of this research was to investigate the evolutionary pathway of BFDV in Australian cockatoos 

and to identify potential BFDV clades that might threaten endangered host species. The results depicted in 

Fig. 1 show that whilst there may be minor intra-host divergences host-switch events have occurred with 

high frequency even across highly divergent host species. For example, the only explanation for the 

location of BFDV genome KF188691 (a captive orange-bellied parrot) amongst a clade dominated by 

corellas, all of which were wild birds, is a host switch event (Peters et al., 2014). Corellas belong to the 

Family Cacatuidae, a dominant group of large white cockatoos found throughout the Philippines, 

Solomon Islands and Australia. Several Cacatua species including corellas are considered as agricultural 

pests in Australia because they congregate into large flocks which destroy crops. This colonial behaviour 

presumably also facilitates the transmission and maintenance of BFDV endemicity (Raidal et al 1993). In 

contrast the orange-bellied parrot is a much smaller critically endangered bird with less than 50 individual 

remaining birds in the wild and belongs to the distantly related Family Psittaculidae which split from 

cockatoos at least 40 MYA just prior to the time Australia is thought to have separated from Antarctica 

(Wright et al., 2008). The individual orange-bellied parrot (KF188691) was part of an insurance captive-

breeding flock held under strict quarantine and hygiene protocols with limited access to other captive 

birds  (Sarker et al., 2014a) but could have been exposed to wild birds that flew over the aviary it was 

housed in.  
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Taking recombination into account and the most likely transmission of BFDV infection in various captive 

and wild birds, we observed a pattern of close similarity phylogenetically corresponding to geographic 

location appearing at relatively recent points in the evolutionary history of BFDV. In contrast to previous 

work (Shearer et al., 2008) our results indicate that almost all Australian psittacine birds can become 

infected with and are capable of transmitting BFDV genotypes that are regularly detected in psittacine 

host-species. The low level of sequence divergence of the BFDV genomes from gang-gang cockatoos 

indicates a much more recent clade divergence originating in New South Wales since this species does 

not exist naturally in Western Australia (KF38401-03). The data confirms that endangered glossy black 

cockatoos (KF385409-12) are susceptible to PBFD and that they may become infected with BFDV from 

other cockatoo species.  

 

Multiple intra-host genetic variants (total n=30) were detected in nine birds with one gang gang cockatoo 

(KF385401) having up to seven genotypic variants (Fig. 4 and 5). The role of genetic variants in the 

evolution of BFDV in cockatoos, and in ssDNA virus replication more broadly, is not clear but in the case 

of BFDV it is probably a mechanism used to enhance replicative capacity rather than immune escape 

since all known BFDV so far studied have been antigenically similar. Splenic tissue appeared to be the 

best sample for detecting genotypic variants in the two red-tailed black cockatoos studied and this may be 

evidence of an internal selective process as primary, secondary and tertiary replication phases progress 

from tissue to tissue eventuating in BFDV excretion in feather dander.  

 

The potential role of vertical transmission in BFDV epidemiology as a driver of intra-host genetic 

diversity is also not clear. PBFD-affected cockatoos are characterized by long term chronic viral 

infection, excretion of massive viral titres in faeces and dystrophic feathers, and are typically 

immunotolerant or at least consistently antibody negative (Raidal et al., 1993). This is suggestive of an 

MHC-mediated tolerisation process maybe during early development of the thymus or bursa of Fabricius 
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and  may also explain age-related susceptibility of cockatoos and other parrots to disease (Bonne et al., 

2009). Nevertheless, such conditions might permit greater opportunity for multiple genetic variants to 

eventuate and or accumulate. Alternatively those individual birds with the greatest number of genetic 

variants may have been in a stage of early infection and or establishing the most replicative competent 

variants or, for a range of other reasons, may have coincidentally been suffering high levels of viraemia.  

 

There has been debate in the literature concerning the role of vertical transmission in avian circovirus 

epidemiology (Duchatel et al., 2006; Rahaus et al., 2008). If it occurs it is unlikely to be a significant 

mechanism for circovirus maintenance in populations since it is more likely to be a deep force for viral-

host co-evolution. Our phylogenetic analyses provide little evidence of strong host-based divergence, and 

when considered in broader terms of disease ecology, indicate BFDV to be a resource generalist. Flexible 

host-switching is most likely facilitated by horizontal transmission and, in the Australian context at least, 

this is most likely to occur in tree nest hollows where there is strong competition between Psittaciformes 

and other birds for reproductive opportunities (Heinsohn et al., 2003; Legge et al., 2004; Saunders et al., 

1982). The ability of BFDV to persist in the environment (Raidal and Cross, 1994) along with the 

massively high titres excreted by PBFD-affected birds also supports this. As such the role of sequestration 

of BFDV genotypes within such a fomite, perhaps for many years, may be an important factor in 

extending the replication strategy of the virus along with re-entry of ancestral BFDV genotypes into host 

populations.  

 

During the course of infection numerous BFDV genotypic variants were present in various cockatoo’s 

species. To confirm these multiple host-variants high fidelity Taq DNA polymerase was used which has 

an error-correcting mechanism (Duffy et al., 2008). In our previous studies in the critically endangered 

orange-bellied parrot numerous quasispecies variants were circulating within the population and within 

individually infected birds (Sarker et al., 2014a) . Moreover, new insights into the multiple host-variants 
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associated with cockatoo species have been unveiled by the comparison of phylogenetic and mutational 

frequency of each clone (Fig. 4 and 5). The NJ tree topology of intra-host variants from one gang-gang 

cockatoo (96-1404) evolved under enhanced genetic distance compared with one highly divergent variant 

(Fig. 5A; red circle and GenBank accession number: KF385401), which could be considered as a dual 

infection with a separate genotype altogether, whereas other variants were relatively closer. In the only 

other study of naturally occurring ssDNA viral quasispecies a novel unassigned circovirus-like infection 

in sea turtles consistently showed up to 5 variants, with the majority being >80% similar, with occasional 

extremely divergent variants within individual animals (Ng et al., 2009). Similarly, seven different 

genotypes of tick-transmitted bacterium Borrelia afzelii were reported in the bank vole Myodes glareolus 

which favours greatly antigenic diversity (Andersson et al., 2013) and this presumably is a key influence 

on the evolution of virulence (Alizon et al., 2013). Since the principle may be applied to lineages within a 

species or species within a community (Beardmore et al., 2011) it seems appropriate to consider BFDV as 

a multiple-variant infections within the Order Psittaciformes, given its high degree of antigenic 

conservation and apparent equal host susceptibility. 

 

The Psittaciformes most likely originated in Australasia during the Cretaceous period when New Zealand 

and Australasia were still part of the Gondwanan supercontinent and the richest diversity of extant genera 

is endemic to the region (Wright et al., 2008). So it is not surprising that our studies and others have 

demonstrated a strong geographic clustering of BFDV genomes to Australia (Fig. 1) (Varsani et al., 

2011). Australia is the sole member of the BFDV-G genotype group which is the most divergent of all 

proposed BFDV genotype groups (Peters et al., 2014; Varsani et al., 2011). This suggests that the BFDV 

in Australia may now be isolated but have admixed globally with the trade of captive pet birds such as the 

budgerigar, a species that has been kept as a pet throughout the world for more than 150 years. Indeed 

BFDV genomes from budgerigars are basally located in the international branch shown in Fig. 1. Given 

the high genetic divergence of BFDV, numerous studies have used limited numbers of complete viral 
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genome sequences to demonstrate phylogenetic relationships among BFDV genomes globally (Bassami 

et al., 2001; Julian et al., 2013; Massaro et al., 2012; Shearer et al., 2008; Varsani et al., 2011). Our 

present study greatly increases the number of BFDV genomes available and provides strong 

phylogeographic evidence that other countries have probably had recent transmission events from 

Australasian BFDV genotypes. In New Zealand, for example, recent documentation of BFDV infection 

circulating in endangered parrots showed minimum relationships globally (Massaro et al., 2012) whereas, 

others have shown that BFDV-J1 isolate were nested within a clade of Australasian BFDV and could 

plausibly have been introduced into Europe (Julian et al., 2013). What is clear from Fig. 1 is that BFDV 

from representative endemic Australian Psittaciforme species exported to Asia, Europe, the USA and 

New Zealand occur throughout all clades.  

 

Preferential PCR amplification of different BFDV genotypes was detected within individual birds (Fig. 4 

and 5). Others have shown that this can result from significant GC% differences between alleles if the 

denaturation, salt and co-solvent conditions of the reaction is benefited by one allele but not another or if 

the PCR products differ in length, especially if the larger target DNA is degraded (Walsh et al., 1992). 

However, these scenarios are unlikely to be the cause in our situation. Stochastic fluctuation in the 

number of copies of each target sequence can result in what appears to be preferential amplification when 

the initial number of templates is very small (Walsh et al., 1992). As shown in Fig. 4 and 5 it is more 

likely that there was less efficient priming of DNA synthesis of one target versus another because of 

immediate downstream mismatches close to the primer binding site resulting in preferential amplification 

of the other allele (Sarker et al., 2014a). It could be argued that, since preferential PCR has the potential 

to bias DNA amplification sequencing techniques and therefore phylogenetic analyses, other methods 

such as Next-Generation Sequencing should be used for studying viral quasispecies (Beerenwinkel and 

Zagordi, 2011). However, in vivo viral nucleic acid signals may be very low amongst strong background 

sequence data particularly amongst as yet uncharacterized host DNA. 
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There have been very few studies on microbial mutation rates for DNA viruses that naturally infect 

vertebrate hosts (Drake and Hwang, 2005). In the present study we estimated the substitution rate for 

BFDV is in similar magnitude (10-4 subs/site/year) so far estimated for BFDV (Harkins et al., 2014; 

Kundu et al., 2012; Sarker et al., 2014a) and higher than other DNA viruses  (Duffy and Holmes, 2008; 

Linmei et al., 2007; Shackelton and Holmes, 2006; Shackelton et al., 2005; Umemura et al., 2002) and 

approaches rates normally only seen in RNA viruses whose polymerases typically lack proofreading 

ability (Duffy et al., 2008; Ramsden et al., 2008). Given the likely long timescale for BFDV replication 

and its small genome size a high substitution rate for BFDV should not be surprising. It is important to 

highlight that only weak temporal structure and a low degree of clock-like evolution was detected using 

Path-O-Gen but the data represents the highest correlation coefficient (0.32) so far yet determined for 

BFDV genome analysis.  Moreover, the estimated substitution rates for BFDV were supported by the 

randomisation testing of the temporal structure (Table S2). Studies have concluded that for DNA based 

replication the average substitution rate per base pair is inversely proportional to genome size and that 

mutation rates appear to be relatively uniform within taxa, reflecting deep general forces of replication 

that balance any deleterious effects of mutation (Drake, 1991; Drake et al., 1998). Since circoviruses are 

amongst the smallest replicons capable of autonomously replicating in eukaryotic cells it is not surprising 

that they should therefore possess the highest mutation rates. This is clearly reflected in the high degree of 

genetic diversity within BFDV despite the virus being antigenically conserved (Bassami et al., 2001; 

Duffy et al., 2008; Julian et al., 2013; Sarker et al., 2014a). 

 

Viral recombination and mutation are key evolutionary mechanisms driving pathogen diversity and host 

adaptation (Awadalla, 2003), and in the case of influenza A virus, has been shown to occur between 

pathogen and host as a mechanism for acquiring virulence (Khatchikian et al., 1989). Furthermore host-

switch events can result in accelerated emergence of new infectious diseases influenced by host 
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phylogeny (Longdon et al., 2011). So, flexible host-switching may be an important mechanism for BFDV 

to maintain replicative competency and may be the basis by which virulence is maintained in this 

circovirus species compared to others. In the Australian context host-switching may be enhanced by 

greater competition for nest hollows as well as enhanced viral persistence in an arid landscape. The 

conspicuous paucity of BFDV genomes from South American parrots could be due to inherent resistance 

of this group to infection but may simply reflect sampling deficit. It is clear that the Psittacid subfamily 

Arinae is susceptible to BFDV infection and PBFD (Fig. 1: Amazon parrot HM748924; White-bellied 

caique AY450434; Blue and yellow macaw FJ685980) so further research is required to see if a divergent 

BFDV that is not detected by current PCR primers or a related cryptic, less pathogenic circovirus lineage 

is present in wild neotropical parrots. 

 

Recent global analysis of BFDV genomes predicted two significant recombination hotspots, one in the c-

terminal portion in the coat protein, and a second in the intergenic region of the genome and our results 

provide strong natural evidence of this (Julian et al., 2013; Lefeuvre et al., 2009; Sarker et al., 2014a). 

Our present findings support that recombination plays a major role in BFDV genetics by balancing 

exploration of sequence space, particularly in Cap. Furthermore the specific recombination breakpoints 

were consistently within loop-like DNA structures predicted by DNA fold analysis as shown in Fig. 3. 

The functions of such predicted loop-like structures in BFDV replication are not yet established, 

nonetheless in site-specific genetic recombinations within prokaryotic and eukaryotic genes DNA looping 

is an important mechanism when synonymous sites are close to one another at the time of strand 

exchange (Robert, 1992; Sarker et al., 2014a). The loop-like DNA structures in BFDV may represent 

important recombination sites for circoviruses which replicate via rolling circle replication. This process 

is dependent on a highly conserved stem-loop structure located immediately before the Rep gene which 

provides the replication binding site for Rep (see Fig. 3 asterisk). Within a dual-infected cell 

recombination may be more permissible during viral uncoating in its ssDNA form or during interactive 
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rolling circle replication as ssDNA molecules are produced. Secondary loop structures may also be 

important for indel deletion bias and conservation of BFDV genome size.  

  

We have demonstrated that molecular phylogeny of BFDV reveals multiple-variant infections and host 

generalism across a broad host and geographical range in Australia with trait phylogeny association 

analysis demonstrating that BFDV has no observable host endemicity. These results show evidence of 

recurrent introduction of BFDV into different host species and that probably all psittacine bird species are 

equally susceptible to different BFDV genotypes circulating in Australia.  

 

Materials and methods 

Sampling and isolation of genomic DNA 

BFDV DNA sequences were amplified from a total of 38 birds representing 7 different host cockatoo 

species (Table 1), from different regions of Australia, using established protocols (Khalesi B, 2005; 

Sarker et al., 2013b; Ypelaar et al., 1999). Depending on the samples, either 5 mm of feather calamus 

were aseptically cut from feather samples or three spots of blood each approximately 5 mm in diameter 

were cut out using scalpels according to the methods described by Bonne et al. (2008) and collected in a 

microcentrifuge tube (Eppendorf), and genomic DNA was extracted with the Qiagen blood mini kit 

(Qiagen, Germany), using a modified dried blood spot protocol. In cases where liver and spleen were 

collected in addition to feathers from some dead birds, 25 mg tissue were cut out and chopped into small 

pieces, and placed in a clean 1.5 ml microcentrifuge tube (Eppendorf). The genomic DNA was isolated 

with the Qiagen tissue mini kit (Qiagen, Germany), using an animal tissue spin-column protocol.  

 

PCR amplification, cloning and sequencing of BFDV genome 

Published BFDV genome sequences were aligned with Geneious Pro 6.1.6 (Biomatters, New Zealand) in 

order to identify conserved regions and design primers. BFDV full genomes were amplified and 
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sequenced from 38 BFDV PCR-positive samples using a number of primer sets (Table 2). Reactions 

mixture and PCR condition for the first and second sets of primer were identical as described previously 

(Sarker et al., 2013a; Sarker et al., 2014a). Additionally, a third combination of primers was used for 

amplifying BFDV viral genome with the PCR amplicon expected to yield a product of ~2.0 kb. Briefly, 

the optimized reaction mixture contained 3 µl extracted genomic DNA, 2.5 µl of 10× High Fidelity PCR 

Buffer (Invitrogen), 1 µl of 25 µM of each primer, 1 µl of 50 mM MgSO4, 4 µl of 1.25 mM dNTP’s, 1 U 

platinum® Taq DNA Polymerase High Fidelity (Invitrogen) and DEPC water added to a final volume of 

25 µl. The optimized reaction was run as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 

57°C for 45 s and 68°C for 2 min, and finally 68°C for 5 min. In each set of reactions, BFDV genomic 

DNA and distilled H2O were included as positive and negative controls, respectively. 

 

The resulting PCR amplicons were separated on a 0.8% agarose gel, and the appropriate bands were 

excised and purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, USA) according to 

the manufacturer’s instructions. Purified amplicons were cloned using pGEM®-T Easy Vectors (Promega, 

USA) and recombinant plasmids were purified using a PureYield™ Plasmid Miniprep System (Promega, 

USA) according to the manufacturer’s instructions. Purified inserts were sequenced at least twice in each 

direction with M13 forward and reverse primers as well as some suitable internal primers by Australian 

Genome Research Facility Ltd (AGRF Ltd., Brisbane), using a Sanger-based AB 3730xl unit (Applied 

Biosystems). The sequences were trimmed for vector, aligned to construct contigs using a minimum 

overlap of 35 bp and a minimum match percentage of 95%, and constructions of full genome sequence 

were carried out in Geneious Pro and BioEdit Sequence Alignment Editor (version 7.1.6.0).  

 

BFDV Sequence analyses 

Phylogenetic and coalescent analyses  
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All known BFDV sequence data were retrieved from the literature and NIH GenBank and a selection 

(n=81) aligned representing all genotypic clades, geographical regions and non-duplicate sequences in 

Geneious using the ClustalW (gap open cost=10; gap extension cost=5) (Thompson et al., 1994). The 

program jModelTest 2.1.3 favoured a general-time-reversible model with gamma distribution rate 

variation and a proportion of invariable sites (GTR+I+G4) for the BFDV genome sequences (Darriba et 

al., 2012). Bayesian phylogenetic trees and the evolutionary rate were inferred using the program Beast 

v1.7.5 (Drummond et al., 2012). In the MrBayes analysis, two independent Monte Carlo-Markov chains 

(MCMC) were implemented for 100 million generation each with trees sampled every 5000 generations. 

The Bayesian skyline coalescent demographic prior was chosen because it allows temporal changes in 

population size (Drummond et al., 2005). Each analysis was checked to ensure that a reasonable effective 

sample size (ESS> 200) had been reached for all parameters. Tracer version v1.5 was used to derive 

parameters and TreeAnnotator v1.7.5 was used to obtain the tree with the highest clade credibility and 

posterior probabilities for each node (Drummond et al., 2012), as well as FigTree v1.4 was used to 

generate the consensus tree (Andrew, 2009). The evolutionary rate was inferred under relaxed 

uncorrelated lognormal, and strict molecular clock model (Drummond and Suchard, 2010).  Path-O-Gen 

program was used to assess the level of clock-like substitution rate in the data. Root-to-tip genetic 

distances were inferred from Bayesian and Neighbour-joined trees against sampling time. Furthermore, 

randomisation tests were performed (Firth et al., 2010) using 20 randomisation cycles in BEAST to 

confirm the presence of temporal structure in data.  

Recombination analyses 

Evidence of recombination amongst the Australian BFDV genomes was screened from  seven different 

species of cockatoo using the RDP (Martin and Rybicki, 2000), GENECONV (Padidam et al., 1999), 

Bootscan (Martin et al., 2005), MaxChi (Smith, 1992), Chimaera (Posada and Crandall, 2001), Siscan 

(Gibbs et al., 2000) and 3Seq (Boni et al., 2007) methods contained in the RDP4 program (Martin et al., 

2010). The programs SBP and GARD (Kosakovsky Pond et al., 2006) were used under a range of 
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nucleotide substitution models and site-to-site rate variation on the Datamonkey webserver (Delport et al., 

2010). Events that were detected by at least three of the aforesaid methods with significant p-values were 

considered plausible recombinant events. 

 

Evidence of loop-like DNA structures were examined within the recombination breakpoint using tools 

available in Geneious with the following parameters: energy model-DNA Mathews 1999; temperature 

40°C; dangling ends-both sides; assume circular molecule (Mathews et al., 1999). 

 

Analyses of intra-host genotypic variants sequences  

Multiple alignments of consensus sequences of genotypic variants were carried out in Geneious using the 

ClustalW (gap open cost=10; gap extension cost=5) (Thompson et al., 1994). Pairwise distances matrix 

was generated by the program Geneious using the Tamura-Nei parameter model (Tamura and Nei, 1993). 

Tree topology was inferred by two phylogenetic methods: (i) Neighbor-Joining (NJ) (Saitou and Nei, 

1987) using also tools available in Geneious; 1000 bootstrap resamplings (ii) Maximum Likelihood (ML) 

(Guindon and Gascuel, 2003) trees were constructed by Geneious using Tamura-Nei substitution model 

(Tamura and Nei, 1993) with 1000 non-parametric bootstrap replicates. 

 

Bayesian and Multivariate analyses of Australian BFDV phylogeographic and host variables  

Correlations between pairwise host genetic, geographic and BFDV genetic distances were performed 

using standard regression techniques. In Geneious genetic distances were determined for discrete 

Australian BFDV sampling events (n=51) rooted to the original sequenced BFDV (AF080560) from a 

sulphur crested cockatoo (Bassami et al., 1998). Genomes were considered as a separate sampling event if 

either of the geographic location, host species and date of sampling were different. For sampling events 

involving identical clades (e.g. KF385401-03; KF385420-25) consensus sequences were used to minimise 

sampling bias. Host genetic distances were obtained using cytochrome B gene aligned with MAFFT L-

INS-I algorithm implemented in Geneious (Katoh et al., 2002). Geographic distances were measured 
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relative to the origin of genotype AF080560.  Using a similar technique for predicting the genetic 

relatedness of bacteria (Zeigler, 2003) univariate linear regression models were also used to assess the 

predictive ability of Rep and Cap genes with respect to whole-genome sequence alignments. Similarly 

Bayesian Tip-association significance testing was performed for BFDV genomes from different 

geographical locations within Australia and host species using the program BaTS (Parker et al., 2008). 
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Fig.1. Bayesian phylogenetic inference of evolutionary relationship among BFDV full genome 

sequences from Australian cockatoos. Maximum clade credibility tree automatically rooted using a 

relaxed molecular clock model in Beast v1.7.5. Labels at branch tips refer to GenBank accession number 

with country code, year of isolation, year of sampling, original identification code, species in parentheses 

(with abbreviations RTBC: red-tailed black cockatoo; GBC: glossy black cockatoo; GGC: gang-gang 

cockatoo; MMC: Major Mitchell’s cockatoo; SCC: sulphur-crested cockatoo; LBC: long-billed corella; 

WA: Western  Australia; VIC: Victoria; NSW: New South Wales; QLD: Queensland; TAS: Tasmania). 

For each genome the country of origin is shown as Australia (AU), New Zealand (NZ), Thailand (TH), 

South Africa (ZA), Japan (JP), Portugal (PT), Germany (DE), New Caledonia (NC), USA (US), United 

Kingdom (UK). Clade posterior probability values are shown at tree nodes. Background shading 

highlights birds geographically located in Australia. Red text highlights BFDV genomes in Australian 

bird species amongst a large predominantly international and cosmopolitan branch. Other coloured text 

highlights important host species all within an Australian branch. 



Page 28 of 30 

 

 

Fig.2. Schematic illustration and detail recombination events detected in BFDV genomes from 

Australian cockatoos. The three recombination events were detected from 38 entire BFDV genomes 

analysed in this study using RDP4. Detection method coding R, G, B, M, C, S, T represents methods 

RDP, GENECONV, Bootscan, MaxChi, Chimaera, SiScan and 3Seq, respectively. The P value for the 

detection method in bold is shown. 

 

 

Fig. 3. Predicted secondary DNA fold analysis demonstrating recombination breakpoint locations 

within loop-like structures. Predicted DNA fold analysis showing recombination breakpoint locations 

(arrows) within loop-like secondary DNA structures in the BFDV genome (AU-11-391, GenBank 

accession: KF385411) using tools available in Geneious 6.1.6 (Mathews et al., 1999). The first 

recombination breakpoint location at guanine nt position 1277 (P ≤ 0.001) was a consistently predicted 

loop structure in BFDV recombinant genomes (n=27), a second recombination breakpoint location at 

cytosine nt position 1055 (P ≤ 0.001) is shown in a loop structure (n=38) and the third recombination 

breakpoint location at cytosine nt position 585 was also placed in a loop structure (n=33). Colours of 

nucleotides represent base-pair probabilities (red=high, green=mid, blue=low). The conserved stem-loop 

structure which is the start of replication is also highlighted (asterisk). 
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Fig. 4.  Alignment  of 30 sequences of genetypic variants of BFDV showing frequency of variation of 

each clone in the population as well as individual cockatoo’s species. The variants 13-1780-052-QA1 

to 13-1780-052-QA3 (GenBank accession numbers: KF385399, KF499120-21 respectively) originated 

from a single red-tailed black cockatoo (RTBC). Variants 13-1780-055-QB1 to 13-1780-055-QB5 

(GenBank accession numbers: KF385400, KF499122-25 respectively) originated from another RTBC; 

variants 96-1404-QC1 to 96-1404-QC7 (GenBank accession numbers: KF385401, KF499126-31 

respectively) were from a gang-gang cockatoo (GGC) 96-1404; while 04-604-QD1 to 04-604-QD4 

(GenBank accession numbers: KF385402,  KF499132-34 respectively) originated from another GGC. 

Genotypic variants from 11-1212-QE1 to 11-1212-QE3 (GenBank accession numbers: KF385404, 

KF499139-40 respectively) were from another GGC. Further four different birds’ demonstrated two 

important genotypic variants in each bird. For each individual BFDV sequence, asterisks indicate those 

where full genome (~2.0 kb) sequences were performed as well and supported by at least 8 clones. 

Variants from these  (suffixes 2-7) came from multiple sequencing of PCR amplicons directly as well as 

cloned products.  
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Fig. 5. Phylogenetic analyses of BFDV genotypic variants in endangered cockatoo species. Trees 

were constructed using the NJ method with Tamura-Nei distance estimation, with 1000 bootstrap 

resamplings and a raven circovirus (GenBank accession: DQ146997) (Stewart et al., 2006) as outgroup. 

Each coloured circle represents the sequence of individual molecular clone; red indicates entire genome 

of BFDV; green, clones from partial ORF V1 and ORF C1 coding region, targeting residues 182-1441 of 

BFDV; and blue, clones from partial ORF V1 gene. Each tree represents the analysis of variants within 

individual birds. Trees were constructed with BFDV sequences from (A) a single captive gang-gang 

cockatoo (96-1404; GenBank accession: KF385401, KF499126-KF499131), (B) a single wild red-tailed 

black cockatoo (13-1780-055; GenBank accession: KF385400, KF499122-KF499125), (C) another 

captive gang-gang cockatoo (04-604; GenBank accession: KF385402, KF499132-KF499134), and (D) 

representing a wild gang-gang cockatoo (11-1212; GenBank accession: KF385404, KF499139-

KF499140).  

 


