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Abstract 

Beak and feather disease virus (BFDV) is an important emerging viral pathogen of 

psittacine host species causing “psittacine beak and feather disease (PBFD)” with a 

global distribution in captive and wild avian species. To better understand the kinetics 

of BFDV replication a longitudinal study was conducted to track viral replication and 

mutation events occurring in BFDV over a period of four years within a flock of the 

critically endangered orange-bellied parrot (Neophema chrysogaster). Molecular 

phylogenetics using BFDV genome sequences from these birds revealed that the 

outbreak was linked to two unique progenitor BFDV genotypes. A predicted BFDV 

genome wide mutation rate of 3.41 × 10-3 subs/site/year was detected, akin to that for 

RNA viruses. Significant evidence of homologous recombination was also detected 

between two distinct progenitor genotypes which may have permitted BFDV adaption 

to this novel host.  

To better understand the genetic origins of BFDV in the Australian landscape, a 

phylogeographic study of 38 BFDV genomes from seven different host species of 

Australian cockatoos was analysed to appreciate host and geographically based 

divergence as well as probable host-switch events. The study revealed a likely host 

switch event in a captive orange-bellied parrot (KF188691) with BFDV derived from wild 

corellas in Victoria. Further estimation of broader mutation rates for BFDV confirmed 

previous results with a high rate of genome wide mutation detected (1.12×10-3 

subs/site/year) along with strong support for recombination. The results indicate active 

cross-species transmission in various psittacine bird subpopulations across Australia. 

BFDV quasispecies were also identified within individual infected cockatoos particularly 

in splenic tissue. To further assess ongoing threats to other vulnerable and endangered 
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parrots such as the western ground parrot (Pezoropus flaviventris), swift parrot 

(Lathamus discolor) and regent parrot (Polytelis anthopeplus monarchoides) BFDV 

genomes in parrot species throughout Australia were similarly analysed phylogenetically 

which again demonstrated flexible host-switching and extensive recombination 

amongst BFDV genomes from disparate host species. Consistent with quasispecies 

theory the results indicate that all endangered Australian psittacine bird species are 

equally likely to be infected by BFDV genotypes from any other close or distantly related 

host reservoir species. The presence of rich BFDV genetic diversity points to Australia as 

the most likely geographical origin of this virus and supports a mosaic of geographic 

clustering throughout the landscape with flexible host switching. The results provide 

evidence of Order-wide host generalism in the Psittaciformes characterised by high 

mutability that is buffered by frequent recombination and a slow replication strategy. 

A simple, rapid and inexpensive detection and genotyping method for BFDV 

variants using PCR and subsequent high-resolution melt (HRM) curve analysis was 

developed. This was achieved using PCR amplification of the relatively well conserved 

Rep gene in the presence of a fluorescent DNA intercalating dye (SYTO9). Melting curve 

profiles of this PCR-HRM technique provided results that could consistently discriminate 

nucleotide diversity among a range of BFDV genotypes obtained from orange-bellied 

parrots, lorikeets and cockatoos.  

Throughout the last decade several approaches has been used in frustrated 

attempts to yield high quality, quantity, stable and soluble recombinant BFDV capsid 

protein (Cap) for use in diagnostic assays and or vaccines. Accordingly, an efficient 

method was developed for homogenous over-production of BFDV Cap using an E. coli 

expression system. The purified protein was producible in approximately 14-18 fold 
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greater concentrations (milligram amounts) than that reported previously. The 

recombinant protein was characterised by SDS-PAGE and antigenically authenticated by 

immunoassay. A wide range of crystallisation parameters were assessed to optimise 

crystallisation conditions and X-ray crystallography was used to demonstrate protein 

structure. From a wide range of different Cap sequences in both full-length and 

truncated form the first atomic structure of BFDV Cap was created. The structure 

highlighted the potential role of the nuclear localisation signal (NLSs) in the assembling 

pathway. DNA binding using Rep gene sequence constructs was also assessed using co-

crystallization and absorptive techniques to demonstrate DNA binding sites within 

BFDV-Cap icosahedral but not necessarily involving previously known NLS regions. The 

results demonstrated that CapNLS2 (∆N23 to ∆C247) produced the smallest T=1 VLP 

icosahedral symmetry but further removal of 46 N-terminal residues unveiled a novel 

decamer assembly. The results showed that both structural assemblies were able to 

bind DNA, and the DNA binding domains were conserved among BFDV capsid sequences 

available on GenBank. These findings highlight that encapsidation and binding to Rep 

DNA gene sequences may not necessarily involve the positively charged NLSs region. 

This may serve a potential platform to design competitive inhibitors to block the 

interaction of viral proteins as a treatment for the disease. 

 

 

 

 



Chapter 1: Literature Review 
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Chapter 1.  Literature Review 

 

1.1 Introduction 

Beak and feather disease virus (species beak and feather disease virus, genus 

Circovirus, family Circoviridae, order unassigned) is the cause of psittacine beak and 

feather disease (PBFD) which is recognised as an infectious threat for endangered 

psittacine birds worldwide (Bassami et al., 2001; Clout & Merton, 1998; Ha et al., 2007; 

Raidal et al., 1993b; Ritchie et al., 1990; Sanada et al., 1999). All Australian endemic 

parrots, lorikeets and cockatoos are considered susceptible to infection since it has been 

reported in more than 60 species (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 presents as an 

immunosuppressive condition with chronic symmetrical feather loss, as well as beak and 

claw deformities eventually leading to death (Figure 1.1) (Latimer et al., 1990; Pass & 

Perry, 1984; Raidal et al., 1993b; Ritchie et al., 1990; Ritchie et al., 1989) or it can be 

expressed peracutely, ranging from sudden death, particularly in neonates (Ritchie, 

1995) or as an acute form in nestling and fledglings, characterised by feather dystrophy, 

diarrhoea, weakness and depression ultimately leading to death within 1-2 weeks 

(Ritchie, 1995). Beak and feather disease virus (BFDV) is environmentally stable, and 

infection is most likely transmitted horizontally but is suspected to be transmitted to 

unhatched chicks by their infected mothers (Rahaus et al., 2008; Ritchie et al., 1991; 

Todd, 2000). 
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Figure 1.1: Galah (left) with chronic PBFD showing feather loss and beak deformities, and a sulphur 
crested cockatoo (right) infected with BFDV displaying gross clinical signs of feather loss. Photo courtesy 
by Prof. Dr. Shane R. Raidal, Charles Sturt University. 

 
The virus is one of smallest and simplest viruses known to cause disease, 

considering the virus particle and genome size as well as its physiochemical properties 

and belongs to the family Circoviridae (Bassami et al., 1998; Ritchie et al., 1990; Ritchie 

et al., 1989). The Circoviridae family represent an ever-increasing group of viruses that 

have early origins and whose breadth may be discovered to encompass all vertebrates 

(Rosario et al., 2011), with circovirus-like fossil sequences recently identified integrated 

on the chromosomes of a wide range of vertebrates, invertebrates, protozoans, plants, 

fungi, algae and bacteria (Delwart & Li, 2012; Li et al., 2010). Circoviruses may also 

represent an ancient form in viral evolution related to plant geminiviruses and 

nanoviruses (Gibbs & Weiller, 1999). Therefore, the present literature review has 

focussed on BFDV as well as related viruses. 
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1.2 Nomenclature 

Members of the family Circoviridae all have small circular single-stranded DNA 

(ssDNA) genomes of approximately 1.7 to 2.0 kb in length that are encapsidated into 

nonenveloped, icosahedral or spherical, virions ranging from 12-32 nm in diameter 

(Biagini, 2004; Biagini et al., 2001; Crowther et al., 2003; Itoh et al., 2000; Niagro et al., 

1998; Ninomiya et al., 2007; Todd et al., 2001a; Todd et al., 1991). As their viral genomes 

encode few proteins, these viruses are a model of efficiency and must use host cell 

machinery to replicate (Todd, 2000). There are three classified genera and a recently 

proposed fourth genus in the Circoviridae family. The genus Circovirus officially contains 

two viruses in pigs, porcine circovirus 1 (PCV1) (Meehan et al., 1997) and porcine 

circovirus 2 (PCV2) (Hamel et al., 1998; Meehan et al., 1997), beak and feather disease 

virus (BFDV) (Bassami et al., 1998; Niagro et al., 1998), canary circovirus (CaCV) (Phenix 

et al., 2001), pigeon circovirus (PiCV) (Mankertz et al., 2000; Todd et al., 2001b), goose 

circovirus (GoCV) (Todd et al., 2001b) and starling circovirus (StCV) (Dayaram et al., 

2013). In addition a number of tentative circovirus-like viruses that have been identified 

in other avian species (Eisenberg et al., 2003; Hattermann et al., 2003; Raidal & Riddoch, 

1997; Twentyman et al., 1999), and in fish such as the barbell (Johne et al., 2006) and 

catfish (Lorincz et al., 2011; Lorincz et al., 2012) as well as mammals such as bats (Ge et 

al., 2011) and dogs (Kapoor et al., 2012). Chicken anemia virus (CAV) was the only 

previously known member of the genus Gyrovirus (Fauquet et al., 2005)  until the recent 

discovery of a human gyrovirus which encodes a homolog of the CAV apoptin (Sauvage 

et al., 2011). Although the CAV genome is a ssDNA, it encodes a single unspliced 

polycistronic mRNA molecule that contains three partially overlapping genes, each with 

its own start and stop codons as opposed to the other circoviruses which encode 

separate messages from separate strands (Noteborn & Koch, 1995).  CAV was placed in 
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the Circoviridae by the international committee on taxonomy of viruses (ICTV), probably 

due to the circular nature of the genome and the highly similar nonanucleotide motif of 

the origin of replication to the circoviruses (Fauquet et al., 2005). New viruses recovered 

from the faeces of mammals, including chimpanzee, humans and bats have lead to a 

recently proposed fourth genus in the family, the Cyclovirus which is characterised by 

circular ssDNA genomes ranged from 1741 to 2177 bp and each encapsidated with two 

major open reading frames (ORFs) (Ge et al., 2011; Li et al., 2010). 

The related plant associated circoviruses from Anelloviridae, Geminiviridae and 

Nanoviridae share similarities with circovirus biology. Candidates of the Geminiviridae 

include tomato yellow leaf curl virus (TYLCV) (Wartig et al., 1997), maize streak virus 

(MSV) (Boulton et al., 1989) and beet curly top virus (BCTV) (Briddon et al., 1989), while 

viruses of Nanoviridae are subterranean clover stunt virus (SCSV) (Boevink et al., 1995), 

banana bunchy top virus (BBTV) (Wu et al., 1994), coconut foliar decay virus (CFDV) 

(Rohde et al., 1990) and faba bean necrotic yellow virus (FBNYV) (Katul et al., 1995). 

Torque teno virus (TTV), and torque teno mini virus (TTMV) are currently members of the 

floating genus Anellovirous (Biagini, 2009; Fauquet et al., 2005) which have features in 

commom with CAV. Members of the genus Anellovirus aslo possess circular ssDNA 

genome with similar but not identical negative sense genome organizations like CAV. 

Anellovirous-like viruses have also been recovered from pigs, dog, cat, tree-shrew, 

human and non-human primates (Cong et al., 2000; Kekarainen & Segales, 2009; 

McKeown et al., 2004; Okamoto et al., 2001; Okamoto et al., 2002; Takahashi et al., 

2000; Verschoor et al., 1999).  

Recent evidence of circovirus-related sequences have demonstrated replication-

associated protein (Rep) gene sequences inserted in the genomes of a large number of 
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vertebrate host species, suggesting that a circovirus has, or still do, infect these animals 

and possibly their relatives, as well as this viruses  have existed over the past 50 million 

years of evolution (Belyi et al., 2010). 

1.3 Genomics 

Recent advances in DNA sequencing and viral genomics has enabled a more 

detailed investigation into the theories of virus emergence and evolution (Diemer & 

Stedman, 2012). In the face of numerous emerging and re-emerging viral threats, large-

scale sequencing of whole genomes has brought many new insights to monitor viral 

evolution in real-time and genetics of the organism. To fully appreciate the mechanisms 

of viral adaption and evolution, there has been an increasing effort toward producing 

full-length viral genome sequences (Djikeng & Spiro, 2009). To date, numerous full 

genomes of viruses within the family Circoviridae are characterised, and their gene 

products and putative stem-loops structure at the origin of replication are organised in 

a similar pattern with the exception to those of CAV, the only member of the genus 

Gyrovirus and members of the genus Anellovirus. CAV is unique within the animal DNA 

viruses in that it uses an unspliced, polycistrionic message for synthesis of its proteins 

(Todd et al., 2001a). Most of the viral genomes within the genus Circovirus are 

approximately 2.0 kb, but are different to those of human TTV, which has 3,800 

nucleotides (Weller et al., 2008). Another known difference in the genus Circovirus 

genomes is the orientation of genes. Members of the genus Circovirus contain 

ambisense genes; i.e. they require proteins encoded by both the viral and 

complementary strands of the genome in order to replicate (Niagro et al., 1998), while 

viruses from Anellovirus and Gyrovirus have negative-sense genes (Noteborn et al., 

1992). 
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Initial studies using virus preparations from feathers of PBFD-affected cockatoos 

characterised the viral genome as ssDNA, of approximately 1.7-2.0 kb in length (Ritchie 

et al., 1989). To address the lack of full description of genes and other important 

biological information stored in the genome, Bassami et al. (2001) completed the DNA 

sequencing of 9 isolates of BFDV, and the genomes of these isolates ranged in size from 

1993 to 2018 nucleotides. Sequencing of the BFDV genome revealed a possible seven 

ORFs potentially encoding proteins greater than 8.7 kDa (Figure 1.2). The ORF1 located 

on the viral strand (ORF V1), and ORF2 located on the complimentary strand (ORF C1) 

were  found to be homologous to the Rep and capsid gene (Cap) respectively of porcine 

circovirus but the remaining five ORFs did not share significant homologues with any 

known genome sequences in the GenBank database (Bassami et al., 1998; Todd et al., 

1991).  A potential stem-loop structure with a nonanucleotide motif at the apex has also 

been identified (Bassami et al., 1998), and shown to be the initiation site for rolling circle 

replication (RCR), the mechanism for viral replication (Steinfeldt et al., 2001, 2006). 

Recent global analysis of BFDV full genome sequences from New Zealand, Poland, 

and New Caledonia has demonstrated the importance of determining full genome 

sequences in order to provide a comprehensive picture of viral evolution and possible 

mode of transmission (Julian et al., 2012; Julian et al., 2013; Massaro et al., 2012; Varsani 

et al., 2011). In the same period of time, BFDV evolutionary behaviour in Australian 

psittacine birds was lagging with few full genome sequences determined for BFDV, and 

mostly partial genomic sequence obtained by targeting amplification of specific genes 

(Khalesi et al., 2005).   
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Figure 1.2: Overview of BFDV genome, adapted from Bassami et al. (1998). (A) Schematic diagram of the 
putative replicative form showing the seven ORFs coding for potential proteins >8.7 KDa. (B) The potential 
stem-loop structure with the nonanucleotide (bold) at the apex and the repeated octanucleotide motif 
(underlined) immediately downstream, where replication is initiated. 

 

1.4 ORFs and their protein products 

One of the earliest studies to identify BFDV proteins was conducted by Ritchie et 

al. (1989), who reported three major virus-associated proteins with approximate 

molecular weights of 26.3 KDa, 23.7 KDa and 15.9 KDa by using sodium dodecyl 

sulphate–polyacrylamide gel electrophoresis (SDS-PAGE). The two larger proteins were 

also present in roughly equimolar amounts and comprised 88% of the total extracted 

viral protein. In the following year, Ritchie et al. (1990) also identified two other 

proteins, one of 48.0 kDa and another of 58.0 kDa in size, which were present in small 

amounts. The respective length and size of third protein observed at 15.9 kDa, 

corresponds to the putative product of ORF3 for this virus (Ritchie et al., 1989). Recently, 

it has been shown that ORF3 encoded protein of DuCV might acts as an apoptotic 

protein. The location and size of ORF3 of DuCV was homologous to ORF3 of PCV2, which 

is also known to induce apoptosis via upregulation of the tumour suppressor gene p53 

and lymphoid depletion similar to other circoviruses. However, ORF3 of BFDV does not 

share homology with any known viral proteins (Liu et al., 2005; Xiang et al., 2012). This 
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absence of homology for the potential ORF3 between two closely related viruses as 

BFDV and DuCV may be puzzling, however it has been shown that PCV1 and PCV2 have 

vastly different protein products in their ORF3, and there is only 61.5% amino acid 

identity between the ORF3 of PCV2 and the corresponding region of PCV1 (Liu et al., 

2005). The remaining unaccounted putative ORFs encode proteins of 48.0 kDa and 58.0 

kDa, which are not characterised yet. However, Ritchie et al. (1990) noted that the 

smaller proteins encoded in the ORF1, ORF2, and ORF3 add up to approximately 60.0 

KDa and that “one might speculate that these larger proteins represent alternatively 

processed translation products, although it might be possible that these proteins were 

purified from host cell proteins which become viral associated during virus maturation”. 

Compared to other viruses almost nothing is known yet about the structure of the 

hypothetical proteins of BFDV. Recently, Patterson et al. (2013a) determined the 

structure of an importin alpha in a complex with BFDV capsid nuclear localization signals 

(NLSs), and claimed that it could be the potential platform for rational drug design 

against binding interface.  

1.4.1 Cap protein 

Despite steady progress in elucidating the structure of the porcine circovirus 2 

(PCV2) capsid protein, almost nothing is known about the structural determinant of 

BFDV capsid virion. A model of BFDV was computed by Crowther et al. (2003), and 

demonstrated that the map of BFDV was quite similar to that of PCV2; however, the 

fivefold position does not project from BFDV quite so much as it does from PCV2. Further 

suggestion was made to determine whether the difference between BFDV and PCV2 is 

genuine or arises from staining of the BFDV preparation. Similar capsid arrangements 

can be seen in other members of Circoviridae; however, the Cap of the two Circovirus 
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members (PCV2 and BFDV) are greatly different from the Cap of the Gyrovirus member 

(CAV) (Crowther et al., 2003). 

The capsid gene is evolving more rapidly than the gene that codes for the Rep 

demonstrating high level of sequence divergence (Harkins et al., 2014; Kundu et al., 

2012). Amino acid identities in the BFDV-Cap sequence range from 76.3 to 83.2% (Johne 

et al., 2004; Raue et al., 2004). The high amount of mutation in capsid protein has been 

mooted as an important aspect of the virus’ ability to immune evasion and cause 

infection in a large number of psittacine species (Kundu et al., 2012). While the outbreak 

of BFDV was also associated by the changes in the Rep gene, variation in the specific 

secondary sequences of Cap gene with their structural changes was an additional factor 

in the dissemination of the virus and host immune evasion (Kundu et al., 2012). Another 

speculation could be made on Cap mutation allowing for more efficient entry into host 

cells or affinity to host cell surface receptors, shifting the types of cells vulnerable to 

infection (Kundu et al., 2012). 

At the N-terminus of the BFDV Cap protein, there are three partially overlapping 

bipartite NLSs to be found with a high proportion of arginine residues (Heath et al., 

2006). The concentrated localisation of arginine in both prokaryotic and eukaryotic 

systems often indicates the presence of NLSs (Whittaker & Helenius, 1998). The 

functional ability of these potential NLSs of BFDV Cap to maintain nuclear localisation 

was tested by Heath et al. (2006). Similar to PCV2 (Liu et al., 2001), it has been 

demonstrated that BFDV capsid protein is still capable of nuclear localisation, indeed 

one or more NLSs situated within the 56 amino acid of N-terminal residues of the protein 

(Heath et al., 2006). The exact structure and possible mechanisms for regulating the 

nucleoprotein complex is unknown, however with the large amount of arginine residues 

in the N-terminus it has been demonstrated that BFDV Cap is potentially capable of 
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binding both ssDNA and double-stranded DNA (dsDNA) (Heath et al., 2006). The affinity 

of the BFDV-Cap to bind DNA strongly suggests that it may be responsible for delivering 

the viral genome to the host cell nucleus by piggybacking on the protein’s ability to enter 

the nucleus (Heath et al., 2006),  similar to the role of Cap in the related geminiviruses, 

maize streak virus (Boulton et al., 1989). The Rep-binding capability of Cap is likely to be 

an important biological role for Cap. Such interactions occur with other viruses but there 

is discrepancy concerning its significance in related viruses. For instance, the Rep protein 

of PCV possess NLSs and have been shown to localize to the nucleus without Cap 

(Finsterbusch et al., 2005), however, in the geminivirus, mung bean yellow mosaic India 

virus Rep must bind to Cap for nuclear trafficking (Qin et al., 1998). Since BFDV Rep does 

not contain a putative NLS, its mechanism likely resembles the latter as demonstrated 

by Heath et al. (2006). However, the dynamics of BFDV Cap-Rep interactions are 

unknown as it may possess inhibitory or upregulatory effects on the functions of Rep 

and or Cap.  

The Cap is an essential structural component of virions as well as plays many 

critical roles in viral infection, including virus attachment to cells, entry into cells, release 

of the capsid contents into the cells, and packaging of newly formed viral particles 

(Cheng & Brooks, 2013; Lucas, 2001; Prasad et al., 2013). However, the information 

about virus-host interactions and mechanism of BFDV infection is difficult to assess 

because in vitro propagation of BFDV have so far been unsuccessful. It is well 

documented that the replication of BFDV occurs in numerous tissues, including skin, 

liver, gastrointestinal tract, bursa of Fabricius (Raidal & Cross, 1994a; Wylie & Pass, 

1987) with viral antigen found in the spleen, thymus, thyroid, parathyroid and bone 

marrow (Latimer et al., 1990), however, the distinction between viral entry and 

replication in a host cell is unclear in these cases and would benefit from confirmation 
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using cell culture. Viral attachment and entry into host cells may not necessarily lead to 

viral replication, and therefore, all cells containing viral particles may not contribute to 

the disease progression. For example, PCV2 has been found to replicate in the heart, 

liver, lymphoid organs and lungs with the heart being most important site for replicating 

virus (Saha et al., 2010; Sanchez et al., 2001), and further evidence of in vitro replication 

in various tissues such as epithelial, kidney and monocyte cell lines has been shown by 

others (Misinzo et al., 2005; Nauwynck et al., 2012). There is also evidence in PCV2 

infection that in vivo cell entry has been observed in enterocytes, pancreatic acinar and 

ductal cells, vascular endothelial cells, smooth muscle cells, lymphocytes and fibroblasts 

(Darwich et al., 2004), and is documented in vitro in epithelial cells, monocytes, 

macrophages, and monocytic-derived and bone marrow-derived dendritic cells (Lin et 

al., 2012; Meerts et al., 2005a; Meerts et al., 2005b; Misinzo et al., 2005; Steiner et al., 

2008; Vincent et al., 2003). The viral attachment and internalisation is also dependent 

on their surface receptors, and these were found to be glycosaminoglycans (GAGs), 

heparin sulphate and chondroitin sulphate B in many cell types (Misinzo et al., 2006). 

Additional receptors may also aid cell entry because neither removal of heparin sulphate 

and chondroitin sulphate B, nor competitive inhibition completely abolished infection. 

Nevertheless, there is the presence of a potential heparin sulphate binding motif, 

XBBXBX (B represents a basic amino acid and X represents a neutral/hydrophobic amino 

acid) on the Cap of PCV2 (Cardin & Weintraub, 1989; Misinzo et al., 2006). Recent 

molecular structural characterisation of an N-terminally truncated PCV2 Cap has not 

clearly resolved this issue (Khayat et al., 2011) because the predicted PCV2 crystal 

structure has shown that the heparin sulphate binding motif to be present on the 

internal surface of the capsid shell.  Further investigations have shown that positively 

charged areas on the external surface of the PCV2 capsid are capable of binding heparin 
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sulphate residues (Khayat et al., 2011). Others have shown that removal of chondroitin 

sulphate A and keratin sulphate had no significant effect on PCV2 infection (Misinzo et 

al., 2006), and this scenario support the view of Nauwynck et al. (2012) that insufficient 

internalisation and kinetics of PCV2 are the result of weak binding of the virus to the cell 

surface. Recently, Patterson et al. (2013a) determined the crystal structure of an 

importin alpha in complex with BFDV Cap NLSs, and hypothesised that the binding 

mechanism for the major site is likely conserved across circoviruses as supported by the 

similarity of NLSs in circovirus Cap. However, the binding sites important for BFDV to 

host cells, mechanism of viral breathing, exchange of capsid contents into the cells, and 

packaging of newly formed virus-like particles may not be clear until a crystal structure 

or sufficiently accurate structural data from Cap can be generated. 

1.4.2 Rep protein 

The Rep gene of circoviruses are well characterised amongst members of the 

family Circoviridae. The functional domain of Rep remains conserved, and it initiates RCR 

to form ssDNA genome by binding at an origin of replication sequence (Gibbs et al., 

2006; Vega-Rocha et al., 2007a). The Rep protein contains the signature amino acid 

motifs commonly linked with RCR in other prokaryotic and eukaryotic systems (Cheung, 

2012; Ilyina & Koonin, 1992; Mankertz et al., 1998). Since it is not involved in viral 

structure, and therefore it should not be exposed outside of the host cell, and it likely 

plays a minimal role in host immune evasion. This conserved nature of Rep protein is 

also supported by others (Bassami et al., 2001; Khalesi et al., 2005; Kondiah et al., 2006), 

and recently it has been shown that Rep gene was more conserved than Cap gene 

(Harkins et al., 2014; Kundu et al., 2012). Another significant difference has been shown 

in Rep protein than Cap is that it has more than one domain structure; Rep has an 

endonuclease domain and P-loop (a putative helicase domain that exhibits ATPase 
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activity in the presence of divalent ions) (Cheung, 2012; Niagro et al., 1998; Steinfeldt et 

al., 2006).  Although, both Cap and Rep must have numerous functions, multiple 

domains in Rep might be responsible for the specificity and binding time to a range of 

substrates. Compared to the DNA binding site of Cap, the Rep nuclease has several sites 

to bind protein, DNA, ions, and carry out enzymatic activity. These sites consisting of 

several direct motifs that were confirmed using nuclear magnetic resonance (NMR), and 

their structural conformers have been determined for the Rep in PCV2 (Vega-Rocha et 

al., 2007a). The endonuclease domain of the related circovirus Rep shows 12-15% 

sequence identities to avian circoviruses, however there is a high amount of tyrosine or 

serine in this motif serves for metal ion activation, DNA binding and ssDNA cleavage. In 

contrast to gyroviruses and anelloviruses, the Rep endonuclease motifs from the 

geminivirus, tomato yellow leaf curl Sardinia virus (TYLCSV) and the nanovirus, FBNYV 

exhibit significant amount of conservation (Vega-Rocha et al., 2007a; Vega-Rocha et al., 

2007b). 

Structure-based sequence analysis revealed that there are three motifs near the 

N-terminal of the endonuclease domain that are conserved across several circoviruses, 

geminiviruses, and nanoviruses (Vega-Rocha et al., 2007a; Vega-Rocha et al., 2007b). 

The first motif, motif I residues (FTLN or FLTY in TYLCSV) are conserved among 

circoviruses and nanoviruses, the classical second motif, motif II, is HUH (where U is a 

large, hydrophobic amino acid) in geminiviruses is replaced by HLQ in BFDV, PCV and 

FBNYV, and HLH in TYLCSV, and the third motif, motif III, is YXXK (YCSK in BFDV and PCV, 

YSMK in FBNYV, and YIDK in TYLCSV) (Vega-Rocha et al., 2007a; Vega-Rocha et al., 

2007b). Motif I is thought to play an important role in ssDNA binding whereas the motif 

II is the site for divalent metal ions such as Mn2+ or Mg2+ are often used as cofactors 
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by endonuclease and enhances the DNA cleavage function of the endonuclease (Ilyina 

& Koonin, 1992; Mankertz & Hillenbrand, 2001; Vega-Rocha et al., 2007a; Vega-Rocha 

et al., 2007b). Motif III residues are strictly conserved at its C-terminal in all Rep proteins 

of these three viruses genera (Vega-Rocha et al., 2007a). It has been highlighted that 

point mutations within any of the three conserved Rep motif in PCV had deleterious 

effect on viral replication (Mankertz & Hillenbrand, 2001), however, recent studies on 

BFDV revealed that point mutation in Rep gene at codon 36 was possibly attributed to a 

specific mutation in motif II which might have increased the virulence of BFDV infectivity 

(Kundu et al., 2012). The amino acid sequence of the endonuclease domain also contains 

a putative pyrophosphatase which is not to be conserved (Niagro et al., 1998), and there 

is no further information available on the efficiency of pyrophosphatases in circoviruses. 

A P-loop motif is the second domain structure of Rep protein which is conserved 

among circoviruses (Ilyina & Koonin, 1992; Niagro et al., 1998), and notably 

indispensable for PCV replication (Cheung, 2012). A similar consensus ATP/GTPase 

binding motif in geminivirus is seemingly essential for its viral genome replication 

(Behjatnia et al., 1998). The C-termini of Rep of BFDV contains a P-loop that is postulated 

to act as helicase activity (Niagro et al., 1998), however their  particular role in viral 

replication may not be well understandable until a crystal structure can be generated 

for structural studies.  

The exact mechanism by which BFDV replicates is still unknown; however it has 

been shown that recombinant BFDV Cap is responsible for binding and transporting the 

Rep protein across the nuclear envelope and allowing them for viral replication (Heath 

et al., 2006). Once again, it is also unknown where the Cap binding region might be on 

the Rep. There are several important differences have been existed in the highly 
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conserved motif (Rep) between the BFDV and the porcine circoviruses. Firstly, 

replication of PCV is initiated by two form of protein; Rep, and Rep and Repˊ encoded in 

ORFV1 (Mankertz & Hillenbrand, 2001; Mankertz et al., 2003). The use of two Rep 

protein forms has not been disproven for BFDV, but it is likely that BFDV only uses one 

transcript of Rep. The PCV Rep and Repˊ proteins are identical at the N-terminal but 

differ at the C-terminal portion as Rep spliced has 312 residues and contains all motifs 

of the endonuclease and P-loop domains, while Rep’ has 168 amino acids residues and 

only possesses the motifs of endonuclease domain (Cheung, 2012). In contrast to BFDV, 

the Rep of PCV has three putative NLSs and are capable of independently localise in the 

nucleus (Finsterbusch et al., 2005). However, the accurate structural data from BFDV 

Rep protein would be ideal for better understanding of the replication mechanism. 

1.5 Genetic diversity and their consequences in BFDV 

BFDV exhibits great genetic diversity with emerging geographic or host-specificity 

demonstrable within various clades (Bassami et al., 2001; Julian et al., 2013). Recent 

studies on BFDV mutational dynamics have shown that the overall rates of nucleotide 

substitution is the mounting evidence and fall in the range of 10-3 to 10-4 nucleotide 

substitution per site per year (subs/site/year) (Harkins et al., 2014; Kundu et al., 2012). 

These nucleotide substitution rates are absolutely much higher than substitution rate so 

far estimated for BFDV and other DNA viruses (Duffy et al., 2008; Linmei et al., 2007; 

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

approaches rates normally existed in RNA viruses whose polymerases typically lack 

proofreading ability (Duffy et al., 2008; Ramsden et al., 2008). The elevated level of 

genetic diversity both within and among hosts might be responsible to facilitate immune 

escape because of the viral life cycle is dominated by the positive selection of amino-

acid changes (Duffy et al., 2008). Consequently, frequent recombination within BFDV 
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could be another explanation for the existing high levels of genetic diversity. High 

genetic divergence of BFDV appear to have originated through gene modification and 

intraspecies recombination (Julian et al., 2013; Shearer et al., 2008a; Varsani et al., 

2010). Currently most of the methods available for BFDV genotyping or strain 

classification consist of amplification of entire genome or a specific gene, sequencing 

and phylogenetics analysis. For instance, BFDV isolates have been classified as 14 strains 

based on whole genome sequencing and phylogenetics analysis (Varsani et al., 2011). 

PCR followed by nucleotide sequencing are potentially effective for screening genetic 

diversity, however, usually it increases the expense on a cost-per-sample basis and often 

requires substantial time to achieve an interpretation. Recently, others have been 

shown that PCR followed by high-resolution melt curve analysis (HRM) have potential to 

readily genotype or differentiate birds pathogens such as infectious bursal disease virus 

(Ghorashi et al., 2011), inclusion body hepatitis virus (Steer et al., 2011), Mycoplasma 

synoviae (Jeffery et al., 2007), Mycoplasma gallisepticum (Ghorashi et al., 2010) and 

avian influenza virus (Lin et al., 2008). HRM curve analysis can distinguish a minor 

genetic divergence based on the analysis of the melting point and thus has the capability 

for genotyping or strain classification without the burden of sequencing (Li et al., 2012). 

Therefore, it would be ideal to search for alternatives for genotypic classification of 

BFDV strains. 

1.6 Quasispecies theory and its possible evidence in ssDNA viruses 

The quasispecies theory is a population-based framework that was initially 

formulated to explain the evolution of life in the ‘‘precellular RNA world” (Eigen, 1971), 

and more recently it has been used to describe the evolutionary dynamics of RNA viruses 

(Domingo-Calap et al., 2009; Domingo, 1997; Lauring & Andino, 2010; Lauring et al., 

2013; Perales et al., 2009) and in a unassigned ssDNA virus (Ng et al., 2009). A large 
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number of medically important RNA viruses, including pandemic human immuno-

deficiency virus (HIV), hepatitis C virus, hepatitis B virus, and influenza viruses which 

replicates with extremely high mutation rates (orders of magnitude fall in the range of 

10-2 to 10–3 subs/site/year) and exhibit significant genetic diversity (Duffy et al., 2008; 

Lauring & Andino, 2010). Their genetic diversity, rapid replication kinetics, and large 

population sizes constitutes a major factor in the adaptability of RNA viruses to dynamic 

environments and evolve resistance to vaccines and antiviral drugs (Holland et al., 1982; 

Lauring & Andino, 2010; Perales et al., 2009). Likewise, extremely high mutation rates 

(orders of magnitude fall in the range of 10-3 to 10–4 subs/site/year) were estimated in 

BFDV (Duffy et al., 2008; Harkins et al., 2014; Kundu et al., 2012) which also exhibit 

significant genetic diversity (Bassami et al., 2001; Julian et al., 2013; Kundu et al., 2012). 

Viruses that replicate with a high mutation rate exhibit significant genetic diversity 

which allows a viral population to rapidly adapt or escape immune reactions so that a 

quasispecies can be considered as a cloud of diverse variants that are genetically linked 

through mutation, interact cooperatively on a functional level, and collectively 

contribute to the characteristics of the population (Domingo-Calap et al., 2009; 

Domingo, 1997; Lauring & Andino, 2010; Perales et al., 2009).  

A population of genetically related viruses refers to as quasispecies variants were 

detected in the ssDNA sea turtle tornovirus 1 (STTV1). This is the only naturally occurring 

infection so far which claims the existence of quasispecies variants in a novel unassigned 

circovirus-like infection (Ng et al., 2009). Based on the current knowledge of BFDV in 

relation to their extremely high mutation rates and enormous amount of genetic 

variation in different BFDV genotypes (Bassami et al., 2001; Duffy et al., 2008; Kundu et 

al., 2012), it would not be surprising to have such evidence in BFDV. Although, the actual 
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function of DNA polymerase that replicates this virus as well as biochemical properties 

of BFDV has not been characterised yet; evidence of having quasispecies variants can be 

breakthrough for BFDV infection as recently it has been proven in RNA virus that 

quasispecies theory had profound influence on vaccine and drug discovery (Lauring & 

Andino, 2010). 

1.7 Diagnosis, treatment and prevention of PBFD 

1.7.1 Diagnosis 

Morphological diagnosis of PBFD can be made on the basis of clinical signs, as well 

as necropsy and histological findings. Different methods that have been used for the 

detection of BFDV include histology, electron microscopy (EM), haemagglutination (HA) 

(Khalesi et al., 2005; Raidal & Cross, 1994b; Raidal et al., 1993c), immunohistochemistry 

(IHC) (Shearer et al., 2008b), polymerase chain reaction (PCR) (Ypelaar et al., 1999), 

duplex shuttle PCR (Ogawa et al., 2005) and real-time PCR (Shearer et al., 2009). The 

serological detection of anti-BFDV antibodies has been conducted by haemagglutination 

inhibition (HI) (Khalesi et al., 2005; Raidal et al., 1993c) and Enzyme-Linked 

Immunosorbent Assay (ELISA) (Shearer et al., 2008b). 

Histologically it is accepted that PBFD virus is epitheliotrophic. Typical histological 

lesions include multifocal epithelial cell necrosis, necrosis of distal pulp and 

haemorrhage into the distal shaft of feathers and epidermal hyperplasia and 

hyperkeratosis. Feather follicles may have scattered infiltration of inflammatory cells. 

Lymphoid follicles of the affected bursa showed various degrees of necrosis and atrophy. 

Characteristic basophilic botryoid intracytoplasmic inclusions can often be seen within 

macrophages, and they are variable in size and shape (McOrist et al., 1984; Pass & Perry, 

1984; Raidal & Cross, 1995). EM examination using preparation from faeces, feathers, 
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skin, gastrointestinal tract (GIT) and liver demonstrates virus-like particles (17-20 mm in 

diameter) arranged in a paracrystalline array (McOrist et al., 1984; Pass & Perry, 1984; 

Raidal & Cross, 1995). The major advantages of histology and EM are the identification 

of the characteristic inclusion bodies and measurement of viral particles, respectively. 

However, the detection of inclusion body can be difficult task due to the relatively lack 

of sensitivity of histological examination of tissue section. The potential drawback of EM 

includes the need to identify viral inclusion by histology first, and the extra cost and 

complexity involved in sample preparation and analysis. Furthermore, 

immunohistochemical technique has been described by various authors for the 

detection of BFDV antigens in histological section (Latimer et al., 1990; Latimer et al., 

1991; Raidal & Cross, 1995; Ritchie et al., 1992). The major benefits of using 

immunohistochemistry are its high sensitivity and specificity, and the ability to identify 

the subcellular location of viral particles within specific tissues. However, this technique 

requires for specialised reagents and remains yet expensive and difficulties involved in 

sample preparation and analysis. 

Although a variety of standard PCR (Albertyn et al., 2004; Ritchie et al., 2003; 

Ypelaar et al., 1999), duplex shuttle PCR (Ogawa et al., 2005), nested PCR 

(Kiatipattanasakul-Banlunara et al., 2002), multiply-primed rolling circle amplification 

(Julian et al., 2012; Massaro et al., 2012; Varsani et al., 2010) and real-time PCR (Katoh 

et al., 2008; Raue et al., 2004; Shearer et al., 2009) techniques have been described for 

the detection of BFDV DNA, the only method developed and validated by Ypelaar et al. 

(1999) which targets the Rep gene has so far proven to be a reliable universal test for 

the diagnosis of BFDV infection. The advantages of these techniques are their high 

sensitivity and specificity, and ability to test multiple samples at once. However, such 
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techniques typically require 2-3 weeks for the confirmation of diagnosis along with 

genetic differentiation, and remain yet expensive or labour intensive and often require 

extensive interpretation, leading to a relatively expensive diagnostic test. Therefore, a 

fast and cheap closed-tube system for rapid detection and genotypic differentiation of 

BFDV that did not require further sequencing would be ideal. 

The HA and HI assays have been used extensively for the diagnostic purposes of 

PBFD (Khalesi et al., 2005). BFDV was shown to be a haemagglutinating virus (Ritchie et 

al., 1991), and a standardised HA assay was developed by Raidal et al. (1993c). A variety 

of tissues such as feathers, faeces and liver can be used for detecting the presence of 

antigen but feathers are the most frequently used tissue. HI is used for the detection of 

antibodies to BFDV in serum and plasma samples. Polyclonal anti-BFDV serum inhibits 

viral haemagglutination (Raidal et al., 1993c; Ritchie et al., 1991). Raidal et al. (1993c) 

developed an HI assay for routine diagnostic use and this assay has been implemented 

in various serological studies (Khalesi et al., 2005; Raidal & Cross, 1994b; Raidal et al., 

1993a; Raidal et al., 1993b). Now a day, HA testing provides a quantifiable indication of 

virus excretion and in combination with PCR provides a valuable internal control 

mechanism for the interpretation of results. The presence of HI antibody in blood 

samples is inversely related to the presence of feather HA excretion and so highly 

correlated with a negative feather PCR result (Raidal et al., 2010). The main advantages 

of HA and HI assays are their use as a non- invasive ante mortem diagnostic test to detect 

viral antigen and or antibody in a wide range of tissues and inexpensive to perform. The 

main disadvantages include the need for erythrocytes from suitable birds, virus purified 

from the feathers of infected birds and polyclonal antibody preparations (Raidal et al., 

2010; Shearer et al., 2008a). 
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1.7.2 Treatment 

Treatment of BFDV is not yet promising but birds with chronic PBFD can live for 

many years, even after the development of feather and beak lesions but often succumb 

to secondary infections reflecting their inability to mount an immune response. 

Cytokines demonstrates abundant positive effect for the treatment of many viral 

diseases by suppressing cell proliferation, inhibiting viral replication and augmenting the 

activity of macrophages and T lymphocytes (Tossing, 2001). African grey parrots affected 

with acute PBFD were successfully treated with chicken gamma interferon (IFN-γ) 

(Stanford, 2004), and furthermore IFN-γ and IFN-α has been used to treat patients co-

infected with PCV2, hepatitis C and TTV (Akahane et al., 1999; Chayama et al., 1999; 

Hagiwara et al., 1999; Ramamoorthy et al., 2009). However, at least in the case of PBFD, 

it is not clear whether it was simply due to the development of an appropriate antibody 

response or it was the effect of IFN-γ as there was no evidence provided for the absence 

of BFDV antibody. Others have shown that in vitro treatment of PCV2 infected cells with 

IFN-γ substantially increased viral replications (Akahane et al., 1999; Chayama et al., 

1999; Hagiwara et al., 1999; Meerts et al., 2005a; Ramamoorthy et al., 2009) and may 

have a deleterious effect on the development of protective immunity (Blanchard et al., 

2003). 

In another study conducted by Tomasek and Tukac (2007)it was reported that 

successful recovery of horned parakeets and Major Mitchell’s cockatoos from PBFD was 

achieved after administration of ß-(1,3/1,6)-D-glucan sourced from oyster mushroom 

(Pleurotus ostreatus). However, their experimental design failed to include a control 

group and an insufficient number of birds were treated. As well this no further evidence 

was provided as to whether the absence of BFDV DNA was an effect of ß-glucan or simply 

due to the development of an appropriate antibody response. This immune-stimulating 
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compound has been used to combat infectious diseases in chickens and other animals 

(Cheng et al., 2004; Guo et al., 2003) and further investigation is required to validate its 

efficiency in psittacine birds. Recently, RNA interference (RNAi) has been used 

successfully to inhibit viral gene expression and has become an active field of research 

indicating that the approach has potential for therapeutic application of several viruses 

(Arbuthnot, 2010), particularly to inhibit PCV2 viral DNA replication and protein 

synthesis in vitro (Sun et al., 2007) and experimentally infected mice (Liu et al., 2006).  

1.7.3 Prevention and control 

Infectious disease control addresses factors related to the spread of infections, 

including prevention and interruption of outbreaks. The management of BFDV in an 

avicultural setting is difficult and lies mostly in prevention. The virus is highly contagious 

and resistant to the extremes of temperature and various chemicals (Raidal & Cross, 

1994b). It is recommended that every new bird enters a pen with other birds should be 

quarantined first and be tested for BFDV using a combination of PCR, HA and HI tests, 

and birds which are known carriers should not be introduced into new pens. The source 

of birds is also important. Birds at pet shops or during international legal and illegal bird 

trade where many birds are mixed are more likely to be infected and infection may be 

difficult to detect, depending on which tests are selected. Khalesi et al. (2005) showed 

that in a peach-faced lovebirds (Agapornis roseicollis) flock, 47 out of 56 (83.9%) birds 

were PCR-positive on blood samples, whereas only 10 of these blood PCR-positive birds 

(17.9%) were also positive on feather samples. 

Prevention of access to the captive flock by wild birds is important to eliminate 

the possibility of transferring BFDV, and thus it minimises the potential for disease. Strict 

hygiene protocols should be maintained, including regular cleaning with an appropriate 
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disinfectant and control of movement between quarantined birds and the flock, more 

preferably breeding flock. As currently there is no effective method for the in vitro 

assessment of the viability of BFDV available, the relative effectiveness of various 

disinfectants on the virus cannot be evaluated. However, disinfection using peroxide 

compounds (Virkon S @ 1% solution) has been recommended by the Department of 

Environment and Heritage, Australia, for use in captive breeding programs of 

endangered psittacine species as it has been shown to inactivate non-enveloped viruses 

and bacterial spores  (Cross, 2006). 

The immune response to natural or experimental BFDV infection has been poorly 

characterised, mainly because of a general lack of knowledge of psittacine immunology 

with few methods available to assess cytokine responses, innate responses or adaptive 

immunity. Currently there is no commercially available vaccine for BFDV. Raidal and 

Cross (1994a) showed that the vaccination to be an effective means of controlling PBFD 

in both pet and wild birds that incite a strong specific immune response. A double-oil 

emulsion killed vaccine, produced by Raidal et al. (1993a) was also successful at 

protecting nestling galahs. However, since purified virus from infected birds is required, 

the vaccine production is time consuming, expensive and ethically questionable to 

produce. Attempts at in vitro culturing of BFDV in numerous cell culture systems have 

been unsuccessful (Pass & Perry, 1985). Thus, recombinant techniques could be a 

suitable option for the development of effective vaccines that would be a useful tool in 

the control of this endemic disease in wild and aviary flocks as well as pet psittacine 

birds. Recombinant capsid proteins, expressed in mammalian, insect-cell and bacterial 

based systems have been proposed for use in diagnostic tests and vaccines for BFDV 

(Bonne et al., 2009; Heath et al., 2006; Johne et al., 2004; Khalesi et al., 2005; Patterson 
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et al., 2013b; Stewart et al., 2007), PCV (Khayat et al., 2011; Liu et al., 2004; Nawagitgul 

et al., 2002; Zhou et al., 2005) and GoCV (Scott et al., 2006).  

The recombinant DNA vaccine has proven to be one of the most promising 

applications in the field of vaccine therapy. DNA vaccine is very effective in small animal, 

and current effort has been shifted to understand the different performance of the DNA 

vaccine in mouse and large animal models (Cui, 2005; Ferraro et al., 2011). DNA vaccines 

have been developed against many aetiological agents including viruses (Cheung et al., 

2004; Patterson et al., 2013b; Rieder & Steininger, 2014; Wang et al., 2006), bacteria (Ko 

et al., 2005; Maiden & Frosch, 2001; Nagata & Koide, 2010) and parasites (Chen et al., 

2014; Chu et al., 2014). In theory, apart from the great difficulty and expense of 

harvesting native BFDV for vaccine production, recombinant DNA vaccines are 

theoretically better than vaccine made from whole inactivated virus. This is because 

recombinant DNA vaccines have been the most effective modalities to induce immune 

responses during viral infectivity (Ferraro et al., 2011; Kekarainen et al., 2008; Vincent 

et al., 2007). Recent study by Patterson et al. (2013b) has shown that the recombinant 

DNA could be the potential vaccine candidate for BFDV, and suggested a final 

concentration of 1.5–2.0 mg/mL for the truncated recombinant BFDV-Cap. However, 

this lower yield remains yet questionable for commercial uses as a DNA vaccine for both 

the preventive and immunotherapeutic clinical applications, as well as structural 

studies. 
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1.8 Aims of this PhD thesis 

The main aim of this thesis was to investigate the evolutionary mechanism of BFDV 

in critically-endangered, endangered or vulnerable psittacine birds, as well as the 

structural and functional characterisation of the BFDV capsid protein to understand the 

macromolecular involvement in the disease process and how they self-assembled into 

nucleocapsids.  

The main objectives of the following experiments were designed to  

1. Discover the evolutionary dynamics of BFDV isolates in vulnerable psittacine birds. 

2. Develop a rapid and cost-effective genotyping method for BFDV using high-

resolution DNA melt (HRM) curve analysis. 

3. Develop a strategic approach for the recombinant over-expression and 

purification of BFDV capsid protein. 

4. Provide a structural and functional characterisation of BFDV capsid protein to 

elucidate the atomic component of the nucleocapsids. 
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Chapter 2. Mutability dynamics of an emergent single stranded 
DNA virus in a naïve host 

 

2.1 Summary 

The orange-bellied parrot (Neophema chrysogaster) is a critically endangered 

parrot species with less than 50 individuals remaining in the wild. Commencing in 2007-

08 a captive breeding population of about 300 birds, used to release birds back into the 

wild, suffered an outbreak of PBFD. Detailed health monitoring and the small population 

size of this critically endangered bird provided an opportunity to longitudinally track viral 

replication and mutation events occurring in a circular, ssDNA virus over a period of four 

years within a novel bottleneck population. Quasispecies variants and recombination 

were studied longitudinally in an emergent outbreak of BFDV infection in the orange-

bellied parrot. Optimised PCR was used with different combinations of primers, primer 

walking, direct amplicon sequencing and sequencing of cloned amplicons to analyse 

BFDV genome variants. Analysis of complete viral genomes (n=16) and Rep gene 

sequences (n=35) revealed that the outbreak was associated with mutations in 

functionally important regions of the normally conserved Rep gene and immunogenic 

Cap gene with a high evolutionary rate (3.41×10-3 subs/site/year) approaching that for 

RNA viruses; significant recombination hotspots were detected in two distinct 

progenitor genotypes within orange-bellied parrots, indicating early cross-transmission 

of BFDV in the population. Multiple quasispecies variants were also demonstrated with 

at least 13 genotypic variants identified in four different individual birds, with one 

containing up to seven genetic variants. An estimated 9 mutations per genome were 

detected in each quasispecies. Preferential PCR amplification of variants was also 
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detected. Whilst the original source of BFDV infection is unknown the findings suggest 

that the high degree of genetic variation within the BFDV species as a whole is reflected 

in evolutionary dynamics within individually infected birds and host species as 

quasispecies variation, particularly when BFDV jumps from one host species to another. 

2.2 Introduction 

PBFD is recognised as a key threatening process for endangered Australian 

psittacine birds and is a well characterised threat to a wide variety of psittacine bird 

species globally (Shearer et al., 2008a). In affected birds PBFD typically causes 

immunosuppression and chronic symmetrical feather loss, as well as beak and claw 

deformities (Latimer et al., 1990; Pass & Perry, 1984; Raidal et al., 1993b; Ritchie et al., 

1990; Ritchie et al., 1989). The disease can be expressed peracutely, ranging from 

sudden death, particularly in neonates (Ritchie, 1995) or as an acute form in nestling and 

fledglings, characterised by feather dystrophy, diarrhoea, weakness and depression 

ultimately leading to death within 1-2 weeks (Ritchie, 1995) or with a chronic prolonged 

course of feather dystrophy eventually leading to mortality (Perry, 1981).  

The aetiological agent of the disease, BFDV is a member of the Circoviridae family 

and has a relatively simple but compact circular, ambisense ssDNA genome of 

approximately 2000 nucleotides encoding a replicase (Rep) and a single Cap which 

facilitates whole genome viral epidemiological analysis (Heath et al., 2004; Kondiah et 

al., 2006; Mankertz et al., 1998; Niagro et al., 1998; Ritchie et al., 1989). Compared with 

other non-enveloped DNA viruses, of which the 5 kb circular genome of avian 

polyomavirus is probably the best benchmark, BFDV is highly genetically diverse and 

prone to genetic mutation, yet antigenically conserved (Bassami et al., 2001; Duffy & 

Holmes, 2008; Julian et al., 2013). Within Psittaciformes as a whole BFDV exhibits great 
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genetic diversity with emerging geographic or host-specificity demonstrable within 

various clades while the observed occurrence of closely related clades in highly 

divergent parrot species is evidence of either host-switching or host-generalism in 

several BFDV lineages (Varsani et al., 2011) . 

The last remaining wild population of the critically endangered orange-bellied 

parrot (Neophema chrysogaster) is thought to number less than 50 birds (Higgins, 1999; 

IUCN, 2015; Pritchard, 2012). The species has been the subject of conservation efforts 

over the past 3 decades including the management of a captive insurance population of 

about 250 birds held in 3 geographically separate locations in Tasmania, Victoria and 

South Australia, which are used to release captive-bred birds to bolster the wild 

population. PBFD was recognised as a disease of concern in the first National Recovery 

Plan for the orange-bellied parrot (Brown, 1988) because the establishment of the 

captive-breeding program in 1985 was set back by an outbreak of the disease. However, 

the use of improved facilities and routine testing for infection by PCR, HA and HI assays 

have been used successfully between 1994 and 2006 to manage and prevent the 

transmission of infection in the captive flock.  

Extensive PCR and serological testing in 2006 revealed no evidence of BFDV 

infection in the Tasmanian captive flock of orange-bellied parrots (Harris, 2006). 

However, in the summer breeding season of 2007-08 several juvenile birds in the 

Tasmanian captive flock developed clinical signs of PBFD which was confirmed by 

laboratory testing. A decision was made to test all birds in the captive breeding 

programme and to sample the wild population in order to determine the source and 

extent of the infection. At this time, of 132 Tasmanian birds tested 35 were PCR positive 

with blood samples and a further 3 birds were positive with feather samples (28.8% PCR 
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positive). HI antibody titres ranging from 1:20 to 1:2,560 were detected in 47 of 132 

(35.6%) samples tested. In total 71/132 (53.8%) birds in the Tasmanian flock had 

laboratory evidence of current (PCR positive) or recent (HI positive) BFDV infection. 

Three birds that were PCR positive also had clinical signs of PBFD and high feather HA 

results (titres ranging from 1:80 to 1:10,240), indicating viral shedding. Similarly, of 71 

birds tested in the Victorian flock 6 were PCR positive and a further 3 birds were HI 

positive and most of these had a history that included translocation from Tasmania 

and/or South Australia. Of the 20 birds in the South Australian flock 2 were PCR positive. 

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 parrots, consisting of fewer than 50 birds, suggests a role for other parrot 

species as a reservoir for infection by spillover into this critically endangered species 

(Peters et al., 2014). Given the overall small population size of the captive flock and lack 

of any immediately previous evidence of endemicity this almost certain cross-species 

infection provided a unique scenario to track longitudinally the evolution of BFDV 

replication in a well characterised novel host with well documented health status. 

2.3 Materials and Methods 

2.3.1 Sampling 

Samples used in the analyses described below were obtained during the course of 

normal health monitoring and veterinary checks of birds held in captive breeding flocks 

controlled by the Tasmanian Government Biodiversity Conservation Branch, and the 

Victorian Government controlled Healesville Sanctuary, Zoos Victoria Australia. Animal 

sampling was obtained using guidelines set by the Australian Code of Practice for the 
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Care and Use of Animals for Scientific Purposes (1997) and authorized by the Charles 

Sturt University Animal Research Authority (permit 09/046). No additional suffering or 

discomfort was endured by any animals referred to in this manuscript. BFDV sequences 

were amplified from dried blood samples collected directly onto filter paper from 35 

orange-bellied parrots that were previously tested positive for BFDV infection by the 

Veterinary Diagnostic Laboratory (VDL), Charles Sturt University, using established 

methods (Khalesi et al., 2005; Ypelaar et al., 1999). Archived samples included samples 

from the captive orange-bellied parrot flocks in Victoria and Tasmania.  

2.3.2 Genomic DNA extraction from dried blood spots 

Three hole-punched circles each approximately 5 mm in diameter of filter paper 

containing the dried blood were cut out using scalpels according to the methods 

described by Bonne et al. (2008) and collected in a microcentrifuge tube (Eppendorf), 

and DNA was extracted with the Qiagen blood mini kit (Qiagen, Germany), using a 

modified dried blood spot protocol. Briefly, 180 µL of buffer ATL (Qiagen, Germany) 

were added and the tube incubated at 85°C for 10 minutes (min). After brief 

centrifugation, twenty microlitres of proteinase K (Qiagen, Germany) were added, 

vortexed vigorously and then incubated at 56°C for 1 hour. After incubation, the solution 

was centrifuged and DNA was extracted from the supernatant according to the 

manufacturer’s protocol. The extracted DNA were used immediately or stored at -20 0c 

for future use 

2.3.3 Genomic DNA extraction from feathers 

Total genomic DNA was extracted from feathers using the methods described by 

(Ypelaar et al., 1999). Approximately, five millimetres of feather calamus were 

aseptically minced firstly using sterile scalpel blade and placed into a microcentrifuge 
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tube (Eppendorf). To this, 200 µL of 70% (v/v) ethanol were added and the tube vortexed 

briefly, then the ethanol was removed and 200 µL of sterile water were added and the 

tube again vortexed. The sterile water was removed and 500 µL of lysis buffer containing 

250 µg/mL proteinase K (Qiagen, Germany) were added. The feather in lysis buffer was 

incubated at 37°C for one to two hours, before being heated to 95°C for 10 min. The 

solution was centrifuged to remove undigested material and the resulting supernatant 

was then used for DNA extraction via Qiagen blood mini kit (Qiagen, Germany), using 

the blood and body fluid spin protocol. The extracted DNA were used immediately or 

stored at -200C for future use. 

2.3.4 PCR amplification 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. 

Initially, PCR was conducted targeting 717-bp section of the Rep gene identical to 

published methods (Ypelaar et al., 1999) and all of the positive samples were sequenced 

by the Australian Genome Research Facility Ltd (AGRF Ltd., Brisbane), using a Sanger-

based AB 3730xl unit (Applied Biosystems) with the same primers from the PCR. A 

number of other primer sets (Table 2.1) were used to obtain full genome amplification 

and sequencing of BFDV from 16 positive orange-bellied parrots. Reactions for different 

primer combinations were optimised, and the optimised 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 for a final volume of 

25 µl. The optimised reactions were 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.  The 
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extension time for the second and fourth sets of primer, combinations were 30 s and 90 

s respectively instead of 2 min. In each set of reactions, BFDV genomic DNA and distilled 

H2O were included as positive and negative controls, respectively. 

The resulting PCR products, together with a standard molecular weight marker 

(Sigma), were separated by electrophoresis in 0.8% agarose gels stained with GelRed 

(Biotium, Hayward, CA) at 90V for 45 min using 0.5× TBE buffer and results visualized by 

UV transillumination. 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 used as insert DNA for cloning. 

 

Table 2.1: Details of primer used in this study in different combinations to amplify the full genome of 
BFDV DNA* 

Primer Primer sequence bp position Reference 

1 5’-GTTATACGCCGCCGTAATC-3’ 84-102 Ypelaar et al. (1999) 

2 5’-AACCCTACAGACGGCGAG-3’ 182-199 Ypelaar et al. (1999) 

4 5’-GTCACAGTCCTCCTTGTACC-3’ 879-898 Ypelaar et al. (1999) 

BFDV-B-R 5’-AGCCCTCCTTGGACGGC-3’   151-167 Designed in this study 

BFDV-C-R 5’-CGTCCAACGATGGCATAGT-3’ 255-273 Designed in this study 

BFDV-I-F 5’-GCAAACTGACGGAATTGAACATA-3’ 1309-1330 Designed in this study 

BFDV-J-R 5’-TTGGGTCCTCCTTGTAGTGG-3’ 1422-1441 Designed in this study 

*Combinations attempted were 2 and BFDV-B-R; 1 and BFDV-C-R; 2 and BFDV-J-R; BFDV-I-F and BFDV-
C-R. 

 

2.3.5 Cloning 

2.3.5.1 Construction of plasmid pGEMBFDV 

Purified amplicons from the PCR were cloned into pGEM®-T Easy Vectors 

(Promega, USA). Before the ligation reaction was performed, the amount of insert DNA 

was quantitated using a Thermo Scientific NanoDrop 2000/2000c spectrophotometers 
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(Thermo Fisher Scientific). The appropriate amount of insert DNA to be used in ligations 

reaction was calculated using the following equation;  

ng of insert DNA =
(amount of vector, ng) × (size of insert, kb) 

 (size of vector, kb)
× molar ratio of insert/vector  

The ligation reaction was conducted according to the protocol for ligation using 

the pGEM®-T Easy Vectors (Promega, USA). Briefly, the pGEM®-T Easy Vector and insert 

DNA were then mixed together along with 5 µL of 2x rapid ligation buffer and 1 µL of T4 

DNA ligase, then made up to 10 µL with nuclease-free water and incubated the reactions 

overnight at 4°C. 

2.3.5.2 Transformation 

The prepared plasmids were transformed into NEB 5-alpha F′ Iq competent 

Escherichia coli (E.coli) (high efficiency) cells (New England BioLabs). The 

microcentrifuge tube containing 5 µL of ligated plasmid were placed on ice and 50 µL of 

competent E. coli cells were added, and the mixture was incubated on ice for 20 min. 

The cells were then heat-shocked by incubation at exactly 42°C for 40-45 s in a water 

bath and then immediately placed on ice for 2 min. Nine hundred and fifty microlitres 

of LB broth or SOC medium (2.0% [w/v] Bacto®-tryptone, 0.5% [w/v] Bacto®-yeast 

extract, 1 M NaCl, 1 M KCl, 2 M Mg2+, 2 M glucose; Promega) were added and the 

mixture were incubated at 37°C for 1.5-2 hours in an orbital shaker (MaxQ 4000; Thermo 

Scientific) at 150-200 rpm. Aliquots of 50 and 100 µL of each transformation mixture 

were plated onto Lauria-Bertani (LB) agar plates containing 5 g/L yeast extract, 10 g/L 

tryptone, 10 g/L NaCl, 10 g/L agar (Becton Dickinson), 100 μg/mL ampicillin, 100 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) and 50 mg/mL 5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside (X-Gal). Plates were incubated at 37°C overnight.  
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2.3.5.3 Screening of transformed cells 

Eight colonies for each isolate were picked from LB agar plate and each colony 

inoculated both onto a new LB/ampicillin/IPTG/X-Gal agar plate marked with a grid and 

into 5 mL of LB broth (5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl) with 100 μg/mL 

ampicillin added. The inocula on plates were incubated overnight at 37°C. Broth was 

likewise incubated, but on an orbital shaker as described above. The following morning, 

plates were wrapped in clear plastic film and stored at 4°C. 

2.3.5.4 PCR screening of the selected colonies 

Prepared a master mix containing 5 µl of 5× Green Go Taq® Flexi Reaction Buffer 

(Promega), 1.0 µl of 25 µM of each primer, 1.5 µl of 25 mM MgCl2, 4.0 µl of 1.25 mM 

dNTP’s, 0.2 µl of 5 U GoTaq DNA polymerase (Promega) and DEPC distilled H2O was 

added for a final volume of 25 µl. For each colony to be screened, pipette 25 µl of 

prepared master mix into the microcentrifuge tube (Eppendorf). Carefully number the 

tube so that after analysis of the amplified products, a particular clone can be readily 

identified. Pick each colony with a sterile toothpick and swirl it into the PCR reaction 

mix. The optimised reactions were run as follows: 95°C for 3 min, followed by 40 cycles 

of 95°C for 30 s, 57°C for 45 s and 72°C for 2 min, and finally 72°C for 5 min. Each set of 

reactions contained a negative and a positive control. The negative control 

contained sterile water in place of template DNA, whereas the positive control 

contained BDFV genomic DNA. Subsequently agarose gel electrophoresis was carried 

out as described in section 2.3.4.  

2.3.6 Sequencing of PCR-positive colonies 

Recombinant plasmids were purified from the selected colonies using a 

PureYield™ Plasmid Miniprep System (Promega, USA) according to the manufacturer’s 
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instructions. To ensure the accuracy of sequencing and to detect quasispecies variants 

within individual birds up to 8 clones were produced and sequenced for each amplicon. 

Furthermore, each purified insert was sequenced at least twice in each direction with 

M13 forward and reverse primers as well as some suitable internal primers by AGRF Ltd. 

as described above. 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 6.1.6 

(Biomatters, New Zealand) and BioEdit Sequence Alignment Editor (version 7.1.6.0).  

2.3.7 Sequence analysis 

The sequences were aligned in Geneious (version 6.1.6, Biomatters, New Zealand) 

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

but no insertion or deletion were inferred from the alignments. Neighbour-joining (NJ) 

and maximum likelihood phylogenetic trees with 1,000 bootstrap resamplings were 

generated using Geneious software. Furthermore, Bayesian phylogenetic trees and the 

evolutionary rate were inferred using the program Beast v1.7.5 (Drummond et al., 

2012). Two independent Monte Carlo-Markov chains (MCMC) were implemented for 

the full genome and partial Rep gene data sets separately, with 200,000,000 iterations 

under a range of different nucleotide substitution models and tree priors with a thinning 

of 20,000. 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. For the full genome and partial Rep gene dataset a general-time-

reversible model with gamma distribution rate variation and a proportion of invariable 

sites (GTR+I+G4) was identified using program jModelTest 2.1.3 (Darriba et al., 2012). 
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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 both relaxed 

(uncorrelated exponential and uncorrelated lognormal) and strict molecular clock. 

Evidence of recombination amongst BFDV genomes was found using the program 

SBP and GARD (Kosakovsky Pond et al., 2006) under a range of nucleotide substitution 

models and site-to-site rate variation on the Datamonkey webserver (Delport et al., 

2010), and DualBrothers in Geneious 6.1.6 (Minin et al., 2005; Suchard et al., 2003). 

GENECONV (Padidam et al., 1999), Bootscan (Martin et al., 2005), Chimaera (Posada & 

Crandall, 2001), Siscan (Gibbs et al., 2000) and RDP (Martin & Rybicki, 2000) methods 

were used in the RDP4 program (Martin et al., 2010). Events that were detected by at 

least three of the aforesaid methods with significant p-values were considered plausible 

recombination 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).  

To discover evidence of positive selection sites in the protein coding genes of BFDV 

from orange-bellied parrot (where ω, the selection parameter which corresponds to the 

ratio of the nonsynonymous and synonymous substitution rates, is greater than 1), a 

number of methods were used. A Fast Unconstrained Bayesian AppRoximation (FUBAR) 

was used, which allows sites experiencing positive and purifying selection (Murrell et al., 



Chapter 2: Mutability dynamics of an emergent ssDNA virus in OBP  

 

 

37 

2013), where the number of grid points was 400. This compared the number of 

nonsynonymous and synonymous substitution in typical random effects approaches. 

The data were further analysed in the programs FEL and SLAC (Kosakovsky Pond & Frost, 

2005) on the Datamonkey webserver to detect positive selection (initially data were 

screened for recombination). Finally, mixed effects model of evolution (MEME) was 

used to screen for episodic positive selection (Murrell et al., 2012), which is capable of 

identifying sites where a proportion of branches have evolved under positive selection. 

To investigate epistasis on the joint distribution of the substitution events among 

positions in the protein coding sequence, Bayesian Graphical Model (BGM) (Poon et al., 

2007) was used on the Datamonkey webserver, where each branch in the phylogeny is 

a unit of observation. 

2.4 Results 

2.4.1 Analysis of BFDV DNA sequences from orange-bellied parrots 

Phylogenetic analysis of entire BFDV genome sequences revealed two distinct and 

unique BFDV genotypes in the orange-bellied parrot flock. The first genotype (OBP-I, 

GenBank accession numbers: KC693651, KF561250, KF188681-KF188690 and KF188692-

KF188694) shared >99% pairwise both for nucleotide and amino acid identity with each 

other, whereas the second genotype (OBP-II, GenBank accession number: KF188691) 

shared >90% and >82% pairwise nucleotide and amino acid identity respectively with all 

other orange-bellied parrot BFDV sequences. These two genotypes had no significant 

relationship with other BFDV sequences available from GenBank (Figure 2.1 and 

Appendix 1). To examine the mutations that may have been responsible for the 

outbreak, phylogenetic trees were constructed using the entire genome and partial Rep 

gene sequences. Full genome analysis are shown in (Figure 2.2) and depict 42 mutations, 
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19 of which are nonsynonymous substitutions while the remaining 23 are synonymous 

substitutions (the frequency histogram of the mean coefficient variation; mean CoV = 

1.24). Two different haplotypes ([55A,57A,60S,64Q,117P,533Y,580A] and  

[64Q,187C,229M,334C,380F,445L,458P]) were detected from 19 nonsynonymous 

mutations in the 16 orange-bellied parrots BFDV genomes (Figure 2.2).  

Independent analysis of 35 Rep gene sequences revealed 18 mutations, 6 of which 

were nonsynonymous substitutions (Figure 2.3), with one at codon 36 in a RCR motif 

(Ilyina & Koonin, 1992) a substitution from phenylalanine to leucine. The pattern of 

changes are explained by 2 different haplotypes at [36L,130H,163Y] and [7S,36F,130H] 

representing the majority of the outbreak.  
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Figure 2.1: Outgroup-rooted Maximum-
likelihood phylogenetic inference of 
evolutionary relationships among BFDV 
genome sequences. ML tree was constructed 
using BFDV full genome sequences from 
orange-bellied parrots with publicly available 
full-length BFDV genomes (see Appendix 1 for 
more details) with 1000 bootstrap 
resamplings and a raven circovirus (GenBank 
accession: DQ146997) as outgroup. Blue 
colour indicates the orange-bellied parrot 
genotype-I (OBP-I) and red colour indicates 
the orange-bellied parrot genotype-II (OBP-II). 
See Appendix 3 for details. 
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Figure 2.2: Bayesian phylogenetic tree inferred evolutionary relationships among BFDV full genome 
sequences from orange-bellied parrots. Maximum clade credibility tree automatically rooted by using 
relaxed molecular clock model in Beast v1.7.5. Labels at branch tips refer to GenBank accession number, 
and with country code (AU), year of sampling, original bird ID, collection site (Tasmania or Victoria) and 
year of DNA extraction and analysis in parentheses. Nodes with posterior probability of ≥0.95 are 
indicated with asterisks and with a hash for P ≥0.7. Inferred nonsynonymous substitutions at codons are 
indicated at the appropriate lineages. Where the majority of genomes in a clade possess a particular 
substitution then the ancestral node has been labelled. BFDV from birds that were wild-caught founders 
for the captive-breeding program are circled. 
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Figure 2.3: Bayesian phylogenetic inference of evolutionary relationship among Rep gene sequences from 
orange-bellied parrots. Maximum clade credibility tree automatically rooted by using relaxed molecular 
clock model in Beast v1.7.5. Labels at branch tips refer to GenBank accession number, and with country 
code (AU), year of sampling, original bird ID, collection site (Tasmania or Victoria) and year of DNA 
extraction and analysis in parentheses. Nodes with posterior probability of ≥0.9 are indicated with 
asterisks and with a hash for P ≥0.6. Inferred nonsynonymous substitutions (blue colour) at codons are 
indicated at the appropriate lineages. Where the majority of genomes in a clade possess a particular 
substitution then the ancestral node has been labelled. BFDV from birds that were wild-caught founders 
for the captive-breeding program are circled. 
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2.4.2 Positive selection in the BFDV genome 

Positively selected sites inferred by FUBAR, FEL, SLAC and MEME are shown in 

Table 2.2. These analyses indicated 19 sites under positive selection within the entire 

genome of orange-bellied parrot BFDV genomes, although SLAC detected only 5 codon 

sites. Independent analysis of the Rep gene sequences failed to consistently 

demonstrate sites under positive selection by all four methods. For both the entire 

orange-bellied parrot BFDV genome data and the Rep gene data significant co-evolving 

sites were not detected by BGM analysis. 

2.4.3 Recombination analysis 

Using SBP, GARD, DualBrothers and RDP4 recombination was detected in the 

BFDV genomes (n=16). The strongest support for recombination was detected in the c-

terminal portion of the capsid gene between two BFDV genomes that were from 

geographically distant birds. One (11-1361) was a captive bird from Victoria and the 

second (12-0827-20213) was a Tasmanian bird originally sourced from the wild. A 

second recombination in the intergenic region of the genome was also strongly 

supported between another wild-caught BFDV (12-0827-20214) and a captive-bred (08-

423) BFDV found in the Tasmanian flock. DNA folding analysis revealed that these 

recombination breakpoints were consistently predicted to be physically located within 

loop structures (Figure 2.4) of the encapsidated genome. Independent analysis of 

sequenced Rep gene sections from 35 orange-bellied parrot BFDV genomes revealed 

one significant recombination event between wild (12-0827-20203) and captive (12-

1776) orange-bellied parrot BFDV from Tasmania and Victoria respectively [breakpoint 

tion: 618; P ≤ 0.001].  



 

 

 

 

 

 

Table 2.2: Positively selected sites in BFDV from orange-bellied parrots inferred by different methods 

Gene No. of 

sequences 

Codon (s) 

FUBAR (ω; Pa) FEL (ω; Pb) SLAC (ω; Pc) MEME (Pd) 

Full genome 16 55 (4.10; 0.76), 57 (4.10; 0.76), 60 

(4.53; 0.76), 117 (10.52; 0.93), 187 

(3.92; 0.75), 218 (2.57; 0.73), 229 

(2.73; 0.73), 445 (6.78; 0.90), 242 

(3.59; 0.73), 334 (4.27; 0.77), 380 

(3.97; 0.75), 445 (6.76; 0.90), 458 

(4.42; 0.77), 533 (4.07; 0.78), 580 

(8.96; 0.92) 

55 (∞; 0.33), 57 (∞; 

0.33), 60 (∞; 0.23), 117 

(∞; 0.14), 187 (∞; 0.31), 

218 (∞; 0.24), 229 (∞; 

0.39), 242 (∞; 0.36), 317 

(∞; 0.50), 334 (∞; 0.33), 

380 (∞; 0.32), 445 (∞; 

0.21), 533 (ω; 0.35), 458 

(∞; 0.23), 580 (∞; 0.16) 

117 (11.10; 0.44), 

445 (11.03; 0.45), 

458 (10.54; 0.46), 

533 (10.57; 0.10), 

580 (10.27; 0.23) 

55 (0.08), 57 (0.08), 60 (0.06), 

64 (0.03), 78 (0.05), 117 (0.16), 

187 (0.11), 218 (0.04), 229 

(0.13), 236 (0.08), 242 (0.06), 

317 (0.06), 334 (0.09), 380 

(0.09), 405 (0.07), 445 (0.23), 

458 (0.09), 533 (0.34), 580 

(0.19) 

Rep 35 7 (2.32; 0.76), 130 (2.26; 0.75), 163 

(4.57; 0.87) 

7 (∞; 0.19), 163 (∞; 0.02) No sites 7 (0.21), 155 (0.09), 130 (0.02), 

163 (0.001) 

Estimates of ω represents the selection parameter and Pa the posterior probability, and  Pb,c,d  the level of significance from 
the posterior probability of ω>1 at a site derived from the approximate codon model.  
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Figure 2.4: DNA folds analysis for demonstrating loop-like DNA structure within recombination breakpoint 
locations. Predicted DNA fold analysis showing recombination breakpoint locations within loop structures 
in the BFDV genome (12-0827-201213, GenBank accession: KC693651) (Peters et al., 2014) using tools 
available in Geneious 6.1.6. The first recombination breakpoint location at thymidine nt location 1311 (P 
≤ 0.001) as circled was a consistently predicted loop structure in all recombinant genomes (n=15), a 
second recombination breakpoint location at 1238 (P ≤ 0.05) is also shown (arrow) in a smaller loop 
structure. Colours of nucleotides represent base-pair probabilities (red=high, green=mid, blue=low). 
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2.4.4 Estimation of evolutionary rates of BFDV 

In Beast a variety of different demographic clock models were supported but the 

mean evolutionary rate was better fitted by a relaxed molecular clock than a strict 

molecular clock. With a relaxed molecular clock the mean evolutionary rate estimated 

for the full genome was 3.41×10-3 subs/site/year (95% HPD: 3.43×10-4 to 8.08×10-3) and 

the mean evolutionary rate in the Rep gene data set was much lower than that for the 

entire genome, 3.22×10-6 subs/site/year (95% HPD: 2.38×10-7 to 1.55×10-5).  

2.4.5 Sequences analysis of BFDV genome and its quasispecies variants 

In the sample from one orange-bellied parrot (10-1018) preferential amplification 

of one genotype (10-1018-QB1 in (Figure 2.5) and GenBank accession number:  

KF188692) was detected using primer set 2 and BFDV-B-R (Table 2.3). This primer set 

produced an amplicon of 1962 nucleotides which was cloned and sequenced 8 times 

separately, producing the same sequence data (KF188692). On the other hand, by 

analysing 16 separate clones, multiple variants (n=6) were detected in the same bird 

when using primer set 2 and 4, which produces a Rep gene amplicon of 717 nucleotides 

(Figure 2.5). In this bird the second primer set failed to amplify the first genotype even 

though the target sequences were identical, however there was a T-A substitution at 

site 211 which is close (7 nucleotides) to the binding site for primer 2 and also a C-T 

substitution at site 881 which is only one nucleotide from the binding site of the reverse 

primer 4 (Figure 2.5).   

Further cloning and sequencing of samples from another three orange-bellied 

parrots (12-364, 08-423 and 08-448) demonstrated two important quasispecies variants 

in each bird (Figure 2.5 and Table 2.3). Within one of these birds (10-1018), and out of a 
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total of seven variants, 10-1018-QB1 differed significantly (>93% pairwise nucleotide 

and amino acid identity) with all other neighbour variants. Other variants within the 

same bird had >99% pairwise nucleotide similarity. Variant 10-1018-QB5 had three 

mutations, two of which were nonsynonymous substitutions. The first mutation gave 

rise to a phenylalanine residue from valine at codon 10, and the second substitution was 

from lysine to arginine at codon 63. 

Although the number of mutations in these three birds (12-364, 08-423 and 08-

448) was not high, they were nonsynonymous substitutions which could therefore result 

in structurally significant alterations and functionality of Rep. Variants 12-364-QA1 and 

12-364-QA2 showed 98.7% nucleotide identity with three nonsynonymous substitutions 

which are also likely to modify the Rep structure. The first mutation gave rise to a leucine 

residue from serine at codon 129, the second mutation was from glycine to arginine at 

codon 163, and the third mutation occurs at codon 171 and was a substitution from 

glycine to aspartic acid.  

Another four variants from two different birds (08-423 and 08-448) experienced 

similar (>99%) pairwise nucleotide and amino acid identity. Variants 08-423-QC1 and 08-

423-QC2 had one nonsynonymous substitution at codon 178 which was a substitution 

from aspartic acid to glutamic acid whereas variants 08-448-QD1 and 08-448-QD2 had a 

substitution giving rise to leucine residue from valine at codon 183.   



 

 

 

Figure 2.5: Alignment  of 13 Rep sequences showing BFDV quasispecies variants in orange-bellied parrots. The variants 12-364QA1 and 12-364QA2 (GenBank accession 
numbers: KF188694 and KF188695 respectively) originated from a single bird, 10-1018-QB1 to 10-1018-QB7 (GenBank accession numbers: KF188692, KF188696-
KF188701 respectively) originated from another orange-bellied parrot (10-1018), 08-423CQ1 and 08-423CQ2 (GenBank accession numbers: KF188683 and KF188702 
respectively) represented orange-bellied parrot 08-423, while 08-448-QD1 and 08-448-QD2 (GenBank accession numbers: KF188686 and KF188703 respectively) 
originated from another orange-bellied parrot. For each individual BFDV sequence, asterisks indicate those where full genome (1993 bp) 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. From 
Table 2.1 the primer 2 forward (5′-AACCCTACAGACGGCGAG-3′) and 4 reverse (5′-GTCACAGTCCTCCTTGTACC-3′) are indicated by arrows.
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Table 2.3: Percentage identity of quasispecies variants of orange-bellied parrot isolates 

 Nucleotide identity (%) 

variants 

Quasispecies 

1
2

-3
64

-Q
A

1 

1
2

-3
64

-Q
A

2 

1
0

-1
01

8
-Q

B
1 

1
0

-1
01

8
-Q

B
2 

1
0

-1
01

8
-Q

B
3 

1
0

-1
01

8
-Q

B
4 

1
0

-1
01

8
-Q

B
5 

1
0

-1
01

8
-Q

B
6 

1
0

-1
01

8
-Q

B
7 

0
8

-4
23

-Q
C

1 

0
8

-4
23

-Q
C

2 

0
8

-4
48

-Q
D

1 

0
8

-4
48

-Q
D

2 

12-364-QA1 - 98.7 98.7 93.3 93.3 93.3 92.5 93.3 93.3 98.3 98.7 98.3 98.7 

12-364-QA2 99.6 - 100 94.6 94.6 94.6 93.7 94.6 94.6 99.6 100 99.6 100 

10-1018-QB1 99.6 100 - 94.6 94.6 94.6 93.7 94.6 94.6 99.6 100 99.6 100 

10-1018-QB2 93.7 94.1 94.1 - 100 100 99.2 100 100 94.1 94.6 94.1 94.6 

10-1018-QB3 93.6 94.0 94.0 99.9 - 100 99.2 100 100 94.1 94.6 94.1 94.6 

10-1018-QB4 93.4 93.9 93.9 99.7 99.6 - 99.2 100 100 94.1 94.6 94.1 94.6 

10-1018-QB5 93.4 93.9 93.9 99.6 99.4 99.3 - 99.2 99.2 93.3 93.7 93.3 93.7 

10-1018-QB6 93.6 94.0 94.0 99.9 99.7 99.6 99.4 - 100 94.1 94.6 94.1 94.6 

10-1018-QB7 93.6 94.0 94.0 99.9 99.7 99.6 99.4 99.7 - 94.1 94.6 94.1 94.6 

08-423-QC1 99.4 99.9 99.9 94.0 93.9 93.7 93.7 93.9 93.9 - 99.6 99.2 99.6 

08-423-QC2 99.6 100 100 94.1 94.0 93.9 93.9 94.0 94.0 99.9 - 99.6 100 

08-448-QD1 99.4 99.9 99.9 94.0 93.9 93.7 93.7 93.9 93.9 99.7 99.9 - 99.6 

08-448-QD2 99.6 100 100 94.1 94.0 93.9 93.9 94.0 94.0 99.9 100 99.9 - 

 Amino acid identity (%) 

 

2.5 Discussion 

This chapter describes a longitudinal study of quasispecies variants and 

recombination events in an emergent outbreak of BFDV infection in a naïve population 

of the critically endangered orange-bellied parrot. Whilst the origins of the BFDV 

infections in this population of birds are unknown it is almost certain to have been 

another psittacine bird species, presumably from the wild in Tasmania, and not from 

within the orange-bellied parrot population given its small size, as well as the pre-

existing health monitoring that was in place immediately before the outbreak of 

infection that indicated an absence of both viraemic birds and circulating antibodies to 

BFDV. This study is the first to show the importance of whole genome versus partial 

gene analysis for characterising the evolutionary pathway of a ssDNA virus recently 

infecting a naïve host species.  
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Even though it represents almost 40% of the entire viral genome, analysis of the 

Rep gene alone was not satisfactory for interrogating the evolutionary dynamics of the 

infection. As shown by whole genome analysis in BFDV (Varsani et al., 2011) and other 

viruses  (Hatwell & Sharp, 2000; Laura et al., 2006), the results comparing Rep gene 

(n=35) and the whole genome (n=16) support the latter as more robust for detecting 

recombination as well as phylogenetic and evolutionary studies. Phylogenetic analysis 

of the full BFDV genomes revealed one haplotype dominated by codons within the Rep 

gene and, in contrast to Kundu et al. (2012), a second haplotype dominated by codons 

within the Cap gene (Figure 2.2). This indicates that change in not only functionally 

important Rep but also in immunogenic Cap was associated with the outbreak of BFDV 

infection in orange-bellied parrots. Different factors may add to the scope and rapidity 

of an adaptive sweep that might increase the fitness of a mutated haplotype, including 

the environmental stability of circoviruses (Todd, 2000), modes of both horizontal and 

vertical transmission  (Gerlach, 1994; Rahaus et al., 2008; Todd, 2004) as well as host 

population dynamics. 

The analyses used in this Chapter consistently demonstrated evidence of positive 

and episodic selection at the level of an individual site Table 2.2 that were linked with 

outbreak haplotypes (Figure 2.2) in the case of full genome sequences. However, of the 

methods used, FUBAR, MEME and FEL were superior to SLAC. Even though many more 

sequences were available for analysis (n=35) the results from studying Rep gene alone 

were inadequate for detecting positive and episodic sites suggesting that these methods 

may be inappropriate in shorter sequences for detecting rare adaptive sweep. This may 

be the reason why Kundu et al. (2012) and Heath et al. (2004) failed to demonstrate 

consistent evidence of positively selected sites in BFDV. In general, many of the site 
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prediction methods that underpin such analyses have limitations (Nozawa et al., 2009) 

with several approaches suggesting that accuracy and power is better with longer 

sequences (Anisimova et al., 2002; Kosakovsky Pond & Frost, 2005; Murrell et al., 2013).  

Some of these require considerable sequence divergence as well as a substantial 

number of taxa (Anisimova et al., 2002). The majority of the polymorphic sites 

documented in (Figure 2.2 and Figure 2.3) suggest that both functionally important Rep 

and immunogenic Cap was associated with BFDV evolution in orange-bellied parrots. 

Quasispecies theory and the survival of the flattest concept was coined from in 

silico modelling and virus replication studies which predicted that at high mutation rates 

faster replicators may be less advantageous than a slow replication strategy which acts 

to counteract any negative effect of mutation (Codoner et al., 2006; Sardanyes et al., 

2008; Wilke et al., 2001). According to the theory selection may favour an organism to 

replicate faster or to be more robust, but not both at the same time, particularly if there 

is reciprocity between mutational robustness and replication rate. Viruses that replicate 

with a high mutation rate exhibit significant genetic diversity which allows a viral 

population to rapidly adapt or escape immune reactions so that a quasispecies can be 

considered as a cloud of genetically linked but diverse variants which interact 

cooperatively (Lauring & Andino, 2010).  

During the course of infection numerous BFDV genome variants were present in 

the orange-bellied parrot flock and within individual birds. To confirm quasispecies 

variants high fidelity Taq DNA polymerase was used which has an error-correcting 

mechanism (Duffy et al., 2008).  With the exception of one highly divergent variant 10-

1018-QB1 (Figure 2.5), which could be considered as a dual infection with a separate 

genotype altogether, other variants were relatively close with 98% similarity. The degree 
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of BFDV genetic heterogeneity is likely to have been under estimated by the 

methodology given that total viral load could not be accurately assessed in each sample 

amongst abundant host DNA within avian erythrocytes. Errors of PCR amplification 

which can falsely represent quasispecies were considered unlikely to have contributed 

to any of the variants analysed in this study. According to data on the heterogeneity of 

the platinum® Taq polymerase it was anticipated that a potential error rate of 0.01 nt 

substitutions per genome might occur during the PCR amplification process. For each 

infected bird that did not have quasispecies variants up to 8 whole genome clones were 

created and sequenced (twice) specifically to assess and detect variants and this also 

provided some measure of internal control for the technique as a whole rather than just 

the fidelity of the Taq polymerase. It should be noted that any errors if present would 

only be of effect during the initial amplification for cloning and not during Sanger 

sequencing given the nature of this technique.     

Based on the data for each BFDV quasispecies and as shown in Figure 2.5 it was 

estimated that there may be as high as 9 mutations per genome present in the observed 

variants but this may not represent a rate of mutations per nucleotide copied. In RNA 

virus genomes which typically have a mutation rate of 10-4 per nucleotide copied 

(Codoner et al., 2006; Lauring & Andino, 2010; Lauring et al., 2013; Sardanyes et al., 

2008) and a genome length of approximately 10 kb during the acute phases of virus 

replication almost every possible single mutant and many double mutants are likely to 

occur, many of which are defective with the trade-off that the resultant virus population 

potentially contains diverse genetic variants which may be able to avoid host immunity 

or achieve other fitness advantages.  
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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). Virus quasispecies events are not limited to 

ssDNA or ssRNA virus evolutionary dynamics. Recently, others reported that there were 

seven different genotypes of tick-transmitted bacterium Borrelia afzelii in the bank vole 

Myodes glareolus which favours greatly antigenic diversity (Andersson et al., 2013). 

Similarly in protists such as the agent of human malaria, Plasmodium falciparum, up to 

5 different strains may be detected simultaneously within individuals (Lord et al., 1999) 

and this presumably is a key influence on the evolution of virulence (Alizon et al., 2013).   

Preferential PCR amplification of different BFDV genotypes was detected within 

an individual animal (Figure 2.5). Others have shown that this can result from significant 

GC% differences between sequences if the denaturation, salt and co-solvent conditions 

of the reaction favour one genotype over 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 this 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 Figure 4 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 sequence. 

High mutation rates resulting in quasispecies dynamics lead to interactions on a 

functional level and may be the major contributing factor in the adaptability of RNA 

viruses to changing environments (Lauring & Andino, 2010; Perales et al., 2009). This 
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was most likely occurring in orange-bellied parrots as high evolutionary rates were 

detected consistent with those of other BFDV lineages (Heath et al., 2004; Kundu et al., 

2012) and other small ssDNA viruses (Drummond et al., 2005; Duffy et al., 2008; 

Grasland et al., 2005; Linmei et al., 2007; Shackelton & Holmes, 2006; Shackelton et al., 

2005; Umemura et al., 2002), and approaching that for RNA viruses whose polymerase 

lacks proofreading ability (Duffy et al., 2008; Ramsden et al., 2008). The simultaneous 

occurrence of recombination and relatively lower mutation rates in the BFDV Rep data 

set where recombinants were included reveals that this process may have significant 

effects on estimation (Duffy & Holmes, 2009). More recent research with coronaviruses 

has shown that other viral proteins may be just as important as their replicase for 

determining the sensitivity of RNA viruses to mutagens (Smith et al., 2013). Given that 

avian circoviruses only encodes a capsid protein and a polymerase such an effect is 

unlikely to be present in BFDV. The high level of sequence diversity among the BFDV 

genomes support the theory that evolutionary rates in viruses are not simply a 

consequence of high fidelity polymerase activity but also controlled by genomic 

architecture and replication speed (Duffy et al., 2008).  

Viral recombination and point mutations are key evolutionary mechanisms driving 

pathogen diversity and host adaptation (Awadalla, 2003; Martin et al., 2011; van der 

Walt et al., 2009; Worobey & Holmes, 1999) and, in the case of influenza A virus, have 

been shown to occur between pathogen and host as a mechanism for acquiring 

virulence (Khatchikian et al., 1989).  Sequences from ancestral ssDNA viruses have been 

found in vertebrate genomes suggesting that parvoviruses and circoviruses have been 

present for at least 40 million years (Belyi et al., 2010). Recent global analysis of BFDV 

as well as other ssDNA viruses (Julian et al., 2013; Lefeuvre et al., 2009; Massaro et al., 

2012; Varsani et al., 2011) predicted two significant recombination hotspots in BFDV, 
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one in the c-terminal portion in the coat protein, and a second in the intergenic region 

of the genome and the results provide strong natural evidence of this. Furthermore the 

c-terminal recombination breakpoint was consistently (n=15) within loop-like structures 

predicted by DNA fold analysis as shown in Figure 2.4. In site-specific genetic 

recombination 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). The loop-like DNA structures in BFDV may represent an 

important recombination site 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. 

Within a dual-infected cell recombination may be more permissible during viral 

uncoating in its ssDNA form or during interactive rolling circle replication as ssDNA 

molecules are produced. 
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Chapter 3. Phylogeny of beak and feather disease virus in 
cockatoos demonstrates host generalism and multiple-
variant infections within Psittaciformes 

 

3.1 Summary 

According to the “Survival of the Flattest Theory” selection may favour organisms 

that replicate faster or are more robust, but not both at the same time, particularly if 

there is reciprocity between mutational robustness and replication rate (Sardanyes et 

al., 2008). Also, beyond a critical mutation rate, any slower replicating variants should 

out-compete faster but highly mutable replicators. To assess in vivo evidence for this 

theory the phylogeny of the highly genetically diverse but antigenically conserved, 

single-stranded circular, DNA genome of BFDV was analysed in cockatoo species 

throughout Australia in order to understand the competing forces of host-switch events, 

recombination and high mutation rate alongside a predicted slow replication rate within 

connected ecosystems. Phylogenetic analyses of 38 new BFDV genomes from cockatoos 

were used to assess host and geographically based divergence as well as probable host-

switch events. A high mutation rate was found for BFDV (orders of magnitude fall in the 

range of 10-3 to 10–4 subs/site/year) per site per year along with strong support for 

recombination indicating active cross-species transmission in various subpopulations. 

BFDV quasispecies were demonstrated with at least 30 genotypic variants identified 

within nine individual birds, with one containing up to seven genotypic 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 a mosaic of geographic clustering 
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throughout the landscape and flexible host switching. It is proposed this is evidence of 

an Order-wide quasispecies effect for BFDV in the Psittaciformes characterised by high 

mutability that is buffered by frequent recombination and slow replication strategy. 

Consistent with quasispecies theory it is suggested that maximum attainable rather than 

average replication interval may be important for contributing to the high degree of 

genetic diversity seen in BFDV species as a whole. 

3.2 Introduction 

The survival of the flattest is a concept coined from in silico modelling and virus 

replication studies which predicts that at high mutation rates being the faster replicator 

may be less advantageous than a slow replication strategy which acts to counteract any 

negative effect of mutation (Codoner et al., 2006; Sardanyes et al., 2008; Wilke et al., 

2001). According to the theory selection may favour an organism to replicate faster or 

to be more robust, but not both at the same time, particularly if there is reciprocity 

between mutational robustness and replication rate. At low mutation rates, a faster 

replicator should displace a robust one but beyond a critical mutation rate, the slower 

should outcompete any faster replicator particularly in a neutral environment with high 

connectivity (Wilke et al., 2001). Furthermore, it has been shown that genotypic 

sequence space which involves a lower critical mutation rate broadens the conditions at 

which the survival-of-the-flattest may occur (Sardanyes et al., 2008). Whilst in vivo 

evidence is limited, in natural systems a broader space may be provided by a wide host 

range and or broad geographical range particularly for viral pathogens (Sardanyes et al., 

2008). 

PBFD is a candidate viral disease that appears to have epidemiological 

characteristics predicted by survival of the flattest theory. It is a chronic but ultimately 
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fatal viral disease of young parrots and cockatoos, characterised 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 recognised 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 et al., 2001; Clout & Merton, 1998; 

Ha et al., 2007; Raidal et al., 1993b; Ritchie et al., 1990; Sanada et al., 1999). The 

aetiological agent of the disease, BFDV,  a compact circular, ambisense 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 Cap and this 

simplicity makes them a good candidate to model host-generalist phylogenetics and 

quasispecies effect 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 & 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 & Li, 2012). 

Recombination has been clearly shown as a key mechanism within BFDV evolution but 
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there is also evidence that the C-terminal region of Rep originated from an RNA-binding 

protein stolen from a progenitor calicivirus, a RNA virus species that only infects 

vertebrates (Gibbs et al., 2006; Gibbs & 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 & Holmes, 2008; Julian et al., 2013) 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., 1993c; Shearer et al., 2008a). 

Within Psittaciformes as a whole BFDV exhibits quasispecies characteristics with wide 

host species susceptibility. 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 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, 

2015). 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, 2015), 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; Garnett et al., 2011; 

Saunders, 1990; White et al., 2011) the spread of infectious diseases, in particular PBFD, 

is also considered a key threatening process.  
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In the present study BFDV genomes from a range of host species were analysed 

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. The 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. The hypotheses that phylogenies based 

on Cap and Rep gene alone are not congruent with whole genome analysis was tested; 

and 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.  

3.3 Materials and Methods 

3.3.1 Sampling and isolation of genomic DNA 

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

different host cockatoo species (Table 3.1), from different regions of Australia, using 

established protocols (Khalesi et al., 2005; Sarker et al., 2014e; Ypelaar et al., 1999).  

DNA was extracted from blood and feather samples as described previously in sections 

2.3.2 and 2.3.3. Briefly, 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 
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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.  

Table 3.1: Details of geographical origin and host cockatoo species of 38 BFDV genomes used in this 
study 

Species (Common Name) Wild Captive Location (number) Year (number) 

Calyptorhynchus banksii 
(Red-tailed black cockatoo) 

2 0 Perth, WA (2)* 2013 (2) 

Callocephalon fimbriatum 
(Gang-gang cockatoo) 

2 3 Perth, WA (3)  
Canberra, NSW (2)* 

1996 (1), 2004 (1) 
2010 (1), 2011 (2) 

Lophochroa leadbeateri 
(Major Mitchell’s 
cockatoo) 

0 2 Sydney, NSW (1)  
Perth, WA (1) 

2004 (1), 1997 (1) 

Calyptorhynchus lathami 
(Glossy black cockatoo) 

0 5 Sydney, NSW (1) 
Canberra, NSW (4) 

2006 (1), 2011 (4) 

Cacatua galerita 
(Sulphur-crested cockatoo) 

4 3 Melbourne, VIC (4)* 
Sydney, NSW (1)  
Wagga Wagga, NSW 
(2) 

2005 (1), 2010 (2) 
2012 (1), 2006 (1) 
2013 (2) 

Cacatua tenuirostris 
(Long-billed corella) 

10 0 Melbourne, VIC (9)* 
QLD (1)* 

2010 (9), 2013 (1) 

Eolophus roseicapillus 
(Galah) 

3 4 NSW (1)* Perth, WA 
(5)* Brisbane, QLD 
(1)* 

2012 (1), 2004 (5) 
2004 (1) 

* Wild birds 
WA-Western Australia; NSW-New South Wales; VIC-Victoria; QLD-Queensland 
 

3.3.2 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 sequenced from 38 BFDV PCR-positive samples 

using a number of primer sets (Table 3.2). Reactions mixture and PCR condition for the 

first and second sets of primer were identical as described previously by (Sarker et al., 

2014e) and in section 2.3.4. Additionally, a third combination of primers was used for 
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amplifying BFDV viral genome with the PCR amplicon expected to yield a product of ~2.0 

kb. Briefly, the optimised 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 optimised 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 protocol for agarose gel electrophoresis, cloning and sequencing were similar 

to that described in sections 2.3.4 to 2.3.6. In brief, 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 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).  
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Table 3.2: Details of primers used in this study in different combinations to amplify the full genome of 
BFDV DNA* 

Primer Primer sequence bp position Reference 

2 5′-AACCCTACAGACGGCGAG-3′ 182-199 Ypelaar et al. (1999) 

4 5′-GTCACAGTCCTCCTTGTACC-3′ 879-898 Ypelaar et al. (1999) 

BFDV-J-R 5′-TTGGGTCCTCCTTGTAGTGG-3′ 1422-1441 Sarker et al. (2014e) 

BFDV-I-F 5′-GCAAACTGACGGAATTGAACATA-3′ 1309-1330 Sarker et al. (2014e) 

BFDV-C-R 5′-CGTCCAACGATGGCATAGT-3′ 255-273 Sarker et al. (2014e) 

BFDV-Full-Length-F 5′-TTAGTATTACCCGCCGCCTGG-3′ 1-21 Designed in this study 

BFDV-Full-Length-R 5′-GCCTNYTGGGGCACCT-3′ 2028-2043 Designed in this study 

*Combinations attempted were 2 and BFDV-J-R; BFDV-I-F and BFDV-C-R; 2 and 4; BFDV-Full-Length-F 
and BFDV-Full-Length-R 

 

3.3.3 BFDV Sequence analyses 

3.3.3.1 Phylogenetic and coalescent analyses 

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). 

Neighbour-joining (NJ) and maximum likelihood phylogenetic trees with 1,000 bootstrap 

resamplings were generated using Geneious software. 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 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 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 
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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 both uncorrelated exponential and 

uncorrelated lognormal (Drummond et al., 2006), as well as strict molecular and  

random local clock model (Drummond & 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.  

3.3.3.2 Recombination analyses 

Evidence of recombination amongst the Australian BFDV genomes was screened 

from  seven different species of cockatoo using the RDP (Martin & Rybicki, 2000), 

GENECONV (Padidam et al., 1999), Bootscan (Martin et al., 2005), MaxChi (Smith, 1992), 

Chimaera (Posada & 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 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). 
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3.3.3.3 Analyses of quasispecies variants sequences 

Multiple alignments of consensus sequences of quasispecies 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 & Nei, 1993). Tree topology 

was inferred by two phylogenetic methods: (i) NJ (Saitou & Nei, 1987) using also tools 

available in Geneious; 1000 bootstrap resamplings (ii) ML (Guindon & Gascuel, 2003) 

trees were constructed by Geneious using Tamura-Nei substitution model (Tamura & 

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

3.3.3.4 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 relative to the origin of 

genotype AF080560 (see Appendix 2 for more details). 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 
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testing was performed for BFDV genomes from different geographical locations within 

Australia and host species using the program BaTS (Parker et al., 2008). 

3.4 Results 

3.4.1 Analyses of BFDV genome sequences for patterns of relatedness 

A Bayesian phylogenetic tree of 38 entire BFDV genome sequences (GenBank 

accession numbers: 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 (Figure 3.1) (See 

Appendix 1 for more detail information). Phylogenetic analysis of Rep alone matched 

closely (R2=0.814 P<0.001; Figure 3.2) with whole genome analysis but Cap was much 

less able to predict whole genome phylogeny (R2=0.733 P<0.001; Figure 3.3). 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 (Figure 3.1). For example, one BFDV genome (KF385400) demonstrated 

strongest clade support (100%)  with BFDV from a cockatiel (Shearer et al., 2008a), 

sulphur-crested cockatoo (KF385415) from Victoria, one long-billed corella BFDV 

genome (KF385428) from Victoria and one galah BFDV genome (KF385435) from 

Queensland. On the other hand, another wild caught-BFDV genome from red-tailed 
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black cockatoo (KF385399) showed >79% clade identity with a spatially 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 (Figure 3.1). BFDV 

genomes (KF385409-KF385412) from four glossy black cockatoo shared >88% 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.  

3.4.2 Estimation of mutation rate 

Estimated mutation rates for all demographic clock models varied slightly, falling 

within a narrow range  between 10-3 and  10-4 substitutions per site per year (Figure 3.4 

and Table 3.3), which is much higher than any other DNA virus. The mean rate of 

mutation estimated for BFDV full genome data sets using all clocks ranged from 8.18×10-

4 to 1.12×10-3 subs/site/year. Higher mutation rates were also consistently estimated in 

Cap versus Rep (Figure 3.4). The mean rate of mutation estimated using relaxed 

lognormal and strict molecular for BFDV full genome data sets ranged from 8.18×10-4 to 
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9.67×10-4 subs/site/year, and these data sets were further tested for true temporal 

signal. These were outside the 95% HDPs (8.32×10-5 to 3.94×10-4) of randomised data 

sets Table 3.4 and therefore supportive of a temporal structure in the data. 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).  
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Figure 3.1: 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). 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. See Appendix 3 for details.



 

 

 

Figure 3.2: Bayesian phylogenetic inference of BFDV whole genome versus Rep gene sequences in Australian cockatoos demonstrating strong overall support of Rep as a predictor 
of genome relatedness (R2=0.814).  See Appendix 3 for details. 
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Figure 3.3: Bayesian phylogenetic inference of BFDV whole genome versus Cap gene sequences in Australian cockatoos demonstrating weak support  for major branches and poor 
prediction of overall genome relatedness (R2=0.733).  See Appendix 3 for details.

 

 

                                                                             C
h

a
p

ter 3
: P

h
ylo

g
eo

g
ra

p
h

y o
f B

FD
V

 in
 co

cka
to

o
s 

 

7
0

 



Chapter 3: Phylogeography of BFDV in cockatoos  

 

 

71 

 

 

Figure 3.4: Mutation rates and 95% highest posterior density intervals estimated in BFDV whole genome 
sequences compared with Rep and Cap genes using relaxed and strict molecular clock models.  

 

 

Table 3.3: Mutation rate and the 95% HPD intervals estimated for BFDV entire genomes, Rep and capsid 
gene from BFDV cockatoo genomes. 

   95% HPD interval 

Gene Clock model Mutation rate 

(per site/year) 

Lower Upper 

Entire 

genome 

Relaxed lognormal  8.18 × 10-4 3.25 × 10-4 1.11 × 10-3 

Relaxed exponential  1.12 × 10-3 3.42 × 10-4 1.90 × 10-3 

Random  8.89 × 10-4 1.92 × 10-4 8.10 × 10-4 

 Strict  9.67 × 10-4 1.95 × 10-4 9.10 × 10-4 

Rep gene Relaxed lognormal  5.39 × 10-4 2.20 × 10-4 8.82 × 10-4 

 Relaxed exponential  5.93 × 10-4 2.07 × 10-4 1.50 × 10-3 

 Random  5.56 × 10-4 2.29 × 10-4 8.82 × 10-4 

 Strict  5.20 × 10-4 1.77 × 10-4 8.61 × 10-4 

Capsid gene Relaxed lognormal  7.47 × 10-4 3.24 × 10-4 1.19 × 10-3 

 Relaxed exponential  9.89 × 10-4 2.59 × 10-4 1.78 × 10-3 

 Random  7.43 × 10-4 3.51 × 10-4 1.16 × 10-3 

 Strict  8.87 × 10-4 2.68 × 10-4 1.05 × 10-3 
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Table 3.4: Mean and 95% HPD of the Bayesian posterior estimates of substitution rate for BFDV from 20 
randomized data sets 

Randomisation 

data set 
Mean rate 95% HPD lower 95% HPD upper 

1 2.30×10-4 8.55×10-5 4.16×10-4 

2 2.24×10-4 8.91×10-5 3.67×10-4 

3 1.49×10-4 5.56×10-5 2.42×10-4 

4 2.17×10-4 8.09×10-5 3.69×10-4 

5 2.03×10-4 7.30×10-5 3.59×10-4 

6 1.68×10-4 4.13×10-5 4.30×10-4 

7 4.51×10-4 1.82×10-4 7.49×10-4 

8 2.56×10-4 7.84×10-5 4.61×10-4 

9 2.19×10-4 7.05×10-5 4.25×10-4 

10 1.70×10-4 6.90×10-5 2.78×10-4 

11 1.07×10-4 4.07×10-5 1.80×10-4 

12 3.02×10-4 1.32×10-4 5.05×10-4 

13 1.53×10-4 6.31×10-5 2.56×10-4 

14 1.43×10-4 4.85×10-5 2.77×10-4 

15 1.54E-04 6.19×10-5 2.66×10-4 

16 4.50×10-4 1.94×10-4 7.44×10-4 

17 1.45×10-4 5.86×10-5 2.50×10-4 

18 2.77×10-4 9.49×10-5 5.02×10-4 

19 1.70×10-4 6.71×10-5 2.88×10-4 

20 2.50×10-4 7.75×10-5 5.07×10-4 

Mean 2.22×10-4 8.32×10-5 3.94×10-4 

 

 

3.4.3 Frequent recombination in BFDV genomes 

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

from cockatoo species (Figure 3.5 and Figure 3.6). 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 recombination breakpoint location: 1277; P ≤ 0.001 using SBP and GARD). A 
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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 (Figure 3.7). 

 

 

 

Figure 3.5: 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. 
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Figure 3.6: Likely BFDV recombinants in cockatoos referred to in Figure 3.5 showing geographical location 
of potential major and minor parents. 

 

 

 

Figure 3.7: 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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3.4.4 Sequence analysis of BFDV genome and quasispecies variants 

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 & Nei, 1987), under 

Tamura-Nei parameter model (Tamura & 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 (Figure 3.9A; 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 

same bird when using primer set 2 and BFDV-J-R (Table 3.2), 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 3.2) 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 (Figure 3.8 
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and Table 3.5). 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 (Figure 3.9A; 

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) (Table 3.5), and the bootstrap 

values associated with the derived NJ tree suggest limited robustness (Figure 3.9B). 

However, the nt differences had a potentially significant influence on protein structure 

demonstrating >97% pairwise amino acid identity (Figure 3.8 and Table 3.5). Cloning and 

sequencing of feather and splenic samples from another wild red-tailed black cockatoo 

(13-1780-052) demonstrated three quasispecies variants with >99% and ≥98% pairwise 

nucleotide and amino acid identity (Figure 3.8 and Table 3.5). In both of these birds each 

feather sample only yielded one genetic variant with splenic tissue being the source of 

further variants.  

NJ tree from the genotypic variants of a gang-gang cockatoo (04-604) also 

demonstrated significant expansion of Rep genetic distances among variants (Figure 

3.9C; 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 variants (Table 

3.5). A similar scenario was also documented in another wild gang-gang cockatoo (Figure 

3.9D). Another four white cockatoos (05-746, LBC-10, LBC-11 and LBC-51) demonstrated 
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two quasispecies variants in each bird, and almost all showed ≥98% pairwise identity 

both for nucleotide and amino acid (Figure 3.8 and Table 3.5). 

 

 

Figure 3.8: 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. See Appendix 3 for details. 
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Figure 3.9: Phylogenetic analyses of BFDV quasispecies 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).  
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Table 3.5: Pairwise comparison of nt and amino acid sequences of quasispecies variants using ClustalW Program 

Nucleotide identity (%) 
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KF385401  96 94.4 95.1 94.8 99.8 99.8 92.4 93.2 93.4 93.9 93.8 96.1 96.1 96.5 95.3 95.9 95.7 95.6 89.7 94 92.3 89.4 94.8 90.3 94.8 90.3 94.8 91.9 94.8 

KF499126 97.5  96.2 99.2 98.9 96 96 96.5 96.2 96.5 96.8 96.7 95.8 98.5 97.5 97.6 95.3 95.1 94.7 94.6 94.4 94.3 95.5 95.7 96.7 96.2 96.7 96.2 96.5 96.2 

KF499127 97.1 99.6  95.8 95.4 94.4 94.4 94.4 94.1 94.4 95 94.6 94.8 96.8 95.8 96.2 94.1 94 93.7 95.5 95.4 95.3 97.5 97.5 96.4 96.5 96.4 96.5 95 96.5 

KF499128 96.2 98.7 98.3  99.2 95.1 95.1 96 95.7 96 96.2 96.1 95.5 98 97.2 97.2 95.1 95 94.6 94.1 94 93.9 95.1 95.3 96.2 95.8 96.2 95.8 96.1 95.8 

KF499129 95.8 98.3 97.9 98.7  94.8 94.8 95.7 95.4 95.7 96 95.8 95 97.6 96.7 96.8 94.6 94.4 94 93.7 93.6 93.4 95 95.1 96.1 95.4 96.1 95.4 96 95.4 

KF499130 99.8 97.5 97.1 96.2 95.8  99.8 93.9 93.2 93.4 94 93.9 96.2 96.1 96.5 95.3 96.1 96.2 96 92.8 94 92.5 92.4 94.8 93.6 94.8 93.6 94.8 94.6 94.8 

KF499131 99.5 97.5 97.1 96.2 95.8 99.8  94 93.2 93.4 94.1 94 96.4 96.1 96.5 95.3 96.3 96.4 96.2 92.8 94 92.5 92.6 94.8 93.7 94.8 93.7 94.8 94.7 94.8 

KF385400 89 97.1 96.7 95.8 95.4 92.6 92.6  99.4 99.7 99.4 99.5 92.1 96.1 95.4 95.8 92.7 92.4 92.3 88.4 92.3 91.3 88.2 93.6 89.6 94.1 89.6 94.1 94.4 94.1 

KF499122 94.1 96.7 96.2 95.4 95 94.1 94.1 99.2  99.2 99.2 99 93.2 95.8 95.1 95.5 92.9 92.7 92.3 92.2 92.1 91.9 93.2 93.3 94.6 94.1 94.6 94.1 94.4 94.1 

KF499123 94.6 97.1 96.7 95.8 95.4 94.6 94.6 99.2 98.3  99.4 99.6 93.4 96.1 95.4 95.8 93.2 93 92.6 92.5 92.3 92.2 93.4 93.6 94.6 94.1 94.6 94.1 94.4 94.1 

KF499124 92.6 97.9 97.5 96.7 96.2 92.8 92.8 98.5 98.7 98.7  99.5 93.7 96.4 95.7 96.1 93.9 93.7 93.5 91.6 92.5 91.3 91.8 93.9 93.5 94.7 93.5 94.7 95.5 94.7 

KF499125 92.3 97.5 97.1 96.2 95.8 92.6 92.6 98.5 97.9 98.7 98.8  93.7 96.2 95.5 96 93.9 93.7 93.5 91.5 92.3 91.2 91.7 93.7 93.2 94.3 93.2 94.3 95.2 94.3 

KF385402 93.4 97.9 97.5 96.7 96.2 94.8 94.8 87.5 94.6 95 91.3 91.6  96.8 97.6 96 97.8 97.7 97.5 90.1 94.7 93.2 90 95.4 90.1 95.5 90.1 95.5 92.1 95.5 

KF499132 97.5 100 99.6 98.7 98.3 97.5 97.5 97.1 96.7 97.1 97.9 97.5 97.9  98.6 99.2 96.4 96.2 95.8 95.5 95.4 95.3 96.1 96.2 97.6 97.1 97.6 97.1 97.5 97.1 

KF499133 98.3 99.2 98.7 97.9 97.5 98.3 98.3 96.2 95.8 96.2 97.1 96.7 98.7 99.2  98.3 97.5 97.4 96.9 94.8 94.7 94.6 95.4 95.3 96.5 96.5 96.5 96.5 96.9 96.5 

KF499134 97.1 99.6 99.2 98.3 97.9 97.1 97.1 96.7 96.2 96.7 97.5 97.1 97.5 99.6 98.7  95.8 95.7 95.3 95.3 95.1 95 95.5 95.7 97.4 96.8 97.4 96.8 96.9 96.8 

KF385404 93.7 97.1 96.7 96.2 95.8 95.3 95.3 88.5 93.7 94.1 91.8 91.8 96.3 97.1 97.9 96.7  99.6 99.5 90.6 94.7 93.3 90.1 94.7 90.9 95.3 90.9 95.3 92.8 95.3 

KF499139 93.5 97.1 96.7 96.2 95.8 95.3 95.3 88.4 93.7 94.1 91.8 91.8 96 97.1 97.9 96.7 98.9  99.3 90.6 94.6 93.2 89.9 94.6 90.7 95.1 90.7 95.1 92.5 95.1 

KF499140 93.2 96.7 96.2 95.8 95.4 95 95 88.2 93.3 93.7 91.6 91.6 95.8 96.7 97.5 96.2 98.8 98  90.4 94.1 93.2 89.7 94.3 90.4 94.8 90.4 94.8 92.3 94.8 

KF385399 86.3 96.2 96.7 95 94.6 90.8 90.8 84.8 93.3 93.7 88.9 88.6 85.8 96.2 96.2 95.8 86.9 86.9 86.9  99.6 99.5 89.6 95.4 88.8 94.7 88.8 94.7 89.9 94.7 

KF499120  95.8 95.4 95.8 94.1 93.7 95.8 95.8 92.9 92.5 92.9 93.3 92.9 95.8 95.4 95.4 95 95 95 94.6 99.2  99.9 95.1 95.3 94.7 94.6 94.7 94.6 93.9 94.6 

KF499121 90.1 95.4 95.8 94.1 93.7 90.3 90.3 88.1 92.5 92.9 88.1 87.9 89.9 95.4 95.4 95 90.3 90.1 90.1 98.8 100  92.3 95.1 91.7 94.4 91.7 94.4 92.2 94.4 

KF385413 84.6 98.3 98.7 97.1 96.7 91.1 91.1 82.8 95 95.4 89.6 89.6 85.3 98.3 98.3 97.9 85.8 85.6 85.5 84.3 97.1 89.1  98.9 91.5 95.8 91.5 95.8 89.6 95.8 

KF499135 98.3 98.3 98.7 97.1 96.7 98.3 98.3 95.4 95 95.4 96.2 95.8 98.7 98.3 98.3 97.9 97.9 97.9 97.5 97.9 97.1 97.1 100  95.8 96 95.8 96 94.4 96 

KF385423 86.1 99.6 99.2 98.7 98.3 92.3 92.3 85.6 96.2 96.7 92.1 91.8 85.6 99.6 98.7 99.2 87.1 86.9 86.6 83 95 88.1 87.9 97.9  99.2 100 99.2 91.8 99.2 

KF499136 97.5 99.2 98.7 98.3 97.9 97.5 97.5 96.2 95.8 96.2 97.1 96.7 97.9 99.2 99.2 98.7 97.5 97.5 97.1 96.2 95.4 95.4 98.3 98.3 99.6  99.2 100 97.1 100 

KF385424 86.1 99.6 99.2 98.7 98.3 92.3 92.3 85.6 96.2 96.7 92.1 91.8 85.6 99.6 98.7 99.2 87.1 86.9 86.6 83 95 88.1 87.9 97.9 100 99.6  99.2 91.8 99.2 

KF499137 97.5 99.2 98.7 98.3 97.9 97.5 97.5 96.2 95.8 96.2 97.1 96.7 97.9 99.2 99.2 98.7 97.5 97.5 97.1 96.2 95.4 95.4 98.3 98.3 99.6 100 99.6  97.1 100 

KF385427 87.9 99.2 98.7 98.3 97.9 93.6 93.6 92 95.8 96.2 94.6 94.3 87.6 99.2 98.3 98.7 88.4 88.4 88.2 85 94.6 88.9 84.8 97.5 86.9 99.2 86.9 99.2  97.1 

KF499138 97.5 99.2 98.7 98.3 97.9 97.5 97.5 96.2 95.8 96.2 97.1 96.7 97.9 99.2 99.2 98.7 97.5 97.5 97.1 96.2 95.4 95.4 98.3 98.3 99.6 100 99.6 100 99.2  

Amino acid identity (%) 
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3.5 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 Figure 3.1 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., 1993b). 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., 2014e) but could have been exposed to wild birds that 

flew over the aviary it was housed in.  

Hosts with a longer lifespan to infectious period ratio experience stochastic 

disease extinction quicker for a given population size, or are more likely to have disease 

extinction over a given time frame (Lloyd-Smith et al., 2005). In other words, a small 
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population of long-lived psittacine species which is less prone to latent or persistent 

infection or has less access to fomites and alternative host reservoirs is quite likely to 

lose BFDV endemicity. There is some evidence of this in the orange-bellied parrot 

considering that BFDV became extinct in this species for a period of at least six years 

until it re-emerged stochastically as a spill-over event in 2006 (Peters et al., 2014).  

Taking recombination into account and the most likely transmission of BFDV 

infection in various captive and wild birds, a pattern of close similarity was observed 

phylogenetically corresponding to geographic location appearing at relatively recent 

points in the evolutionary history of BFDV. In contrast to previous work (Shearer et al., 

2008a) the 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. A red-tailed black cockatoo BFDV genotype 

(KF385400) rested amongst spatially distant genotypes from cockatiel, sulphur-crested 

cockatoo, long-bellied corella and galah (Figure 3.1) but nevertheless a common source 

within Australian cockatoos. Whereas, another genome from a wild red-tailed black 

cockatoo (KF385399) was closely related to a BFDV genome from a temporally (13 

years), and spatially (4000 km) distant rainbow lorikeet (AF311299). 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.  

Numerous quasispecies variants (total n=30) were detected in nine birds with one 

gang gang cockatoo (KF385401) having up to seven genotypic variants (Figure 3.8). The 
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role of quasispecies 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 quasispecies 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 

quasipecies diversity is also not clear. PBFD-affected cockatoos are characterised 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 and  (Bonne et al., 2009) 

may also explain age-related susceptibility of cockatoos and other parrots to disease . 

Nevertheless, such conditions might permit greater opportunity for quasispecies 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. The 
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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 & Cross, 1994b) 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. According to the 

survival of the flattest theory beyond a critical mutation rate, any slower replicating 

variants should out-compete faster but highly mutable replicators. It may well be that a 

maximum attained replication interval achieved in nest-hollows could favour the 

recruitment of the effectively slowest possible replicating variants that are important 

for contributing to the high degree of genetic diversity seen in BFDV species as a whole. 

During the course of infection numerous BFDV genotypic variants were present in 

red-tailed black cockatoo, gang-gang cockatoo, sulphur-crested cockatoo and long-

bellied corella. To confirm these quasispecies variants high fidelity Taq DNA polymerase 

was used which has an error-correcting mechanism (Duffy et al., 2008). Studies in the 

critically endangered orange-bellied parrot demonstrated numerous quasispecies 

variants circulating within the population and within individually infected birds (Sarker 

et al., 2014e). Moreover, new insights into the quasispecies variants associated with 

cockatoo’s species have been unveiled by the comparison of phylogenetic and pairwise 
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distance (Figure 3.9 and Table 3.5). The NJ tree topology of quasispecies variants from 

one gang-gang cockatoo (96-1404) evolved under enhanced genetic distance compared 

with one highly divergent variant (Figure 3.9A; 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. Trees constructed 

with BFDV quasispecies variants from other two gang-gang cockatoos (04-604 and 11-

1212) displayed similar tree topology whereas one red tailed black cockatoo (13-1780-

055) revealed slight reduction of branch distance (Figure 3.9B). Virus quasispecies 

events are not limited to ssDNA or ssRNA virus evolutionary dynamics. Recently, 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). Similarly in protists such as the agent of human malaria, Plasmodium falciparum, 

up to 5 different strains may be detected simultaneously within individuals (Lord et al., 

1999) 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 

quasispecies 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 these results and others have 

demonstrated a strong geographic clustering of BFDV genomes to Australia (Figure 3.1) 

(Peters et al., 2014; Sarker et al., 2014e; Varsani et al., 2011). Australia is the sole 
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member of the BFDV-G genotype group which is the most divergent of all proposed 

BFDV genotype groups (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 Figure 3.1. Given the high genetic divergence of BFDV, 

numerous studies have used limited numbers of complete viral 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., 2008a; Varsani et al., 2011). 

The 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 Figure 3.1 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 (Figure 3.8). 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 this situation. Stochastic fluctuation in the 
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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 Figure 3.9 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., 2014e). 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 & Zagordi, 2011). However, in vivo viral nucleic acid signals 

may be very low amongst strong background sequence data particularly amongst as yet 

uncharacterised host DNA. 

There have been very few studies on microbial mutation rates for DNA viruses that 

naturally infect vertebrate hosts (Drake & Hwang, 2005). In the present study the 

estimated mutation rate for BFDV was as high as 1.12×10-3 subs/site/year which is 

higher than any substitution rate so far estimated for BFDV and other DNA viruses  

(Duffy & Holmes, 2008; Kundu et al., 2012; Linmei et al., 2007; Shackelton & 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 mutation 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 
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the temporal structure (Table 3.4). Studies have concluded that for DNA based 

replication the average mutation 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., 2014e).  

The inverse relationship of genome size and mutation rates known as Drake's rule 

appears broadly applicable across all domains of life including DNA and RNA viruses with 

high mutation rates seen in viruses a mechanism for optimised adaptability (Bradwell et 

al., 2013). Various studies with bacteriophages and with virus infections of plants have 

shown that mutational traits are not necessarily adaptive but nevertheless necessary as 

a key element in viral evolution (Bradwell et al., 2013; Duffy & Holmes, 2008). The 

intracellular mechanisms which influence mutation and replication rates in ssDNA 

viruses of vertebrates is not well understood (Shackelton & Holmes, 2006) and in the 

case of BFDV is probably related to a lack of proof-reading capacity by Rep.  

Viral recombination and mutation are key evolutionary mechanisms driving 

pathogen diversity and host adaptation (Awadalla, 2003; Martin et al., 2011), 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 phylogeny (Longdon et al., 2011). So, flexible host-switching may be an important 
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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 (Figure 3.1: 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 the results provide strong natural evidence of this (Julian et 

al., 2013; Lefeuvre et al., 2009; Sarker et al., 2014e). The 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 

Figure 3.7. 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. 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 
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the replication binding site for Rep (Figure 3.7 asterisk). Within a dual-infected cell 

recombination may be more permissible during viral uncoating in its ssDNA form or 

during interactive 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.  

This study has demonstrated that molecular phylogeny of BFDV reveals 

quasispecies effect and host generalism across a broad host and geographical range in 

Australia. 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.  
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Chapter 4. Beak and feather disease virus genotypes in 
Australian parrots reveals flexible host-switching 

 

4.1 Summary 

The phylogeny of BFDV in parrot species from throughout Australia was analysed 

in order to understand the likely threats to vulnerable and endangered psittacine bird 

species such as the orange-bellied parrot (Neophema chrysogaster), western ground 

parrot (Pezoropus flaviventris), swift parrot (Lathamus discolor) and regent parrot 

(Polytelis anthopeplus monarchoides). Phylogenetic analyses of  new DNA sequence 

data from Australian birds including Rep gene (n=55) and nine whole genome were 

compared with all available published BFDV genomes to assess host and geographically 

based divergence as well as probable host-switch events. Strong support for flexible 

host-switching and recombination was detected indicating active cross-species 

transmission in various subpopulations. Consistent with quasipecies theory it is 

suggested that all endangered Australian psittacine bird species are equally likely to be 

infected by BFDV genotypes from any other close or distantly related host reservoir 

species.  

4.2 Introduction 

In Australia PBFD is a very common, chronic but ultimately fatal viral disease of 

Psittaciformes, characterised by long term incubation and or feather dystrophy and 

massive viral excretion. All endemic parrots, lorikeets and cockatoos are considered 

susceptible to infection since it has been reported in more than 60 species worldwide 

(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; Layton, 1936; 
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McOrist et al., 1984; Powell, 1903; Raidal et al., 1993b). In 2001 it was listed by the 

Australian Government under the Environment Protection and Biodiversity Conservation 

Act (1999) as a key threatening process for endangered psittacine birds (Department of 

the Environment and Heritage, 2005), and in particular the critically endangered orange-

bellied parrot (Neophema chrysogaster). The establishment of the orange-bellied parrot 

captive-breeding program in 1985 was set back by an outbreak of the disease (Brown, 

1988), and the re-emergence of unique BFDV genotypes in the orange-bellied parrot is 

of ongoing concern. In 1995 PBFD was also confirmed in the Norfolk Island green parrot 

(Cyanoramphus cookii) probably as a result of transmission following the introduction 

of the eastern rosella (Platycercus eximius) to the island (Department of Sustainability 

Environment Water Population and Communities, 2013a; Stevenson et al., 1995). 

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 undulatus, 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 populations worldwide 

(Bassami et al., 2001; Clout & Merton, 1998; Ha et al., 2007; Raidal et al., 1993b; Ritchie 

et al., 1990; Sanada et al., 1999). In New Zealand, Mauritius, South Africa and Indonesia, 

PBFD is recognised as a threat to many psittacine bird species (Ha et al., 2007; Heath et 

al., 2004; Ortiz-Catedral et al., 2009; Sarker et al., 2013a).   

The aetiological agent of the disease, BFDV, a compact circular, ambisense ssDNA 

Circovirus belonging in the family of Circoviridae (Bassami et al., 1998) is perhaps the 

simplest pathogen known to infect vertebrates.  BFDV is highly genetically diverse and 

prone to mutation (Duffy & Holmes, 2008; Julian et al., 2013; Sarker et al., 2014c; Sarker 
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et al., 2014e) but relatively antigenically conserved based on HI testing (Khalesi et al., 

2005; Raidal et al., 1993c; Shearer et al., 2008a). Within the Psittaciformes as a whole 

BFDV exhibits quasispecies characteristics with wide host species susceptibility (Sarker 

et al., 2014c; Sarker et al., 2014e). The order Psittaciformes inhabit mostly tropical parts 

of the Southern Hemisphere (White et al., 2011) with more than 20% subjected to 

conservation efforts. Some 85 species, the majority of which are Australasian and South 

African species, are listed as critically endangered, endangered or vulnerable, and 19 are 

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

Nature (IUCN, 2015). Whilst it is clear that captive neotropical parrots are susceptible to 

BFDV infection given that the disease has been seen in Amazon parrots, conures, caiques 

and several macaw species (Julian et al., 2013). The conspicuous paucity of unique BFDV 

genotypes from South American parrots is so far unexplained. Given their prominence 

in the North American and European pet and aviculture trade it seems likely that, if it 

does occur in the wild in South America with a similar prevalence and epidemiology to 

that seen in Australia, then the disease would have occurred more frequently especially 

in shipments of wild caught birds. Also the conditions of the pet bird trade should allow 

ample exposure to BFDV admixing from a variety of sources as has clearly occurred in 

European countries (Julian et al., 2013). Nevertheless, there is increasing viral genetic 

evidence that BFDV has originated in Australasian and not African or South American 

Psittaciformes (Bassami et al., 2001; Julian et al., 2012; Massaro et al., 2012; Sarker et 

al., 2014e; Varsani et al., 2010). 

The re-emergence of PBFD in orange-bellied parrots (Peters et al., 2014) which 

almost certainly involved at least one host switch event prompted us to investigate 

possible sources and reservoirs of BFDV. The aim was to evaluate the phylogenetic 
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relationships of BFDV genomes comparing recently sequenced BFDV in representative 

host species in order to understand their potential impact to endangered parrot species.  

4.3 Materials and Methods 

4.3.1 Sampling and isolation of genomic DNA 

BFDV DNA sequences from the Rep gene were amplified from 55 parrots and 

lorikeets from different regions of Australia, using established PCR protocols (Khalesi et 

al., 2005; Ypelaar et al., 1999). Full genome sequences from two swift parrots (Lathamus 

discolor) (Sarker et al., 2013b), a Moluccan red lory (Eos bornea) (Sarker et al., 2013a) 

and a further 6 BFDV full genomes were sequenced from a hooded parrot (Psephotus 

dissimilis), a Bourke’s parrot (Neopsephotus bourkii), a golden shouldered parrot 

(Psephotus chrysopterygius) and 3 ringneck parrots (Barnardius zonarius semitorquatus) 

using primers and PCR conditions described by Sarker et al. (2014e). Briefly, the 

optimised 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 optimised 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 dH2O were 

included as positive and negative controls, respectively. 

The amplified PCR products 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. Amplified PCR 

products were TA-cloned into pGEM®-T vector (Promega, USA) and recombinant 

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

4.3.2 Phylogenetic and coalescent analyses  

For phylogenetic analysis 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 MCMC were 

implemented for 10 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 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).  

4.3.3 Recombination analyses 

Evidence of recombination amongst all available BFDV genomes was screened 

using the RDP (Martin & Rybicki, 2000), GENECONV (Padidam et al., 1999), Bootscan 
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(Martin et al., 2005), MaxChi (Smith, 1992), Chimaera (Posada & Crandall, 2001), Siscan 

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

(Martin et al., 2010). Events that were detected by at least three of the aforesaid 

methods with significant p-values were considered plausible recombinant events.  

4.3.4 Phylogenetic predictive value of partial Rep gene sequences 

In an effort to assess the value of partial Rep DNA sequence as a predictor of whole 

genome phylogeny all known whole BFDV sequence data were retrieved from the 

literature and NIH GenBank and aligned  (n=248) whole genomes representing all 

genotypic clades, geographical regions and non-duplicate sequences in Geneious using  

the MAFFT L-INS-i algorithm (scoring matrix=200PAM/K=2; gap open penalty=1.53) 

(Katoh et al., 2002).  Each whole genome sequence was trimmed down to the ~700-nt 

partial genome (Rep gene) and using a similar technique for predicting the genetic 

relatedness of bacteria  (Zeigler, 2003) genetic distances were determined in Geneious 

for all BFDV genomes as well as Rep gene (n=205) compared to the original sequenced 

BFDV (AF080560) from a sulphur crested cockatoo (Bassami et al., 1998).  Univariate 

linear regression models were also used to assess the predictive ability of the partial Rep 

gene with respect to whole-genome sequence alignments. 

4.4 Results 

4.4.1 Analyses of BFDV genome sequences for patterns of relatedness 

A Bayesian phylogenetic tree of 248 entire BFDV genome sequences exhibited a 

pattern of strong geographic clustering to Australia and or Australian psittacine host 

species. Within Australia all psittacine bird species appeared potentially susceptible to 

each genotype (Figure 4.1) (See Appendix 1 for more detail information).  
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As highlighted in Figure 4.1 the entire BFDV genomes from three ringneck parrots 

(KF688548-550), two swift parrots (KF673335 and KF673336), a hooded parrot 

(KF688553) and a golden shouldered parrot (KF688552) shared 89.4-99.7% pairwise 

nucleotide identity and they also shared >91% identity with BFDV genome from an 

infected African grey parrot (Psittacus erithacus) in Germany. A Bayesian phylogenetic 

tree revealed that these newly added parrot BFDV genomes, most of which were 

archived samples spanning back to 1996, clustered consistently with the genotypes from 

a diverse range of host species including a BFDV genome from an African grey parrot 

(AY521237) sampled in Germany in 2004 indicating that they shared a common 

ancestor. Similarly, a BFDV genome from a Bourke’s parrot (KF688551) which was an 

archived sample from 1996 shared >93.0% pairwise identity with 15 BFDV genomes 

recently obtained from captive and wild orange-bellied parrots. This group had strong 

clade support indicating that they also shared common ancestry of BFDV infection. A 

BFDV genome from an Indonesian red lory (KF693337) formed a well supported clade 

with BFDV genomes from Australian and New Caledonian lorikeets. 

Phylogenetic analysis of Rep alone matched modestly (R2=0.711; P<0.001) with 

whole genome analysis (Figure 4.2) indicating that partial genome sequences might be 

useful for predicting whole genome relatedness. Consequently, further phylogenetic 

analysis of 351 partial Rep genes including 55 newly amplified sequences generated in 

this study revealed Australian BFDV throughout all clades as well as a clade of basally 

located budgerigar BFDV from Japan and China (Figure 4.3) 
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Figure 4.1: Bayesian phylogenetic inference of evolutionary relationship among BFDV full genome 
sequences from Australian parrots. 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). Clade posterior 
probability values are shown at tree nodes. Clade shading highlights the presence of Australian bird 
species either geographically located in Australia (black) or overseas (dark grey). Red text also highlights 
BFDV genomes in Australian bird species amongst predominantly international and cosmopolitan 
branches. Other coloured text highlights important host species within Australia. See Appendix 3 for 
details. 
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Figure 4.2: Bayesian phylogeny from 248 partial 
genome sequences (Rep gene) of BFDV showing 
evolutionary relatedness with whole genome. 
Different colours represented its relationship with 
whole genome sequences in the Figure 4.1, and 
demonstrating strong overall support of Rep as a 
predictor of genome relatedness (R2=0.711). See 
Appendix 3 for details. 

 



Chapter 4: Molecular phylogenetics of BFDV in Australian parrots  

 

 

99 

 

Figure 4.3: Bayesian phylogeny showing evolutionary relationship of 351 BFDV partial Rep gene sequences 
(including 55 in this study). Maximum clade credibility tree automatically rooted using a relaxed molecular 
clock model in Beast v1.7.5. Branches with posterior probability >0.70 are shown. Internal branches are 
collapsed and edited to show the main psittacine bird groups present in each clade and country of origin. 

4.4.2 Extensive recombination in BFDV genomes 

A large number of recombinations were detected in the BFDV genomes from 

Australian parrots, and a summary is provided in Figure 4.4. Remarkably, the BFDV 

genomes of the Australian ringneck parrot and golden shouldered parrot (KF688548-
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KF688550 and KF688552) were highly recombinant among all of the detected 

recombination events. Within these genomes, the strongest support for five to six 

recombinations was detected. BFDV genomes from three Australian ring-necked parrots 

were found to be descended from a highly recombinant common ancestral genome 

demonstrating five recombination events (events 1, 3, 8, 9 and 10). Notably, the 

strongest support for recombination was detected in the c-terminal portion of the 

capsid gene (event 1) among wild-caught ring-neck parrots (KF688548-49) and captive 

glossy black cockatoo bred (KF385409, 11).  

Events 2 and 6 overlapped within the Rep gene, with event 2 involving an ~720 bp 

fragment derived from a Bourke’s parrot BFDV genome, and event 6 involving an ~816 

bp fragment derived from an orange-bellied parrot BFDV genome. Interestingly, BFDV 

genomes from budgerigars (Poland and Japan), also carried evidence of some of these 

recombination events (events 8, 9 and 10; Figure 4.4). The recombination events also 

further supported that the intergenic regions of the BFDV genome were apparently 

recombination hotspots (Figure 4.4).  
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Figure 4.4: Schematic illustration and detail recombination events detected in BFDV genomes from 
Australian parrots. The ten recombination events were detected relating to Australian parrots from 248 
entire (including 9 newly amplified) 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. Only detection methods with associated P values of <0.05 are mentioned. The P value 
for the detection method in bold is shown. 

 

4.5  Discussion 

Previous study in Chapter 3 of BFDV in cockatoos in Australia showed that Rep 

gene analysis was superior to Cap for predicting whole genome phylogeny (Sarker et al., 

2014c). It is relatively conserved (Bassami et al., 2001; Heath et al., 2004) and the PCR 

primer set P2-P4 which targets the Rep gene (Ypelaar et al., 1999) has so far proven to 

be a reliable universal test for the diagnosis of BFDV infection.  Along with HA assay and 

HI it has been used extensively for managing PBFD (Khalesi et al., 2005). The PCR product 

from this diagnostic test covers a 700-nucleotide segment of the Rep gene which is an 

ideal length for routine Sanger-sequencing which has also proven very useful for 

detecting individual nucleotide polymorphisms and genetic variants in infected birds 
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when individual chromatograms are carefully assessed (Sanger et al., 1977). BFDV 

phylogenies based on the sequences of partial Rep amplicons were modestly accurate 

(R2=0.711; P<0.001) for estimating whole genome phylogenies (Figure 4.1 and Figure 

4.3) as well as for allowing the selection of individual samples for further analysis such 

as whole genome sequencing and quasispecies analysis  (Sarker et al., 2014c; Sarker et 

al., 2014e).  

  A focus of this research was to investigate evolutionary pathways of BFDV in 

Australian parrots and to identify potential BFDV clades that might threaten endangered 

host species. Emerging consensus indicates that Australian parrots are susceptible to a 

diversity of BFDV clades with little association based on host-virus co-speciation. Also 

BFDV genomes from Australian lorikeets come from a wide variety of clades with a 

diverse host-species mosaic. The analysis of a BFDV genome from a wild caught 

Moluccan lory (KF673337) collected on the island of Seram in 2005 (Sarker et al., 2013a) 

was most closely related (100% bootstrap support and >90% nucleotide sequence) to 

two rainbow lorikeet BFDV genomes, one collected in Victoria (AF311299) in 2000 and 

one from Sydney (JX049195) collected in 2009. They were also closely related to a clade 

composed entirely of New Caledonian BFDV genotypes in Deplanche’s rainbow lorikeets 

(Trichoglossus haematodus deplanchii). Throughout Australasia many lorikeets are 

considered endangered or vulnerable to extinction (IUCN 2006) and two, Vini sinotoi 

and V. vidivici, have become extinct associated with human activity (McCormack & 

Kuenzle, 1996; Seitre & Seitre, 1992; Steadman, 1989; Steadman & Olson, 1985; 

Ziembicki & Raust, 2006).  The recent characterisation of BFDV infection in captive New 

Caledonian lorikeets and parrots (Julian et al., 2012) is evidence of contemporary 

introductions of at least two BFDV lineages in Deplanche’s rainbow lorikeets 
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(Trichoglossus haematodus deplanchii) and the vulnerable New Caledonian parakeet 

(Cyanoramphus saisseti).  

The phylogenetic analysis of BFDV sequences strongly indicates that no one 

genotype can be considered as more virulent than another and as such it behaves like a 

viral quasispecies and host-generalist in the Psittaciformes, with shallow host-based 

divergence likely reflecting dynamic ranges of interspecific transmission. The topology 

and basal location of budgerigar BFDV Rep sequences as shown in Figure 4.3 suggests 

that the budgerigar may have been the host for the global distribution of BFDV. 

However, selection bias needs to be considered since budgerigars are also the most 

common pet psittacine bird world-wide and they are likely to be susceptible to BFDV 

genotypes from other species. Sequencing of BFDV genotypes from wild budgerigars 

might be required to resolve this further.  
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Chapter 5.  Rapid genotyping of beak and feather disease virus 
using high-resolution DNA melt curve analysis   

 

5.1 Summary 

BFDV is a significant pathogen both for wild and captive psittacine birds globally. 

Genotypic differentiation of BFDV isolates is crucial to establish effective control 

strategies for the conservation of endangered species and epidemiological 

investigations of disease outbreaks. The technique developed in this study is a simple, 

rapid and inexpensive genotyping method for BFDV using PCR and subsequent high-

resolution DNA melt (HRM) curve analysis. This was achieved using PCR amplification of 

the conserved Rep gene in the presence of a fluorescent DNA intercalating dye (SYTO9). 

HRM curve analysis of the resultant amplicon could readily differentiate between 

reference strain (92-SR14) and 18 other BFDV isolates used in this study. Analysis of the 

nucleotide sequences of the amplicon from each isolate revealed that each melt curve 

profile was related to a unique DNA sequence. The potential of the PCR-HRM curve 

analysis to differentiate inter-host genetic variation among critically endangered 

orange-bellied parrots, lorikeets and cockatoos was also evaluated. Phylogenetic tree 

topology based on partial Rep gene sequences used in this study showed that BFDV Rep 

gene sequence patterns were correlated with the results of HRM curve analysis. The 

results presented in this study indicate that this technique could be used in both clinical 

research and differentiation of BFDV isolates in a fraction of time without further 

nucleotide sequencing and provides a novel approach for the genetic screening of BFDV 

in clinical virology laboratories. 
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5.2 Introduction 

PBFD is a candidate viral infection for all Psittaciformes, since it has been reported 

in more than 60 species of cockatoos and parrots (Bassami et al., 2001; Sarker et al., 

2013a; Sarker et al., 2013b; Todd, 2004). It is a chronic and ultimately devastating viral 

disease of both wild and captive psittacine birds, and typically causes 

immunosuppression and irreversible feather dystrophy and loss, spread symmetrically 

over the whole body (Raidal et al., 1993a; Ritchie et al., 1990; Sarker et al., 2014b). The 

disease is categorised as a key threatening process for endangered psittacine birds in 

Australia and has spread globally, and has serious implications for the health of a wide 

range of psittacine species both in wild and captive populations as well as for the 

conservation of threatened species (Bassami et al., 2001; Ha et al., 2007; Raidal et al., 

1993b; Sarker et al., 2014b). The aetiological agent of the disease, BFDV belongs to the 

genus Circovirus in the Family Circoviridae. It has a relatively simple but compact circular, 

ambisense ssDNA genome (Heath et al., 2004; Niagro et al., 1998), and is perhaps one 

of the smallest animal viruses known to infect vertebrates. Within the Psittaciformes as 

a whole, BFDV exhibits quasispecies characteristics with wide host species susceptibility 

(Sarker et al., 2014c; Sarker et al., 2014e). 

The identification and analysis of genetic variations in BFDV are fundamental to 

the investigation of gene function and managing threatened species. The Rep gene is a 

relatively conserved gene among BFDV isolates (Bassami et al., 2001; Heath et al., 2004), 

and has been used to develop a PCR test for diagnostic purposes (Ypelaar et al., 1999) 

which has so far been proven to be a reliable universal test for the diagnosis of BFDV 

infection. This test along with HA and HI assays has been used extensively for detection 

of PBFD (Khalesi et al., 2005; Raidal et al., 1993c). A variety of other standard PCR 
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(Ritchie et al., 2003), duplex shuttle PCR (Ogawa et al., 2005), nested PCR 

(Kiatipattanasakul-Banlunara et al., 2002), multiply-primed rolling circle amplification  

(Varsani et al., 2011) and quantitative Real-time PCR (qPCR) (Katoh et al., 2008; Shearer 

et al., 2009) techniques have been described for detection of BFDV DNA in clinical 

samples. However, such techniques typically require 2-3 weeks for confirmation of 

diagnosis as well as genetic differentiation. These techniques remain expensive or 

labour intensive and often require extensive interpretation, leading to a relatively 

expensive diagnostic test. These difficulties have led BFDV geneticists to search for 

alternatives to aid diagnosis along with genetic differentiation. 

Recent studies in clinical research, diagnostics and genotyping have shown that 

HRM curve analysis has proven to be a powerful post-PCR technology for genotyping 

(Ghorashi et al., 2013; Montgomery et al., 2010; Steer et al., 2011), with huge potential 

implications in epidemiological studies. All procedures of HRM curve analysis following 

PCR amplification are simple, inexpensive and rapid, as well as taking place in a closed-

tube system which greatly decreases the risk of laboratory contamination from open 

PCR products (Li et al., 2012; Meistertzheim et al., 2012; Montgomery et al., 2010). As a 

closed-tube system, HRM curve analysis represents a sensitive, inexpensive and fast 

technique compared to new generation sequencing (Metzker, 2010) or other detection 

and/or gene scanning methods such as single-strand conformational polymorphism 

analysis (Jeffery et al., 2007), denaturing gradient gel electrophoresis (Lerman & 

Silverstein, 1987), heteroduplex analysis (Highsmith et al., 1999), denaturing high-

performance liquid chromatography (Xiao & Oefner, 2001) and temperature gradient 

capillary electrophoresis (Li et al., 2002). Each of these methods requires application of 

the PCR products onto a gel or other matrix to separate and detect the heteroduplexes 
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whereas detection and genotyping by HRM curve analysis can be performed by analysis 

of amplicon melting points (Montgomery et al., 2010). HRM curve analysis can 

distinguish a single nucleotide variation in 100 bp based on the analysis of the melting 

point and thus has the capability for genotyping without the burden of sequencing (Li et 

al., 2012). Therefore, the aim of this study was to evaluate the potential of PCR-HRM 

curve analysis as a rapid and robust method in genotyping of BFDV isolates in clinical 

samples. 

5.3 Materials and Methods 

5.3.1 BFDV isolates 

Nineteen BFDV isolates, including one reference strain 92-SR14 (GenBank 

KJ634426) available in the Veterinary Diagnostic laboratory (VDL), Charles Sturt 

University, were used in this study. Selection of samples were taken from six different 

host species including one of the critically endangered orange-bellied parrot (Neophema 

chrysogaster) (Sarker et al., 2014e), rainbow lorikeet (Trichoglossus haematodus), red-

collared lorikeet (Trichoglossus rubritorquis), sulphur-crested cockatoo (Cacatua 

galerita), galah (Eolophus roseicapillus) and long-billed corella (Cacatua tenuirostris) 

(Table 5.1) that were tested previously positive for BFDV infection by the VDL, Charles 

Sturt University, using established methods (Khalesi et al., 2005; Sarker et al., 2013a; 

Ypelaar et al., 1999). As a reference genotype for the HRM curve analysis, strain 92-SR14 

was selected which was originally sourced from a sulphur-crested cockatoo in 1992 and 

hence it has been used as an internal control for BFDV genotype in VDL, Charles Sturt 

University. 
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5.3.2 DNA extraction 

Total genomic DNA was extracted from blood and feather samples using QIAmp 

DNA Blood Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. 

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). The genomic DNA was extracted with 

the QIAmp blood mini kit (Qiagen, Germany) using a modified dried blood spot protocol. 

Briefly, 180 µL of buffer ATL (Qiagen) were added into the tube and incubated at 85C 

for 10 min. After brief centrifugation, 20 µL of proteinase K were added, vortexed 

vigorously and then incubated at 56C for 1h. The sample was briefly centrifuged after 

adding 200 L of Buffer AL and mixed vigorously, and then incubated for 10 min at 70C. 

Following the incubation, 200 L of 100% ethanol was added, mixed vigorously and 

briefly centrifuged. The sample was transferred to a QIAmp spin column and centrifuged 

for 1 min at 6000 xg. The flow-through was discarded and the column was re-centrifuged 

for 1 min at 6000 xg after adding 500 L of Buffer AW1. Following the removal of flow-

through, 500 L of Buffer AW2 was added to the column and the sample was centrifuged 

for three min at 20,000 xg. The column was placed in a clean 1.5 mL microcentrifuge 

tube and 150 L of Buffer AE was added to the column. The DNA was eluted from the 

matrix using 6000 xg centrifugal force for 1 min and used in PCR immediately or stored 

at -20C for future uses.   

5.3.3 PCR amplification 

Published BFDV genome sequences were aligned with Geneious Pro 6.1.8 

(Biomatters, New Zealand) in order to identify conserved regions and design primers. 
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The partial Rep gene was chosen for amplification and a pair of oligonucleotide primers, 

BFDV-N-F (5´-TGCAAGGCTACTTTCATTTTA-3´) and BFDV-N-R (5´-TCCTTCATTTTGCGTCC-

3´) was designed to amplify the target region of BFDV with the PCR expected to yield an 

amplicon size of 223-bp. 

Amplification of target Rep gene was performed in a 25 µl reaction volume on an 

iCycler thermal cycler (Bio-Rad). The optimised reaction mixture contained 3 ng of 

extracted genomic DNA, 25 µM of each primer, 1.5 mM MgCl2, 1.25 mM of each dNTP’s, 

5 µM SYTO® 9 green fluorescent nucleic acid stain (Life Technologies Australia Pty Ltd., 

Mulgrave, Australia), 1 GoTaq® Green Flexi Reaction Buffer and 1 U of Go Taq DNA 

polymerase (Promega Corporation, USA). The optimised PCR cycles consisted of 95°C for 

3 min followed by 40 cycles of 95°C for 30 s, 57°C for 30 s and 72°C for 30 s, and a final 

extension of 72°C for 5 min. In each set of reactions, BFDV genomic DNA from known 

reference genotype (92-SR14) was used as positive control in PCR and subsequent melt 

curve analysis and a negative control including all reagents except DNA was included to 

ensure that the PCR amplicons are not the result of carryover contamination with other 

reagents. The resulting PCR products, together with a standard molecular weight marker 

(Sigma), were separated by electrophoresis in 2.0% agarose gel stained with GelRed 

(Biotium, Hayward, CA) at 90V for 45 min using 0.5× TBE buffer and results visualized by 

UV transillumination.  

5.3.4 Sequencing and nucleotide sequence analysis of PCR amplicons 

The amplified DNA was excised and purified using the Wizard® SV Gel and PCR 

Clean-Up System (Promega, USA) according to the manufacturer’s instructions. Purified 

amplicons were sequenced in both directions with the same primers as used for PCR by 

AGRF Ltd., Sydney, using a Sanger-based AB 3730xl unit (Applied Biosystems). The 
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sequences were analysed using Geneious Pro 6.1.8 (Biomatters, New Zealand) and 

BioEdit Sequence Alignment Editor (version 7.1.6.0). GenBank accession numbers were 

assigned to the nucleotide sequences of the BFDV isolates and reference isolate used in 

this study (Table 5.2). Multiple alignments of consensus sequences of partial Rep gene 

were carried out in Geneious software using the ClustalW (gap open cost=10; gap 

extension cost=5) (Thompson et al., 1994). Pairwise distances matrix was generated by 

the Geneious software using the Tamura-Nei parameter model (Tamura & Nei, 1993). 

ML tree topology was inferred by Geneious using Tamura-Nei substitution model with 

1000 non-parametric bootstrap replicates (Guindon & Gascuel, 2003).  

5.3.5 HRM curve acquisition and analysis 

The HRM curve acquisition and analysis was carried out immediately after PCR 

using a Rotor-GeneTM 6000 thermal cycler (Qiagen, Chadstone, Australia). With the aim 

of determining optimal melting condition for genotypic differentiation of BFDV, the PCR 

products were subjected to 0.3°C/s and 0.5°C/s ramping between 80°C and 92°C. All 

specimens were tested in triplicate in every PCR and their melting profiles analysed using 

Rotor-Gene 1.7.27 software and the HRM algorithm provided. Normalization region of 

87.5–88.7°C was used for analysis. Each isolate was set against a reference ‘genotype’ 

from known strain 92-SR14 (GenBank accession: KJ634426) for target gene (Rep gene) 

and the average HRM genotype confidence percentage (GCP) (the value attributed to 

each isolate compared with the genotype, with a value of 100% indicating an exact 

match) for the replicates was predicted by the software. The mean GCP and the standard 

deviation (SD) of BFDV reference strain (92-SR14) was used to set up the GCP range for 

BFDV cut off point. The cut off point was applied in HRM analysis to evaluate the 

differentiation power of the test to discriminate the BFDV isolates. The mean GCP ± SD 
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for all BFDV isolates was calculated individually and the SD values were also calculated. 

The values above and below cut off points were then considered as a different BFDV 

genotype. 

5.4 Results 

5.4.1 PCR amplicons generated from BFDV isolates 

In order to demonstrate that HRM is a suitable method for rapid genotyping of 

BFDV, the Rep gene was chosen and amplified from BFDV isolates. Amplified PCR 

products from different BFDV isolates were analysed by gel electrophoresis to confirm 

that the size corresponded with the Rep gene (~223 bp) and was free from non-specific 

products. The desired PCR product was sequenced for further confirmation of the 

results.  

5.4.2 Differentiation of BFDV isolates by conventional and normalised HRM curve 
analysis 

The PCR products of the partial Rep gene amplified from 19 BFDV isolates were 

subjected to HRM-curve analysis (Error! Reference source not found.A and B). Visual 

xamination of the conventional melt curves at different ramp temperatures revealed 

that 0.5°C/s resulted in most isolates showing distinct profiles for BFDV isolates (Error! 

eference source not found.). In the conventional melt curve, 15 distinct curve profiles 

were detected (Error! Reference source not found.A) and all BFDV isolates produced a 

ingle peak in the range of 87.5 and 88.7°C (Error! Reference source not found.). The BFDV 

reference strain 92-SR14 generated a single peak at 88.5°C, which was unique amongst 

the other isolates. Five isolates (11-1118, 12-21441, 12-21443, 12-21447, and 12-

214411) produced a single peak at lower temperature (87.7, 87.8, 87.8, 87.5 and 87.6°C, 

respectively). The difference in melting points was also reflected in their normalised and 

conventional melt curve (Figure 5.3A and B). The BFDV isolates (10-1017 and 10-1018, 
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and 12-21441 and 12-21443) with 100% sequence identity (Table 5.2) had similar 

conventional and normalised curves as indicated by the relative height and peak 

temperature. A similar HRM curve profile was also detected between the isolates 10-

LBC6 and 10-LBC7, and 10-W06 and 10-W167. 
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Figure 5.1: (A) Conventional melt curve analysis of the Rep gene amplicons (in duplicate) from different 
BFDV isolates. (B) Normalised HRM curve analysis of PCR amplicons of the Rep gene from different BFDV 
isolates. 



Chapter 5: Rapid genotyping of BFDV using PCR-HRM  

 

 

 

 

Table 5.1: BFDV isolates, host and mean ± SD of the melting points and GCP when strain 92-SR14 was used as reference 

Isolate ID Host 
Number of 

times tested 
Peak 1 melting 

point (°C) 
GCP±SD   

(%) 
GenBank accession 

number 
Reference or source 

10-1017 Orange-bellied parrot 21 88.7±0.4 55.6±10.7 KF188691 Sarker et al. (2014e) 

10-1018 Orange-bellied parrot 14 88.7±0.2 55.3±4.7 KF188696 Sarker et al. (2014e) 

11-1118 Orange-bellied parrot 18 87.7±0.2 45.4±5.2 KJ634410 This study 

12-21441 Orange-bellied parrot 20 87.8±0.2 50.1±8.6 KJ634411 This study 

12-21443 Orange-bellied parrot 18 87.8±0.2 50.2±5.4 KJ634412 This study 

12-21447 Orange-bellied parrot 9 87.5±0.2 52.3±12.9 KJ634413 This study 

12-214411 Orange-bellied parrot 12 87.6±0.4 43.4±5.7 KJ634414 This study 

12-1499 Rainbow lorikeet 13 88.0±0.1 47.8±7.4 KJ634415 This study 

12-2147 Rainbow lorikeet 12 88.2±0.2 42.5±5.1 KJ634417 This study 

12-18043 Red-collar lorikeet 13 87.9±0.5 61.5±5.8 KJ634419 This study 

12-18045 Red-collar lorikeet 18 88.1±0.2 48.7±5.4 KJ634420 This study 

12-18046 Red-collar lorikeet 12 88.2±0.2 55.8±4.6 KJ634421 This study 

10-LBC6 Long-billed corella 21 88.3±0.4 60.9±4.6 KF385421 Sarker et al. (2014c) 

10-LBC7 Long-billed corella 24 88.3±0.4 60.8±6.4 KF385422 Sarker et al. (2014c) 

10-W06 Sulphur-crested cockatoo 22 88.2±0.2 64.1±3.0 KJ634423 This study 

10-W167 Sulphur-crested cockatoo 21 88.2±0.2 64.8±2.8 KJ634424 This study 

12-1188 Sulphur-crested cockatoo 15 88.1±0.7 63.4±3.5 KF495588 This study 

12-1437 Galah 16 88.0±0.7 58.9±2.5 KJ634425 This study 

92-SR14 Sulphur-crested cockatoo 61 88.5±0.4 98.1±2.7 KJ634426 This study 
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5.4.3 Correlation between minor variations in Rep nucleotide sequences and newly 
developed PCR-HRM curve profiles 

To validate HRM results and to evaluate its correlation with sequence variations 

of BFDV isolates, nucleotide sequences of amplicons from each sample were determined 

and used for calculation of sequence identities and diversities. The BFDV isolates with 

distinct HRM curve profiles demonstrated nucleotide sequence variations which 

consisted of a number of nucleotide substitutions throughout the partial Rep gene 

region (Figure 5.2). Sequence identities of 100% were observed between amplicon 

sequences of 10-1017 and 10-108, 12-21441 and 12-21443, 10-LBC6 and 10-LBC7, and 

10-W06 and 10-W167 (Table 5.2). These isolates consistently generated similar 

conventional and normalised melt curves (Error! Reference source not found.A and B). The 

owest sequence identity was 92.4% between 12-2147 and 10-1017, 10-1018, 11-1118, 

12-21447 and 12-214411, which were reflected in their distinct conventional and 

normalised melt curves. The BFDV isolates 10-W167 and 12-2147 produced the highest 

(64.8) and the lowest (42.5) GCP when 92-SR14 was used as reference strain. 

The sequence identity for the 92-SR14 and 10-W167 was 98.2%, while that of 92-

SR14 and 12-2147 was 94.2%, which was also reflected, in their relative GCP percentage. 

The GCP values and sequence identities of all BFDV isolates were found to be relatively 

correlated (R2=0.75, P<0.0001), when the reference strain (92-SR14) was used as 

genotype. 
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Table 5.2: Percentage of sequence identity and diversity partial Rep gene in BFDV isolates 
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10-1017  100 95.5 96.0 96.0 95.5 95.5 95.5 92.4 98.0 95.5 97.3 98.2 98.2 96.4 96.4 97.8 97.8 96.9 

10-1018 0.0  95.5 96.0 96.0 95.5 95.5 95.5 92.4 98.0 95.5 97.3 98.2 98.2 96.4 96.4 97.8 97.8 96.9 

11-1118 4.5 4.5  99.6 99.6 99.1 99.1 99.1 92.4 96.6 97.3 97.3 96.4 96.4 96.4 96.4 96.4 96 96.4 

12-21441 4.0 4.0 0.4  100 99.6 99.6 99.6 92.9 97.1 97.8 97.8 96.9 96.9 96.9 96.9 96.9 96.4 96.9 

12-21443 4.0 4.0 0.4 0.0  99.6 99.6 99.6 92.9 97.1 97.8 97.8 96.9 96.9 96.9 96.9 96.9 96.4 96.9 

12-21447 4.5 4.5 0.9 0.4 0.4  99.1 99.1 92.4 96.7 97.3 97.3 96.4 96.4 96.4 96.4 96.4 96.0 96.4 

12-214411 4.5 4.5 0.9 0.4 0.4 0.9  99.1 92.4 96.7 97.3 97.3 96.4 96.4 96.4 96.4 96.4 96.0 96.4 

12-1499 4.5 4.5 0.9 0.4 0.4 0.9 0.9  93.3 96.7 97.3 97.3 96.4 96.4 96.4 96.4 96.4 96.0 96.4 

12-2147 7.6 7.6 7.6 7.1 7.1 7.6 7.6 6.7  93.5 94.2 94.2 93.3 93.3 93.3 93.3 93.3 92.9 94.2 

12-18043 2.0 2.0 3.4 2.9 2.9 3.3 3.3 3.3 7.5  96.6 99.3 98.9 98.9 97.5 97.5 98.7 99.3 97.8 

12-18045 4.5 4.5 2.7 2.2 2.2 2.7 2.7 2.7 5.8 3.4  97.3 96.4 96.4 96.4 96.4 96.4 96.0 96.4 

12-18046 2.7 2.7 2.7 2.2 2.2 2.7 2.7 2.7 5.8 0.7 0.7  98.2 98.2 98.2 98.2 98.2 98.7 98.2 

10-LBC6 1.8 1.8 3.6 3.1 3.1 3.6 3.6 3.6 6.7 1.1 3.6 1.8  100 97.3 97.3 98.7 98.7 97.8 

10-LBC7 1.8 1.8 3.6 3.1 3.1 3.6 3.6 3.6 6.7 1.1 3.6 1.8 0.0  97.3 97.3 98.7 98.7 97.8 

10-W06 3.6 3.6 3.6 3.1 3.1 3.6 3.6 3.6 6.7 2.5 3.6 1.8 2.7 2.7  100 98.2 97.8 98.2 

10-W167 3.6 3.6 3.6 3.1 3.1 3.6 3.6 3.6 6.7 2.5 3.6 1.8 2.7 2.7 0.0  98.2 97.8 98.2 

12-1188 2.2 2.2 3.6 3.1 3.1 3.6 3.6 3.6 6.7 2.3 3.6 1.8 2.3 2.3 1.8 1.8  99.1 98.2 

12-1437 2.2 2.2 4.0 3.6 3.6 4.0 4.0 4.0 7.1 0.7 4.0 1.3 2.3 2.3 2.2 2.2 0.9  97.3 

92-SR14 3.1 3.1 3.6 3.1 3.1 3.6 3.6 3.6 5.8 2.2 3.6 1.8 2.2 2.2 1.8 1.8 1.8 2.7  

sequence diversity 
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Figure 5.2: Comparison of the 19 partial Rep gene sequences with reference strain (top highlighted) 
showing nucleotide variations among BFDV isolates used in this study. Each isolate refer to GenBank 
accession number with original ID in parentheses. Identical nucelotides and deletions are shown by '.' and 
'-', respectively. The forward and reverse primers are indicated by arrows. 
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5.4.4 Non-subjective discrimination of BFDV genotypes using GCPs 

HRM curve analysis of amplicons using PCR runs on different days showed slight 

shifts in melting temperature; nevertheless the shape and the relative position of the 

conventional and normalised melt curves were unchanged. The mean and SD of melting 

points for 19 different BFDV isolates, and the mean and SD of GCP resulting from several 

runs of PCR-HRM curve analysis are shown in Table 5.1. 

To evaluate the genetic differences among BFDV isolates without visual melt curve 

analysis, a cut off value based on GCPs of the reference strain (92-SR14) was calculated. 

The average of the 61 genotype confidence values for 92-SR14 strain was 98.1 with a SD 

of 2.7. A value of 3 SD (8.1) was subtracted from the average GCP to determine a cut-off 

point. Thus, the GCP range for 92-SR14 reference strain was determined to be 90-100. 

The cut-off point of 90 was then applied for genotyping BFDV isolates. All BFDV isolates 

tested in this study had GCPs between 42.5 and 64.8%, and were therefore 

automatically identified as “variation”. Only 92-SR14 replicates produced GCPs ≥ 90.0 

and therefore were genotyped as 92-SR14. 

5.4.5 Evaluation of PCR-HRM discriminatory power 

In order to assess the potential of the newly developed PCR-HRM curve analysis 

for genotyping, eighteen BFDV isolates and 92-SR14 reference strain were subjected to 

HRM curve analysis and cut off values were applied. When the 92-SR14 strain was 

selected as a reference genotype with a cut-off value of 90.0, all replicates of the 92-

SR14 were genotyped as reference genotype. All other BFDV isolates had a GCP < 90.0%, 

and were therefore automatically genotyped as “variation”. All BFDV genotypes 

produced distinct melt curves. The BFDV isolates 10-1017 and 10-108, 12-21441 and 12-

21443, 10-LBC6 and 10-LBC7, and 10-W06 and 10-W167 produced similar conventional 
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and normalised melt curves at 88.7, 87.8, 88.3, and 88.2°C, respectively. The results 

demonstrated that PCR-HRM technique has the potential to differentiate the BFDV 

isolates used in this study.  

5.4.6 Assessment of the potential of the PCR-HRM technique for differentiation of 
BFDV isolates from diverse host species 

The PCR amplicons from three groups of host species of BFDV isolates including 

orange-bellied parrot, lorikeets and cockatoos (Table 5.1) were further subjected to 

HRM curve analysis to evaluate the capacity of HRM curve analysis to differentiate BFDV 

isolates within the same host species.  

Visual examination of the conventional and normalised melt curves of the BFDV 

isolates from orange-bellied parrot (Error! Reference source not found.A and B) revealed 

hat BFDV isolates 10-1017 and 10-1018 each had a single peak at 88.7 °C which were 

highly similar, and when 10-1017 was set as reference genotype, 10-1018 was 

genotyped as 10-1017 with 97.0 GCP. The nucleotide sequence of both isolates (10-1017 

and 10-1018) were also 100% identical. BFDV isolates 12-21441 and 12-21443 also 

generated similar conventional and normalised melt curves with a single peak at 87.8°C, 

and these two isolates also had 100% identical nucleotide sequences. The lowest level 

of sequence variation between genotypes was detected by HRM (one nucleotide 

substitution in 50 bp) between isolates 11-1118 and 12-21441, and both isolates 

produced different melt curves at 87.7°C and 87.8°C respectively (Figure 5.3A/B and 

Figure 5.2). 

Examination of conventional and normalised melt curves of the BFDV isolates 

from lorikeets demonstrated that all of lorikeet isolates were different from each other; 

therefore 5 distinct melt curves were detected (Figure 5.3C and D). This diversity was 
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also reflected within their nucleotide sequences. The highest sequence diversity (6.7%) 

was observed between two rainbow lorikeet isolates (12-1499 and 12-2147), while the 

lowest sequence diversity (0.3%) was between two red-collared lorikeet isolates (12-

18042 and 12-18046).  

Further assessment of the cockatoos BFDV isolates revealed that isolates from two 

long-billed corellas (10-LBC6 and 10-LBC7) with identical nucleotide sequences 

produced similar curves, and when 10-LBC6 was set as reference genotype, 10-LBC7 was 

genotyped as 10-LBC6 with 98.0 GCP. BFDV isolates from two sulphur-crested cockatoos 

(10-W06 and 10-W167) with identical nucleotide sequences also generated similar 

conventional and normalised melt curves (Figure 5.3E and F).  
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(A) (B) 

  
(C) (D) 

 
 

(E) (F) 

  

Figure 5.3: (A, C and E) Conventional melt curve and (B, D and F) normalised HRM curve analysis of the 
BFDV Rep gene amplicons from three different host species of parrots (A, B), lorikeets (C, D) and cockatoos 
(E, F) 

 

5.4.7 Phylogenetic analysis of partial Rep gene sequences 

A phylogenetic tree was inferred using the partial Rep gene sequences derived 

from BFDV isolates used in this study (Figure 5.4). BFDV isolates (10-1017 and 10-1018) 

with identical nucleotide sequences produced a unique monophyletic clade with >95% 

clade identity which supported HRM curve data. A similar scenario was observed with 

BFDV isolates from long-billed corellas and sulphur-crested cockatoos (10-LBC and 10-
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LBC-7, and 10-W06 and 10-W167, respectively). However, all other BFDV isolates with 

different level of sequence diversity, each formed a separate clade. The highest 

sequence diversity was observed between 12-2147 and other isolates (ranging from 5.8-

7.5%), and therefore it was placed in a sister clade (Figure 5.4). This isolate produced the 

lowest GCP (42.5 ± 5.1) when genotyped against the reference strain (92-SR14). 

 

 

 

Figure 5.4: A Maximum Likelihood phylogenetic relationship among BFDV partial Rep gene sequences 
from BFDV isolates used in this study. Labels at branch tips refer to GenBank accession number with 
original identification code and species in parentheses (with abbreviations OBP: orange-bellied parrot; RL: 
Rainbow lorikeet; RCL: Red-collar lorikeet; SCC: sulphur-crested cockatoo; LBC: long-billed corella). 
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5.5 Discussion 

This study describes a genotyping method for BFDV using PCR-HRM curve analysis 

which is technically simple, rapid, and inexpensive. This study is the first to show the 

potential of HRM analysis for rapid genotyping and differentiation of BFDV isolates for 

managing threatened endangered host species. Since PCR-HRM has been used to readily 

genotype or differentiate birds pathogens such as infectious bursal disease virus 

(Ghorashi et al., 2011), inclusion body hepatitis virus (Steer et al., 2011), Mycoplasma 

synoviae (Jeffery et al., 2007), Mycoplasma gallisepticum  (Ghorashi et al., 2010) and 

avian influenza virus (Lin et al., 2008), and this technique was implemented to explore 

its efficiency in BFDV genotyping. However, this technique strongly depends on the 

quality of PCR, extracted DNA and PCR product (Meistertzheim et al., 2012). Variation in 

DNA quality and quantity could potentially affect the melt curves; therefore, good 

quality and identical DNA concentration for each isolate (3 ng) was used to obtain 

consistent HRM curves in different runs. The DNA quality can be important as partially 

degraded DNA may produce inconclusive results when using HRM (Lehmensiek et al., 

2008). Differences in melt curve analysis has been noted when poor quality DNA was 

used for PCR-HRM curve analysis (Toi & Dwyer, 2008). In this study, DNA quality was 

assessed by agarose gel electrophoresis and NanoDrop instrument at the time of DNA 

isolation according to previous reports (Twist et al., 2013). The results of this study have 

shown that amplified product from such a small segment of Rep gene indeed produced 

melt curve profiles that were consistently distinct for all samples used in this 

experiment. Poor quality DNA particularly from clinical specimens can result in subtle 

differences in melt curves (Toi & Dwyer, 2008). The optimal HRM melt curve analysis in 

this study was attributed to the good quality and consistent quantity of isolated DNA.  
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Although the BFDV genome is highly genetically diverse and prone to frequent 

genetic mutation (Harkins et al., 2014; Sarker et al., 2014e) recent studies of BFDV in 

Australian cockatoos showed that sequence analysis of the relatively conserved Rep 

gene (Open reading frame V1; ORF-V1) was superior to that of Cap gene (ORF-C1) for 

predicting whole genome relatedness and quasispecies analysis (Sarker et al., 2014c). 

Others have shown that shorter amplicons produce greater genotyping differences than 

larger amplicons, particularly using HRM curve analysis (Wittwer et al., 2003), and 

revealing more errors as the length increases above 400 bp (Meistertzheim et al., 2012). 

As a consequence, a partial Rep gene (~223 bp) region was chosen for genotyping of the 

BFDV isolates used in this study. 

Currently most of the methods available for BFDV genotyping consist of 

amplification of entire genome or a specific gene, sequencing and phylogenetic analysis. 

For example, BFDV isolates have been classified as 14 strains based on whole genome 

phylogeny analysis (Varsani et al., 2011) and recently the existence of unique BFDV 

genotypes in the orange-bellied parrot was reported using the same methods (Peters et 

al., 2014; Sarker et al., 2014e). These studies were based on a phylogenetic analysis that 

indicates the preferential association between BFDV genomes and/or genes and the 

coevolution of these genes. PCR followed by nucleotide sequencing has been used for 

screening of genetic variation between BFDV isolates, (Kiatipattanasakul-Banlunara et 

al., 2002; Ogawa et al., 2005; Ritchie et al., 2003; Ypelaar et al., 1999). These methods 

are effective but usually increase the expense on a cost-per-sample basis and the need 

for extensive interpretation; particularly when large numbers of specimens are to be 

tested. A closed-tube system for direct genotyping of BFDV that is accurate and does 

not require further sequencing or operator interpretation would be ideal. Since HRM is 
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highly sensitive for the detection of single nucleotide polymorphism (Jeffery et al., 2007; 

Li et al., 2012), this method could be superior for BFDV genotyping.  

In this study, the initial PCR that uses fluorescent DNA intercalating dye (SYTO9) in 

combination with HRM curve analysis demonstrated a discriminatory power that can 

differentiate all BFDV isolates from the reference genotype in conventional and 

normalised HRM curve analysis and this was solely related with their different partial 

Rep nucleotide sequences.  

The results for genotyping of BFDV isolates in this study were consistent with 

previous findings based on entire genome amplification in cockatoos and parrots (Sarker 

et al., 2014c; Sarker et al., 2014e). For example, molecular phylogeny based on entire 

BFDV genome in cockatoos have shown that isolate 10-LBC6 and 10-LBC7 were 100% 

similar in nucleotide and amino acid identity (with 0.96% posterior probability) whereas 

isolate 10-W06 and 10-W167 formed another sister clade with each other showing 

>98.0% nucleotide identity. Compared to these genotyping methods (PCR-sequencing), 

PCR-HRM based genotyping also showed similar capability to differentiate BFDV 

isolates. The PCR followed by HRM curve analysis is performed in a closed PCR tube and 

does not require expensive reagents which make this test very cost effective. In addition 

PCR-HRM curve analysis greatly reduces the post-PCR processing such as gel 

electrophoresis, sequencing or amplicon restriction enzyme analysis. Therefore, the 

technique is very simple to perform, interpret, and decreases the risk of laboratory 

contamination (Meistertzheim et al., 2012). Based on these attributes, a wide use of 

PCR-HRM analysis would be expected both for clinical and laboratory research in BFDV. 
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The melting profile of a PCR product is dependent upon length, sequence 

divergence, GC content, and heterozygosity (Reed et al., 2007). The GC content of a DNA 

fragment is not necessarily a confounding factor of the melting temperature; however 

the actual DNA melting point can detect finer-scale differences in sequences, such as 

localised domains of different GC composition (Monis et al., 2005). It has been reported 

that DNA melting domains are usually 50-300 bp in length, and larger amplicons may 

have multiple melting domains (Wittwer et al., 2003). Thus it can be assumed that single 

peak in the conventional melt curve profile generated from partial Rep gene of the BFDV 

isolates (Error! Reference source not found.A), could be due to the presence of single 

elting domain differing in GC content.  

One major limitation of HRM curve analysis could be the scarcity or unavailability 

of the reference strain for BFDV. The BFDV strain 92-SR14 was used in this study as a 

reference genotype because it has been used as an internal control for BFDV detection 

and genotyping in VDL, Charles Sturt University since 1992. The low SD values of GCPs 

for replicates of each isolate tested in different runs (Table 5.1) could be a reflection of 

high reproducibility of the test. The newly developed HRM showed that it has the 

potential to discriminate different BFDV isolates as well as identify similar isolates. 

 The different profiles identified in HRM curve analysis were also supported by 

phylogenetic analysis (Figure 5.4) used in this study. The BFDV isolates that formed one 

clade (10-1017 and 10-108, 10-LBC6 and 10-LBC7, and 10-W06 and 10-W167) generated 

similar conventional and normalised melt curves in PCR-HRM, while 92-SR14 strain was 

placed in a monophyletic clade, and produced a distinct conventional and normalised 
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HRM curve to all tested isolates. This data further confirms that PCR-HRM technique for 

BFDV genotyping could gain wide application against other genotyping methods. 

The capacity of the PCR-HRM technique in differentiating BFDV isolates was 

further evaluated by comparing the differentiation power of BFDV isolates from diverse 

host species, including the orange-bellied parrot, lorikeets and cockatoos. Interestingly, 

BFDV isolates 10-1017 and 10-1018 from orange-bellied parrots were found to generate 

similar conventional and normalised HRM curve with GCP (97.0) which was consistent 

with previous findings (Sarker et al., 2014e). Melt curves from five specimens isolated 

from lorikeets were distinct from each other by HRM curve analysis. These samples were 

from different birds. Recent global analysis of BFDV genomes from cockatoos indicated 

that strong similarity (100%) was existed between the isolates 10-LBC and 10-LBC7 

based on molecular phylogeny and sequence identity (Sarker et al., 2014c). These two 

isolates had similar conventional and normalised HRM curve (Figure 5.3E and F) based 

on the partial Rep gene amplification.  

The newly developed technique based on the closed-tube method of PCR-HRM 

curve analysis provides a significant advancement for BFDV clinical and laboratory 

research. This method is an accurate, robust, and cost-effective alternative way to 

existing methods for genotypic differentiation of BFDV. This technique is also relatively 

fast and results can be obtained within 5 h from receipt of blood or feather specimens 

and may therefore significantly contribute to the effective control of BFDV outbreak and 

managing threatened endangered species. Further studies needs to be done to assess 

the sensitivity of the method for quantitative analysis and its potential as a tool in larger 

epidemiological studies.  
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Chapter 6. An efficient approach for recombinant expression and 
purification of the viral capsid protein from beak and feather 
disease virus (BFDV) in Escherichia coli  

 

6.1 Summary 

Structural insights into the biology of viruses such as BFDV which do not replicate 

in cell cultures are increasingly reliant on recombinant methods for protein production 

and purification. Development of efficient methods for homogenous production of 

BFDV capsid protein is also essential for vaccine development and diagnostic purposes. 

In this study, two different plasmids (pMCSG21 and pMCSG24), three homologous BFDV 

capsid proteins, and two unique expression media (auto-induction and IPTG-induced 

expression) were trialled for over-expression of the BFDV in Escherichia coli (E. coli). 

Over-expression was observed for all three recombinant targets of BFDV capsid protein 

using E. coli BL21 (DE3) Rosetta 2 cell lines under IPTG induction. These proteins could 

be purified using an optimised, two-step purification process using a buffer containing 

20 mM N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), 500 mM NaCl and 

supplemented with 200 mM L-arginine at pH 10.5, to yield a soluble and stable protein 

of greater than 95% purity. The final concentration of purified protein was 

approximately fourteen-to-eighteen fold greater than that reported previously. Initial 

crystallisation and x-ray diffraction confirm that the protein is structured in a manner 

consistent with icosahedral symmetry. Antigenicity of recombinant Cap was confirmed 

by immunoassay, verifying its validity for use in continued experimentation as a 

potential DNA vaccine, a reagent in diagnostic assays, and purified concentrated protein 

for structural and functional biology. 
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6.2 Introduction 

BFDV belongs to the Circoviridae family and is the causative agent of PBFD, an 

infectious threat to wild and captive psittacine bird species globally (Bassami et al., 2001; 

Ha et al., 2007; Raidal et al., 1993b; Sarker et al., 2014e). The disease involves 

immunosuppression and chronic symmetrical feather loss, as well as beak and claw 

deformities, eventually leading to death (Latimer et al., 1990; Raidal et al., 1993a; Ritchie 

et al., 1991). Currently, there are no therapeutic options for the prevention or cure of 

PBFD. Attempts at in vitro culture of BFDV in numerous cell lines have been unsuccessful, 

and therefore recombinant protein expression techniques represent a promising 

strategy for the development of effective vaccines to control PBFD. The ability to express 

and purify high quality BFDV capsid protein will permit further study of its structural and 

functional biology as well as facilitate its use in diagnostic assays or the development of 

a potential recombinant vaccine. 

BFDV is one of smallest and simplest viruses known to cause disease, particularly 

in terms of both the virus particle and genome size, as well as its physicochemical 

properties (Bassami et al., 1998; Ritchie et al., 1990). The genomes of BFDV encode very 

few proteins, and the best characterised are the Rep protein (ORF1) and the Cap protein 

(ORF2) (Ritchie et al., 1990). The Cap protein is the only exposed protein of the intact 

virus, which serves to protect the viral genome by forming a closed protein shell, thus 

acting as the main antigenic determinant for BFDV. The viral capsid protein is the 

essential structural component of virions and thus plays many critical roles in viral 

infection, including virus attachment to cells, entry into cells, release of the capsid 

contents into the cells, and packaging of newly formed viral particles (Cheng & Brooks, 

2013; Prasad et al., 2013). Structural elucidation of Cap for structure based drug or 
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subunit vaccine development (Fan et al., 2011; Gordon et al., 2008) has been hampered 

by its low endogenous expression, low solubility, and poor stability, and thus far, 

precluded structural analysis by X-ray crystallography (Gordon et al., 2008). Recently, 

Patterson et al. (2013a) co-crystallised a short 29 amino acid peptide of the NLS from 

BFDV Cap in complex with importin alpha, a nuclear import receptor. Understanding this 

interaction in the context of the entire Cap protein, as well as gaining additional 

structural insights into Cap protein viral assembly is of central interest for structure-

based drug design. Consequently, efficient methods for expression and purification for 

Cap are required to improve productivity and solubility.  

Numerous studies have been conducted for the expression of full-length and 

truncated Cap of BFDV for use in diagnostic tests and vaccines for BFDV using both 

baculovirus (Heath et al., 2006; Stewart et al., 2007) and bacterial based systems (Johne 

et al., 2004; Patterson et al., 2013b). Expression of recombinant full-length and 

truncated BFDV-Cap has been achieved successfully using baculovirus (Heath et al., 

2006; Stewart et al., 2007), however, this method is tedious, requires specialised 

techniques and equipment, and generally produces lower yields than E. coli based 

expression systems. Expression was remarkably higher when the first 40 amino acids 

were omitted from the N-terminal of the Cap sequence (Heath et al., 2006) and 

considerably higher protein yields (1.5-2.0 mg/mL) resulted using the E. coli based 

expression system for BFDV-Cap in a buffer solution containing glycerol, β-

mercaptoethanol, Triton X-100 and a high concentration of NaCl (Patterson et al., 

2013b). In contrast, Khayat et al. (2011) were able to purify a soluble and stable protein 

to a concentration of 100 mg/mL using similar expression system for PCV2 capsid 

protein, which had 28% amino acid identity with BFDV capsid protein. A recent study 
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with PCV2 capsid protein has also demonstrated the influence of fusion proteins for 

improved stability and solubility (Yin et al., 2010), however removal of these tags often 

rendered the protein insoluble and not suitable for further studies.  

Production of large quantities (milligram) of highly pure soluble protein would be 

ideal both for a potential vaccine and in diagnostic assays, as well as structural 

investigations. This study describes an optimised and efficient method for the over-

expression and purification of recombinant BFDV capsid protein at high purity (>95%). 

Antigenicity of the purified soluble protein was verified, and crystallisation trials were 

performed to verify the amenability of the purified protein for structural studies. 

6.3 Materials and Methods 

6.3.1 BFDV Cap gene isolation and amplification 

DNA was extracted from the stored plasmid containing BFDV genome (pGEM-

BFDV) of a Major Mitchell’s cockatoo (MMC; Lophochroa leadbeateri) (KF385406), a 

glossy-black cockatoo (GBC; Calyptorhynchus lathami) (KF385409) and a gang-gang 

cockatoo (GGC; Callocephalon fimbriatum) (KF385403) (Sarker et al., 2014c)  using a 

PureYield™ Plasmid Miniprep System (Promega, USA) according to the manufacturer’s 

instructions. Purified plasmids’ DNA were used during gene specific amplification.  

The target sequences of capsid protein were typically amplified by PCR using 

isolates and gene specific sets of primers. Primers were designed to amplify the BFDV-

Cap gene from ∆N46 to ∆C241 (585 bp) and include a 16 base overhang to facilitate high-

throughput ligation independent cloning (LIC) (Table 6.1). Reactions for different sets of 

primers were optimised, and the reaction mixture contained 2 µL of purified plasmid 

DNA, 2.5 µL of 10× High Fidelity PCR Buffer (Invitrogen), 1 µL of 10 µM of each primer, 1 

µL of 50 mM MgSO4, 1 µL of 5 mM dNTP’s, 1 U platinum® Taq DNA Polymerase High 
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Fidelity (Invitrogen) and distilled water added for a final volume of 25 µL. The optimised 

PCR cycling parameters were as follows: initial denaturation at 95°C for 3 min, followed 

by 32 cycles of 95°C for 30 s, 60°C for 30 s and 68°C for 1 min, and a final elongation step 

at 68C for 10 min. The resulting PCR products were confirmed by electrophoresis, and 

the appropriate fragments were excised and purified using a Wizard® SV Gel and PCR 

Clean-Up System (Promega, USA) according to the manufacturer’s instructions. Purified 

amplicons were used to clone desired gene fragments into bacterial expression vectors. 

 

Table 6.1: Oligonucleotides with addition of LIC overhangs used to PCR amplification  

Oligonucleotidesa 
GenBank 
accessionb 

References 

CAPdNLSB1_FWD: ATTTACACTCTCAGACTCACGC 
KF385406 Sarker et al. (2014c) 

CAPdNLB1_REV: GGCAAACTGACGGAATTGAAC 

CAPdNLB2_FWD: ATTTACACTCTCAGACTCACGC 
KF385409 Sarker et al. (2014c) 

CAPdNLSB2_REV: GGCAAACTGACGGAATTGAAC 

CAPdNLSB3_FWD: CTTTACACTATTAGACTCAAACGC 
KF385414 Sarker et al. (2014c) 

CAPdNLSB3_REV: GGCAAACTGACGGAATTGAAC 

aOligonucleotides are shown in 5´ to 3´direction, and each Forward (FWD) and Reverse primer (REV) 
started with addition of TACTTCCAATCCAATGCC  and TTATCCACTTCCAATGTTA nucleotides respectively 
as LIC overhangs 
bFull genome of BFDV was used for designing primers   

 

6.3.2 Cloning of target gene into vectors pMCSG21 and pMCSG24   

Genes encoding truncated BFDV Cap were introduced into pMCSG21 (Stols et al., 

2007) and pMCSG24 (Cuevas et al., 2012) vectors separately by LIC using methods 

similar to those described by Donnelly et al. (2006). Briefly, the expression vectors 

described above were linearised by incubation at 22C for 2 h with the restriction 

enzyme SspI, and then excised from a 1.0% agarose TBE gel and extracted using the 
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Wizard® SV Gel and PCR Clean-Up System (Promega, USA) according to the 

manufacturer’s instructions.  

Purified plasmid DNA was treated with 2.5 units T4 DNA polymerase to create the 

two single-stranded ends in a 40 L reaction containing 200 ng vector, 2.5 mM dGTP 

(Promega, USA), 5 mM DTT, 1x T4 polymerase reaction buffer (Novogen, USA), and PCR 

Grade water to final volume. The reaction mixtures were transferred to a thermocycler 

and incubated at 22C for 30 min followed by heat inactivation of T4 DNA polymerase 

at 75C for 20 min. The amplified DNA encoding target gene was treated similarly with 

T4 DNA polymerase in a separate 1.5 mL eppendorf tube containing 20 ng of the gel 

purified target gene, 1x T4 polymerase buffer (Novagen, USA), 2.5 mM dCTP (Promega, 

USA), 5 mM DTT, 2.5 U of LIC qualified T4 DNA polymerase (Novagen, USA), and PCR 

grade water to a final volume of 40 L. Reactions were transferred to a thermocycler 

and incubated at 22C for 30 min followed by heat inactivation of T4 DNA polymerase 

at 75C for 20 min.  

To ligate the target genes, the T4 DNA polymerase treated vectors DNA (1.5 L) 

and insert DNA (1.0 L) were mixed and incubated on ice for 30 min. This mixture was 

used transform 50 L of Top10 Escherichia coli competent cells (Invitrogen, USA) using 

the heat-shock transformation method, and plated on selective agar containing 100 

g/mL of spectinomycin (Sigma, USA). Single colonies for each target were grown in 5 

mL of LB-broth containing 100 g/mL spectinomycin overnight at 37C in an orbital 

shaker at 225 RPM.  Plasmid DNA was isolated using a PureYield™ Plasmid Miniprep 

System (Promega, USA) according to manufactures instructions, and the fidelity of each 
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construct was confirmed by colony PCR using LIC specified primers along with DNA 

sequencing by the AGRF Ltd., Sydney.   

6.3.3 Expression screens 

In order to screen suitable cell lines for expression and purification of the target 

Cap protein, plasmids’ were transformed into E. coli BL21 (DE3) pLysS (Invitrogen, USA) 

and E. coli BL21 (DE3) Rosetta 2 cells (Novagen, USA) for recombinant expression. For 

each of three candidate Cap proteins, 1.0 L of purified plasmid DNA was added to 20 

L of chemically competent BL21 E. coli cells, incubated on ice for 30 min, heat-shocked 

at 42C for 45 s, followed by incubation on ice for 2 min. The cells were recovered by 

incubation at 37C for 1.5 h in an orbital shaker at 225 rpm, and then plated onto an LB 

agar plate containing 100 g/mL of spectinomycin.         

Colonies were selected from the LB agar plate and cultured overnight in 5 mL of 

LB-broth containing 100 g/mL of spectinomycin at 37C in an orbital shaker at 225 rpm.  

The following morning, one mL of the E. coli BL21 starter culture for each target protein 

was used to inoculate 500 mL of either auto-induction media (Studier, 2005) containing 

100 µg/mL spectinomycin grown at 25ºC for 24 h, or LB media containing the same 

antibiotic. The second inoculated expression media was grown at 37˚C until reaching an 

OD600 of 0.6, whereby the temperature was shifted to 25˚C and protein synthesis 

induced by the addition of 0.5 mM IPTG. Following growth for 24 h, cells were harvested 

by centrifugation in a J2-21M/E Centrifuge (Beckman; Lane Cove, Australia) at 6000 RPM 

for 30 min and the cell pellet resuspended in either CAPS buffer A, containing 20 mM N-

cyclohexyl-3-aminopropanesulfonic acid [CAPS] [pH 10.5], 500 mM NaCl, 30 mM 

imidazole [pH 10.5],  and stored at -20˚C; His buffer A containing 50 mM phosphate 
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buffer, 300 mM NaCl, and 20 mM imidazole at pH 8.0; or TEV buffer A, containing 50 

mM phosphate buffer, 500 mM NaCl, 30 mM imidazole, and 10% glycerol at pH 8.0.     

6.3.4 Purification of recombinant capsid protein 

The bacterial cells were lysed by 2 repetitive freeze-thaw cycles in the presence of 

20 mg lysozyme (Sigma-Aldrich, USA) and 0.5 mg of DNaseI (Invitrogen, USA). Following 

addition of FastBreak Cell Lysis Buffer (1X; Promega), cell lysates were incubated on ice 

for 30 min and the cellular debris cleared via centrifugation in a J2-21M/E Centrifuge 

(Beckman) at 15,000 rpm for 30 min at 4˚C, and passage through a  0.45 m low protein-

binding filter (Millipore). The resulting supernatant was then loaded onto a 5 mL Ni2+ 

column (HisTrap HP, GE Healthcare) on an AKTApurifier FPLC in  either CAPS buffer A, 

TEV buffer A, or His buffer A (see above). Following extensive washing of the column 

(>10 column volumes) with the respective buffer to remove the contaminating 

endogenous proteins, the protein was eluted using an increasing gradient of buffer 

containing 500 mM imidazole. Elution fractions were pooled and treated with tobacco 

etch virus protease (TEV) (100µL of 3.3 mg/mL) overnight at 4°C. The TEV treated protein 

was purified by size exclusion chromatography (Superdex 200 column, GE healthcare) in 

a buffer containing 20 mM N-cyclohexyl-3-aminopropanesulfonic acid [CAPS] [pH 10.5], 

500 mM NaCl and supplemented with 200 mM L-arginine (pH 10.5). The peak fractions 

containing protein were pooled and concentrated (B1=21.5 mg/mL, B2=16.5 mg/mL and 

B3=26.5 mg/mL) using an Amicon ultrafiltration device (Millipore). The purity of the 

capsid protein at all stages were assessed by SDS-PAGE and stored at -80⁰C.  Purification 

from size exclusion chromatography was also attempted using glutathione S-transferase 

(GST) buffer A, containing 50 mM Tris and 125 mM NaCl at pH 8.0. 
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6.3.5 Solubility screen 

It has been shown that modification of salt concentrations or addition of glycerol 

reduced aggregation of protein (Khayat et al., 2011; Patterson et al., 2013b; Vera et al., 

2011). As a consequence, the over-expressed BFDV capsid protein was further subjected 

to a solubilisation screen with 32 different buffer conditions (data not shown) to 

optimise buffer conditions.  

6.3.6 SDS-PAGE analysis 

Protein samples were electrophoresed using BoltTM Mini Gel in 1X BoltTM MES SDS 

running buffer (Novex) at 165 V for 30 min. The gels were fixed and stained in Coomassie 

blue dye (containing 40% ethanol, 10% glacial acetic acid, and 0.2% Coomassie Brilliant 

Blue R-250) (Fairbanks et al., 1971) for 5 minutes at room temperature with gentle 

shaking and de-stained in a solution containing 10% ethanol and 10% glacial acetic acid 

for at least 30 min at room temperature with gentle shaking. 

6.3.7 Crystallisation trials 

Preliminary crystallisation trials were undertaken via the sparse-matrix hanging-

drop vapour-diffusion method in 48-well plates over a number of commercially available 

screens (Crystal Screen and Crystal Screen 2 from Hampton Research, PEG/Ion, 

PEG/Ion2, ProPlex MD1-38 and MD1-29-CF PACT). The drops contained 1.5 µL of the 

protein mixed with equal volumes of reservoir solution, and suspended over 300 µL of 

reservoir at 296 K. 

6.3.8 Western blotting 

Following SDS-PAGE, Western blot was performed for the confirmation of 

antigenicity of the three purified recombinant BFDV Cap protein from a Major Mitchell’s 

cockatoo, a glossy-black cockatoo and a gang-gang cockatoo according to the methods 
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described by Patterson et al. (2013b) with slight modification. Briefly, proteins were 

transferred onto nitrocellulose membrane (BioRad) using freshly prepared transfer 

buffer (containing 11.64 g Tris Base, 5.86 g glycine, 750 µL 10% SDS, 400 mL methanol 

and add water to final volume of 2 L) and a Criterion Blotter apparatus (BioRad) at 80 V 

for 60 min. The membrane was blocked for 1 h at room temperature in Tris-buffered 

saline solution with 0.05% Tween 20 (TBST) (Dako, USA) containing 5% skim milk while 

gently rocking.  The solution was discarded and the membrane was washed three times 

for 5 min with TBST. A monoclonal antibody (MAb), 3F8-1 (1 mg/mL; Ab Solutions; Perth, 

Australia) (Shearer et al., 2008b) was diluted 1:800 in 5% skim milk TBST and incubated 

with the nitrocellulose membrane for two h at room temperature with gently rocking.  

The monoclonal antibody solution was discarded and the membrane was washed three 

times for 5 min with TBST. Horseradish peroxidase (HRP)-conjugated goat anti-mouse 

IgG (Sigma-Aldrich, USA) was diluted 1:1000 in 5% skim milk TBST and incubated with 

the membrane for one hour at room temperature while gently rocking. The solution was 

discarded and the membrane was washed three times for 5 min with TBST. Bands were 

visualized with 3,3’,5,5’-tetramethylbenzidine (TMB) Liquid Substrate System for 

membranes (Sigma-Aldrich) for 5 min. Colour development was stopped by washing the 

membrane with deionised water for 1 min.   

6.4 Results 

6.4.1 Assessment of sequences alignment for target protein 

Target DNA fragments encoding the capsid protein of three BFDV isolates were 

selected from previously characterised genomes showing >80% sequence homology 

(Table 6.1) (Sarker et al., 2014c). Following cloning and transformation of the target PCR 

product into bacterial expression vectors encoding His- and GST-tagged fusion proteins, 
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DNA sequencing was undertaken to confirm the fidelity of each clone. The highest amino 

acid identity (98%) was observed between MMC-Cap and GBC-Cap whilst GGC-Cap 

protein exhibited 87% amino acid similarity with other two BFDV Cap sequences used in 

this study (Figure 6.1). Within the Circoviridae family, these proteins showed less than 

28% amino acid identity with the BFDV Cap protein from PCV2 Cap protein which has 

been previously expressed and structurally resolved (Figure 6.1).  

 

 

Figure 6.1: Comparison of three capsid protein sequences of BFDV from a Major Mitchell’s cockatoo 
(BFDV-MMC-Cap protein), a glossy-black cockatoo (BFDV-GBC-Cap protein) and a gang-gang cockatoo 
(BFDV-GGC-Cap protein) used in this study with a reference BFDV Cap protein (top) (Bassami et al., 1998) 
and a porcine circovirus 2 Cap protein (PCV2-Cap protein) (Khayat et al., 2011). The amino acid residues 
of Cap constituting the potential bipartite NLSs are adapted from Heath et al. (2006) and indicated by a 
solid green box. Each protein refer to PDB or GenBank accession number in parentheses. Identical 
residues and deletions are indicated by '.' and '-', respectively. 

 

6.4.2 Evaluation of the protein expression and cell line optimisation 

In order to determine the optimal conditions for recombinant expression and 

purification of each BFDV capsid protein target, expression trials were performed, 

involving two different expression vectors harbouring the genes of interest (pMCSG21 

and 24), constructs transformed into two different E. coli BL21 cell lines, and two 

methods of inducing the expression of the protein (auto-induction and IPTG induction). 

The whole cell lysates of the entire suite of cell harvests were assessed by SDS-PAGE 

(Figure 6.2). A band corresponding to the expected size ∆N46 to ∆C241 Cap-His tagged 
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protein (approximately 25 kDa) for all three targets of BFDV Cap (pMCSG21-CapdNLSB1, 

pMCSG21-CapdNLSB2 and pMCSG21-CapdNLSB3) were observed with significant over-

expression using E. coli BL21 (DE3) Rosetta 2 cell lines under IPTG induction, whereas 

lower expression was observed using E. coli BL21 (DE3) pLysS with the same medium. 

There was no visible expression for any of the three constructs under auto induction 

(Figure 6.2). As a consequence, acyl-CoA thioesterase 12 (ACOT12) enzyme was used as 

a positive control for further verifying the auto induction method, showing a significant 

level of over-expression (Figure 6.3). Poor expression was observed for all conditions 

expressed from the pMCSG24 vector, and this construct was therefore excluded from 

further studies.  

 

Figure 6.2: SDS-PAGE for the screening of BFDV capsid protein expression. Three randomly selected capsid 
proteins (∆N46 to ∆C241) from previously stored full length BFDV plasmids were expressed using a 
combination of 2 different media (auto, IPTG) and two different E. coli BL21 (DE3) cell lines (pLysS and 
Rosetta 2). Overexpression across all three Cap constructs was present in Rosetta 2 cell lines during IPTG 
induction whereas minor expression was also displaying in pLysS cell line with same medium. There was 
no visible expression for all three proteins of interest under the condition of auto induction. The cell 
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lysates were prepared by re-suspending the isolated cell pellet in nine volume of SDS buffer, and were 
subjected to electrophoresis. MW is a precision plus molecular weight marker (Bio-Rad, USA). 

 

Figure 6.3: SDS-PAGE for showing protein expression and purification profile of Acyl-CoA thioesterase 12 
(ACOT12) enzyme as a positive control in auto induction. SDS-PAGE showing ACOT12 whole cell lysate in 
lane 1; soluble protein fraction of the E. coli cell lysate in lane 2; flow-through from the affinity column in 
lane 3; affinity column elution in lane 4; affinity column purified ACOT12 with TEV in lane 5; size exclusion 
chromatography purified ACOT12 in lane 6 and concentrated pure ACOT12 protein in lane 7. MW is a 
precision plus molecular weight marker (Bio-Rad, USA). 

6.4.3 Purification trials and analysis by SDS-PAGE 

The level of capsid protein expression was further assessed by a two-step 

purification process consisting of Ni-affinity chromatography and size exclusion 

chromatography. The crude extract for the target protein was applied with a maximum 

of 2 mL/min flow rate onto a pre-equilibrated 5 mL HisTrap HP column (GE Healthcare) 

charged with Ni+2. Initial purifications of the target proteins with His buffer A and His 

buffer B at pH 8.0 resulted in poor yield of soluble Cap proteins, reflected in high 

aggregation during size exclusion chromatography. Results from solubility screening 

indicated that solubility of the recombinant BFDV capsid protein was remarkably 
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enhanced at high pH (10.0-11.0). As a result, further purification for all three target 

proteins were performed using CAPS buffer at pH 10.5, resulting in a single homogenous 

protein sample. Analysis by SDS-PAGE resulted in a band corresponding to the 6-His 

tagged fusion BFDV capsid protein for Major Mitchell’s cockatoo (MMC), which was also 

present in the two-step purification incorporating affinity and size exclusion 

chromatography, and resulting in greater than 95% purity (Figure 6.4A and B). A similar 

purification profile was observed for recombinant capsid from a glossy-black cockatoo 

(GBC), which could be concentrated to 16.5 mg/mL and greater than 95% purity. A two-

step purification of recombinantly expressed 6-His tagged fusion BFDV-Cap protein from 

a gang-gang cockatoo (GGC) exhibited a higher yield (B3=26.5 mg/mL) with greater than 

95% purity (Figure 6.4C and D). Two-step purification of recombinantly expressed as a 

6-His tagged fusion BFDV-Cap protein from a gang-gang cockatoo (GGC) exhibited higher 

yield (B3=26.5 mg/ml) with greater than 95% purity (Figure 6.4E and F).  

 

 

 

 



Chapter 6: High-throughput expression and purification of BFDV-Cap  

 

 

142 

 

 

 

Figure 6.4: SDS-PAGE and protein purification profiles of recombinant BFDV-Cap from a Major Mitchell’s 
cockatoo (A and B), a glossy black cockatoo (C and D), and a gang-gang cockatoo (E and F). (A, C and E) 
FPLC profiles of the affinity chromatography purification with SDS-PAGE insert showing whole E. coli cell 
lysate in lane 1; soluble protein fraction of the E. coli cell lysate in lane 2; flow-through from the affinity 
column in lane 3; affinity elution in lane 4. (B, D and F) Size exclusion chromatography purifications 
indicating the elution volumes for recombinant BFDV-Cap and SDS PAGE insert showing the final purity of 
the concentrated protein in lane 5.  
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6.4.4 Suitability for X-ray crystallographic studies  

Diffraction quality crystals were obtained from three different conditions 

consisting of 0.1 M sodium citrate tribasic dehydrate (pH 5.6) and 1.0 M Ammonium 

phosphate monobasic (HR2-110), 0.8 M Sodium phosphate monobasic/potassium 

phosphate dibasic (pH 7.5) (MD1-38), and 0.1 M Tris (pH 8.0) and 1.0 M Ammonium 

sulphate (MD1-38). These crystals were flash-frozen in liquid nitrogen and diffracted at 

the Australian synchrotron, confirming diffraction to ~ 2.8Å resolution (Figure 6.5). 

 

Figure 6.5: Multiple protein crystals using purified recombinant BFDV capsid protein which have been 
diffracted at the Australian synchrotron. These crystals appeared after several days in a buffer containing 
0.1 M sodium citrate tribasic dehydrate (pH 5.6) and 1.0 M ammonium phosphate monobasic. 

6.4.5 Recognition of antigenicity of recombinant BFDV-Cap 

In order to examine the antigenicity of the recombinant BFDV-Cap protein, 

Western blot was performed with the monoclonal antibody MAB 3F8-1, developed and 

applied by Shearer et al. (2008b) for recognising BFDV virus. Western blot was 

performed using purified recombinant BFDV-Cap protein, confirming a strong antigenic 

reaction against all three recombinant BFDV Cap protein (Figure 6.6).  
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Figure 6.6: Western blot for detecting antigenicity of recombinant BFDV truncated Cap (∆N46 to ∆C241) 
isolated from different host species (A-without stain; B-silver stain). MW is a precision plus prestained 
molecular weight marker (Bio-Rad, USA). Lane 1-3 is the E. coli cell lysate, cell lysate supernatant and flow 
through from affinity chromatograph respectively from the E. coli BL21 (DE3) Rosetta 2 cells expressing 
recombinant His-tagged BFDV Cap. All purified proteins are of approximately the same molecular weight 
(25 kDa). Purified protein collected from affinity chromatography containing His-tagged recombinant Cap 
from a Major Mitchell’s cockatoo (AHX56397; lane 4), a glossy-black cockatoo (AHX56403; lane 5) and a 
gang-gang cockatoo (AHX56391; lane 6). 

 

 6.5 Discussion 

The main focus of this study was to develop an efficient, optimised protocol for 

the production of BFDV capsid protein suitable for structural and vaccine studies. 

Protein production was evaluated for three BFDV capsid protein targets using two 

different affinity tag vectors, two different E. coli cell lines and alternative induction 

methods. All of the targets were purified using a two-step purification process with 

greatest success achieved using an IPTG-induction protocol which successfully 

overproduced recombinant-BFDV-Cap protein using E. coli BL21 (DE3) Rosetta 2 (Figure 

6.2). 

Recent studies have highlighted BFDV as an ongoing threat particularly to the 85 

psittacine bird species which are listed by the International Union for Conservation of 

Nature (IUCN) globally as critically endangered, endangered or vulnerable (Sarker et al., 
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2014c; Sarker et al., 2013a; Sarker et al., 2013b, 2014d).  Since in vitro culturing of BFDV 

in numerous cell culture systems have been repeatedly unsuccessful there is 

considerable incentive to develop efficient recombinant antigen production systems. A 

full-length recombinant BFDV Cap vaccine using a baculovirus expression system (Bonne 

et al., 2009) proved to be immunogenic. However, this method is tedious and generally 

produces lower yields than E. coli based expression systems. Another major bottleneck 

for BFDV capsid protein synthesis has been the production of soluble protein (Heath et 

al., 2006; Patterson et al., 2013b) with some success achieved through the production 

of low concentrations of truncated capsid protein lacking the NLS region (Patterson et 

al., 2013b). However, the quality and quantity of purified protein was insufficient for 

commercial production or further structural and functional studies as the final 

concentration of BFDV truncated capsid protein was 1.5-2.0 mg/mL using E.coli.  

This study focussed on the use of E. coli as an expression host and highlights the 

importance of choosing a suitable E. coli cell line for different vectors. The results from 

the present study indicate that IPTG induction is effective in E. coli BL21 (DE3) cell lines 

(pLysS and Rosetta 2), with the highest total capsid protein concentration obtainable 

using Rosetta 2 cells and pMCGS21 vector (Figure 6.2). In contrast to Patterson et al. 

(2013b), the  results has also showed that alteration of buffers may significantly vary the 

stability of purified protein and the ability to achieve higher concentrations.  

This  study expanded on the experiment conducted by Patterson et al. (2013b) 

which concentrated on a single E. coli BL21 cell line and a single vector system but 

problems were encountered with aggregation of BFDV capsid protein when eluted from 

affinity chromatography using His or TEV buffer at pH range of 8.0. The results show that 

solubility can be attained with purification in CAPS buffer at higher pH (10.5) resulting in 

stable recombinant BFDV-Cap in high concentrations up to 26.5 mg/mL (Figure 6.4). 
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Likewise Khayat et al. (2011) showed that PCV2 capsid protein was soluble at higher pH 

allowing highly concentrated pure protein for structural studies. 

TEV protease enzyme was to unable to cleave the His-tag from the purified 

recombinant capsid protein. The pH of CAPS buffer B (10.5) containing purified protein 

from affinity chromatography was much higher than the pH range for the activity of TEV 

protease enzyme. It has been shown that the greatest activity of TEV protease occurs at 

pH 7.0; however, the protease is active over a pH range of 5.5 to 8.5 (Carrington & 

Dougherty, 1988; Dougherty et al., 1989) and this is the most likely reason for non-

cleavage of the His-tag from the recombinant BFDV capsid protein at different 

temperature. Since the His-tag is the most commonly used tag in crystallography, and 

an intensive survey of the Protein Data Bank (PDB) shows that 17% of the deposited 

structures contain a six histidine sequence, removal of the His-tag was deemed to be 

necessary for future crystallisation (Gordon et al., 2008). Purification with His-tag can 

dramatically influence the expression level, solubility, and consequently the yield of 

purified target proteins (Woestenenk et al., 2004), which is most likely the scenario in 

this study.  Indeed, diffraction quality crystals were obtained using purified recombinant 

BFDV capsid protein produced in this study (Figure 6.5), confirming that both the protein 

is suitable for structural and functional studies, and the His-tag does not interfere with 

the crystallisation process. Therefore, this method has improved both the efficiency of 

obtaining pure viral Cap protein, providing an enhance platform for structural studies as 

well as development of a viable recombinant vaccine.  

The capsid gene of BFDV is evolving more rapidly than the Rep gene demonstrating 

high level of sequence divergence (Harkins et al., 2014; Kundu et al., 2012; Sarker et al., 

2014b; Sarker et al., 2014c). Amino acid identities in Cap sequences range from 76.3 to 

83.2% (Bassami et al., 2001; Johne et al., 2004; Raue et al., 2004), reflecting in part, the 
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decision to use 3 different Cap sequences in this study. The relatively high mutation rate 

in Cap is likely an important aspect of the virus’ ability to escape the immune system 

and cause infection in a large number of psittacine species but there is very little 

evidence for the existence of discrete BFDV serotypes. Thoroughly studied outbreaks of 

BFDV infection in endangered psittacine flocks have proposed that specific secondary 

sequences of the capsid gene may be associated structural changes that allow 

dissemination and host immune evasion (Kundu et al., 2012; Sarker et al., 2014e). The 

sequence of the BFDV isolates used in this experiment differed slightly from each other, 

however these sequence variations are assumed to have little effect in the solubility of 

protein. All three targets of recombinant BFDV capsid protein were expressed and 

purified using an identical optimised protocol and there was no issue of protein 

aggregation. Similar to these optimised methods, several other studies have 

demonstrated that aggregation could be decreased or prevented by using stabilising 

agent such as L-arginine and/or the use of fusion proteins (Fink, 1998; Rudolph & Lilie, 

1996; Singh & Panda, 2005). 

In conclusion, this study presents an efficient method for the overproduction of 

viral capsid protein in sufficient quality and quantity. This study overproduced three 

candidate BFDV Cap proteins using this method, and all three targets were purified in a 

stable form using a two-step purification process. It is the first time that the BFDV capsid 

protein has been overproduced to significant amounts and in a stable form suitable for 

structural studies. Moreover, the results represent a promising starting point for further 

biochemical and structural studies of the BFDV capsid protein and their involvement in 

the disease evolution.  
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Chapter 7. Structural and functional insights into the beak and 
feather disease virus capsid virion assembly  

 

 7.1 Summary 

The BFDV causes fatal infections across a wide range of psittacine birds, utilising a 

simple genome to encode only two proteins, Rep and Cap. Rep, initiates rolling circle 

replication (RCR) to form a circular ssDNA genome, while Cap, is responsible for forming 

the outer capsid of the virus. There is a pressing need for a greater understanding of 

these proteins, particularly in the assembly of the BFDV native capsid protein, which 

may provide an important avenue for vaccine development as well as a platform for 

rational drug design. Through the recombinant expression and purification of the BFDV 

Cap in E. coli BL21 (DE3) Rosetta 2 cells, the X-ray crystallographic structures of capsid 

assemblies have been determined, producing both a T=1 icosahedral virion, and a novel 

decamer assembly. These are the first atomic structures of the BFDV Capsid protein. The 

crystal structure of CapNLS2 (lacking the first 23 residues) diffracted to 2.6 Å, and 

formed a 60 monomeric jelly roll domains. In this study, this complex was also 

determined in the presence of DNA, revealing possible mechanisms for the packaging 

viral DNA. Further removal of N-terminal residues (∆N46) provided insights into a unique 

decamer capsid structure at 2.0 Å, which contained 10 molecules built up from 2 

pentamers in the asymmetric unit. This very novel decamer assembly was solved in two 

different crystal forms, and is stable in solution. Moreover, a fluorescent labelled DNA 

binding assay was conducted to assess the functional significance of the T=1 icosahedral 

lattice and decamer capsid structures. It has been demonstrated that both capsid 
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assemblies have the intrinsic ability to bind DNA as well as eliciting a true viral response 

during haemagglutination assays. 

 7.2 Introduction 

Circoviruses are among the smallest and simplest of all known viruses. They 

contain a covalently closed, circular, ssDNA genome of ~2000 nucleotides encapsidated 

within a nonenveloped icosahedral virion. The BFDV is a member of the Circovirus genus 

which, together with Cyclovirus and Gyrovirus, make up the family Circoviridae (Fauquet 

et al., 2005). Members of the family Circoviridae are in important pathogens and 

frequently cause infection, ranging from mild to life threatening both veterinary and 

possibly human setting. Recent evidence of Cycloviruses in human stools samples and in 

farm animal tissue also suggests the potential for frequent cross-species exposure and 

zoonotic transmissions (Li et al., 2010). The genomic architecture and proteins of these 

small viruses are governed by similar mechanisms and properties (Crowther et al., 2003), 

and show high recombination and nucleotide substitution rates (Duffy et al., 2008; 

Lefeuvre et al., 2009; Sarker et al., 2014c; Sarker et al., 2014e). 

BFDV is currently known to infect a wide range of avian host species, and it causes 

PBFD, a leading viral infection associated with immunosuppression and massive viral 

excretion and enduring antibody negative status (Bassami et al., 2001; Raidal et al., 

1993b; Ritchie et al., 1990). Environmental load of this virus is likely very high, along with 

the hypothesis of vertical transmission (Rahaus et al., 2008) and documented infection 

in the critically endangered, endangered and vulnerable psittacine species (Eastwood et 

al., 2014; Peters et al., 2014; Sarker et al., 2014c; Sarker et al., 2014e). Studies have 

shown that vaccination could induce protective immunity against PBFD when using 

inactivated virus purified from the feathers of chronically infected cockatoos (Bonne et 
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al., 2009; Raidal et al., 1993a). However, the use of BFDV-infected feathers or other 

tissues as a source of antigen is potentially hazardous due to an inability to assess the 

reliability of BFDV inactivation in vitro. There is also no commercial vaccine against PBFD 

due to the lack of cell culture system to propagate this virus in vitro. Consequently, the 

virus still remains endemic in many parts of the world, and infecting a broad range of 

psittacine species both in wild and captive populations (Eastwood et al., 2014; Ha et al., 

2007; Peters et al., 2014; Raidal et al., 1993b; Sarker et al., 2014a; Sarker et al., 2014b; 

Sarker et al., 2014c; Sarker et al., 2014e). 

Two proteins are encoded by the BFDV, the Rep protein, which initiates rolling 

circle replication (RCR) to form circular ssDNA genome, and the Cap which is the 

structural component of the capsid virion (Bassami et al., 1998; Crowther et al., 2003; 

Ritchie et al., 1990). The Cap protein of BFDV is the main antigenic protein and is prone 

to high genetic mutation (Bassami et al., 2001; Patterson et al., 2013b; Sarker et al., 

2014c; Sarker et al., 2014e). The hallmark of BFDV Cap is to bind with Rep to facilitate 

nuclear localisation, and also bind DNA, which likely plays an important role in localising 

its own genome into the host cell nucleus (Heath et al., 2006). The nuclear localisation 

signals (NLSs) from several circoviruses have been shown to localise Cap to the nucleus 

(Heath et al., 2006; Liu et al., 2001; Xiang et al., 2013), and recent structural determinant 

of BFDV NLSs in a complex of importin alpha elucidated the Cap NLS in the major binding 

site of the mImpaDIBB molecule (Patterson et al., 2013a). However, no mechanism of 

nuclear transport has been evaluated or suggested. 

Despite steady progress in elucidating the structure of the PCV2 Cap, almost 

nothing is known about the structural determinant of BFDV capsid virion. A model of 

BFDV was computed by Crowther et al. (2003) which demonstrated that the BFDV might 
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be very similar to that of PCV2 with 12 flattened pentamer units, however, the surface 

projections from BFDV vary from PCV2. Thus further research was warranted to 

determine whether the predicted difference between BFDV and PCV2 virions is genuine 

or arises from staining of the BFDV preparation. Almost a decade later, Khayat et al. 

(2011) crystallised the Cap of PCV2 without the NLS which was folded into an entire viral 

capsid. This provided insights into the identification of positively charged clefts that may 

represent the heparan sulphate binding sites responsible for the attachment of PCV2 to 

its target cell, and allow PCV2 to gain entry into the cell. Moreover, the mechanisms 

governing BFDV assembly, the role of NLSs and the DNA binding region are poorly 

understood due to the lack of the structural data so far.   

In this study, the first atomic structure of the BFDV-Cap protein obtained by X-ray 

crystallography in two different states is reported, along with structural characterisation 

of a complex between a recombinant BFDV CapNLS2 lacking the 23 N-terminal residues 

and ssDNA. The crystal structure of the icosahedrally form of the CapNLS2-DNA complex 

reveals that the DNA binding sites are not restricted to the NLSs. Finally, these results 

highlight the possible mechanisms for the encapsidation of newly synthesised Rep DNA 

and genomic DNA packaging.  

 7.3 Materials and Methods 

 7.3.1 Target selection 

To optimise the recombinant expression of the Cap gene in E. coli, five isoforms 

of Cap were cloned, and the gene that expressed the best, that isolated from the 

Major Mitchell’s cockatoo (KF385406) was selected for subsequence purification as 

described earlier in the sections 6.3.2 to 6.3.4 (Sarker et al., 2015). To test the role of 

the three bipartite NLSs of the capsid protein of BFDV in the nucleocapsid assembly, 
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three constructs were designed that sequentially removed more of the N-terminal NLS 

residues. Construct CapNLS1, encodes ∆N14 to ∆C247 (702 bp); CapNLS2, encodes 

∆N23 to ∆C247 (675 bp); and CapNLS3, encodes ∆N37 to ∆C247 (633 bp) of the Cap 

protein ( 

Figure 7.1).  

 7.3.2 Cloning, expression and purification 

The target gene encoding the BFDV-Cap was amplified through optimised PCR 

(Sarker et al., 2015) from the plasmid DNA harbouring the whole genome of BFDV 

(KF385406). Fragment specific primers were designed to amplify the selected constructs 

and incorporated a 16 base overhang to facilitate high-throughput ligation independent 

cloning (LIC) (Table 7.1). Cloning, expression and purification of selected constructs of 

BFDV-Cap protein were performed according to the methods described in the section 

6.3.2 to 6.3.4. Briefly, the target genes of BFDV-Cap were cloned into pMCSG21 

expression vector (Stols et al., 2007). The fidelity of each construct was confirmed by 

colony PCR along with DNA sequencing by the Australian Genome Research Facility Ltd 

(AGRF Ltd. Sydney). The recombinant plasmids were overexpressed in Escherichia coli 

(E. coli) BL21 (DE3) Rosetta 2 cells (Novagen, USA). A 5 ml LB broth starter culture 

containing 100 µg/ml spectinomycin was used to inoculate 500 ml of IPGT-induction 

media. The cells were grown in LB at 37˚C to reaching OD600 of 0.6 at which time the 

temperature was shifted to 25˚C and protein expression was induced with 1.0 mM IPTG 

(Sigma, USA) and incubated overnight with shaking. The cells were harvested by 

centrifugation at 6000 rpm for 30 min and the cells pellet were resuspended in CAPS 

buffer A, containing 20 mM N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), pH 10.5, 

500 mM NaCl, 30 mM imidazole, pH 10.5  and stored at -20˚C (Sarker et al., 2015). 
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The harvested cells containing targets of BFDV-Cap were purified by a two-step 

purification process consisting of Ni-affinity chromatography and size exclusion 

chromatography according to the methods describe by Sarker et al. (2015). 

Furthermore, purification from size exclusion chromatography for the construct BFDV-

Cap containing NLS1 and NLS2 were also attempted using glutathione S-transferase 

(GST) buffer A, containing 50 mM Tris and 125 mM NaCl at pH 8.0. The peak fractions 

pertaining to targeted constructs were pooled and concentrated (wildtype Cap=15.5 

mg/mL, CapNLS1=18.6, CapNLS2=16.7 mg/mL and CapNLS3=11.6) using an Amicon 

ultrafiltration device (Millipore). The purity of the Cap constructs at all stages were 

assessed by SDS-PAGE and stored at -80⁰C. 

 

Table 7.1: Oligonucleotides with addition of LIC overhangs used to PCR amplification of selected targets 

Oligonucleotidesa nt numberb Residuesc 

CapWT_FWD: CTGTGGGGCACCTCTAACTGC 
1-744 247 

CapWT_REV: TTAAGTACTGGGATTGTTAGGGGCAAAC 

CapNLS1_FWD: AGACGACGATATGCCCGCCCA 
43-744 234 

CapNLS1_REV: TTAAGTACTGGGATTGTTAGGGGCAAAC 

CapNLS2_FWD: CGACGTCACATCAGGCGATACCGC 
70-744 225 

CapNLS2_REV: TTAAGTACTGGGATTGTTAGGGGCAAAC 

CapNLS3_FWD: CGCAGACGCCGGTTCTCAACCAAT 
112-744 211 

CapNLS3_REV: TTAAGTACTGGGATTGTTAGGGGCAAAC 

aOligonucleotides are shown in 5´ to 3´direction, and each Forward (FWD) and Reverse primer (REV) 
started with addition of TACTTCCAATCCAATGCC  and TTATCCACTTCCAATGTTA nucleotides respectively 
as LIC overhangs 
Capsid protein of BFDV genome nuclotideb and amino acidc (KF385406) numbering according to Sarker 
et al. (2014c).  
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 7.3.3 Crystallisation  

Crystallisation experiments were performed using vapour diffusion and hanging 

drop setups over a number of commercially available screens (PEG/Ion, PEG/Ion 2, 

Crystal Screen and Crystal Screen 2 from Hampton Research, ProPlex MD1-38 and MD1-

29-CF PACT) using VDX 48-well plates from Hampton Research. The crystallisation drops 

were a 1:1 mixture of protein solution and the reservoir solution from the wells, and 

suspended above 300 ml of reservoir solution and incubated at 290 K. To obtain large, 

single crystals suitable for X-ray diffraction, conditions were further optimised around 

different buffer and salt concentrations. Furthermore, to improve the crystal quality 

additives were screened in the crystallisation assays according to the method described 

by Hampton Research.  

 7.3.4 X-ray diffraction data collection 

Prior to data collection, each crystal was transferred to a solution containing the 

reservoir solution plus 25-30% glycerol and immediately flash-cooled in liquid nitrogen. 

Diffraction data were collected at 290 K at the Australian Synchrotron on the MX1 and 

MX2 macromolecular crystallography beamline (source-03BM1 and 03ID1, 

respectively).  

 7.3.5 Structure determination and refinement  

The collected data were indexed and integrated using the program iMosflm 

(Battye et al., 2011) and scaled with the program Aimless from the ccp4 suite (Evans, 

2006; Evans & Murshudov, 2013). The structure was solved by molecular replacement 

with the program Phaser (McCoy et al., 2007) using residues 23 to 247 of a capsid virion 

of PCV2 (Chain A) extracted from the 3ROR crystal structure (Khayat et al., 2011) as a 

search model. For the T=1 icosahedrally BFDV VLP, the data with the resolution range of 
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34.5-2.7 Å were included in the refinement. The overall structure was constructed and 

refined to 2.7 Å resolution using COOT (Emsley et al., 2010) and Refmac5 (Murshudov 

et al., 2011). Simulated annealing refinement, positional and B-factor refinement, 

followed by manual revision of the model, resulted in an R-factor of 0.194 (Rfree=0.208). 

Similarly, T=1 BFDV VLP in a complex with DNA was refined to 2.6 Å resolution using 

COOT (Emsley et al., 2010), and finally resulted in an R-factor of 0.190 (Rfree=0.201). 

Phenix program (Echols et al., 2012) was also used to produce a quality final model.  

BFDV Cap decamer assembly existed in two crystal forms; P212121 space group, 

with diffraction resolution range of 32.5-2.0 Å included in the refinement. Here, the 

overall decamer structure was constructed and refined to 2.0 Å resolution using COOT 

(Emsley et al., 2010) and Refmac5 (Murshudov et al., 2011). Simulated annealing 

refinement, positional and B-factor refinement, followed by manual revision of the 

model, resulted in an R-factor of 0.209 (Rfree=0.234). Similarly, decamer assembly for the 

space group F41 3 2 was refined to 3.8 Å resolution using Coot (Emsley et al., 2010), 

which finally resulted in an R-factor of 0.290 (Rfree=0.291). The Phenix program (Echols 

et al., 2012) was also used to produce a quality final model. Data collection and 

refinement statistics are summarized in Table 7.4. 

 7.3.6 Protein-DNA interactions 

This approach was used to study the in situ interaction between BFDV-Cap and 

DNA labelled with fluorescence dye with excitation characteristics near 40 ms detecting 

signals from proteins binding with DNA. Furthermore, co-crystallisation of Cap 

constructs with non-fluorescent DNA (protein: DNA = 1:2) were also conducted. To study 

protein-DNA interaction, oligonucleotides possessing a modified 3′ end with fluorescent 

labelled dye were purchased from Sigma-Aldrich, USA. BFDV Rep DNA labelled with 
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Alexa Fluor® 488 (BFDVRepAF488: 5′-

CCGGACGCAAAATGAAGGAAGTCGCGCGAGAGTTCCC-3′) is a bright, green-fluorescent 

dye which yield high fluorescent quantum with great sensitivity, and allow detection of 

low-abundance biological structures. Another BFDV Rep DNA labelled with Alexa Fluor® 

647 (BFDVRepAF647: 5′-CGCGGTGACCGTCTCTCGCCACAATGCCCA-3′) is a bright, far-red 

fluorescent dye which can be attached to proteins at high molar ratios without 

significant self-quenching, leading to brighter conjugates and more sensitive detection. 

Two conditions were selected based on the solved structure of T=1 icosahedral lattice, 

and decamer assembly of BFDV Cap. The condition containing 0.8 M Sodium/potassium  

phosphate, pH 7.4, and 1.1 M ammonium sulfate and Tris, pH 8.5 were chosen for T=1 

icosahedral lattice and  decamer assembly, respectively. A fixed amount (0.85 µM) of 

fluorescent-labelled DNA were mixed into each crystallisation drop containing 

respective BFDV Cap constructs, and suspended above 300 ml of reservoir solution. 

After several days incubation at 290 K, the well containing crystals with fluorescent 

labelled DNA were examined under inverted fluorescence microscope (ECLIPSE Ti, 

Nikon) for the detection of fluorescent generated from the crystal binding with DNA. 

 7.3.7 Electrophoretic mobility shift assays (EMSA) for DNA binding 

Gel shift assays were performed to detect protein complexes with nucleic acids. 

The ability of wildtype (WT) BFDV Cap and truncated BFDV Cap (Cap∆NLS) were assessed  

according to the method described by Heath et al. (2006). Briefly, 0.5 µg/ml of purified 

proteins were diluted with binding buffer (100 mM Tris-HCl, pH 8, 300 mM KCl, 25 mM 

MgCl2, 20% glycerol, 500 g/ml BSA) and added to 100 ng of BFDV Rep ssDNA (717 bp), 

pGEMBFDV plasmid DNA, and dsDNA comprised ladder (SM0331; Thermo Fisher 

Scientific). The pBFDV plasmid DNA contained the entire BFDV genome (GenBank 
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accession no. KF385406) cloned into the pGEM-T Easy plasmid (Sarker et al., 2014c). 

Plasmids were purified using PureYield™ Plasmid Miniprep System (Promega, USA) 

according to the manufacturer’s instructions. The binding reactions were incubated at 

37°C for 1 h, followed by they were loaded on to 0.8% agarose gels stained with GelRed 

(Biotium, Hayward, CA) at 90V for 2 hrs using 0.5× TBE buffer and visualized by UV 

transillumination.  

 7.3.8 Biological relevance of the novel decamer BFDV Cap structure  

 7.3.8.1 Gel filtration chromatography 

The purified protein of BFDV-Cap was further analysed with gel filtration 

chromatography (Superdex 200 10/300 GL column, GE healthcare) for the separation of 

self-assembled fractions of protein with distinct molecular sizes. More systematic 

examination of the complex formation of BFDV-Cap was conducted using buffer at 

various pH such as 7.0, 9.0, 10.5, and 11.0. All buffers contained 150 mM NaCl, except 

buffer at pH 10.5, which has supplemented with 500 mM NaCl with or without L-

arginine. The column was equilibrated with respective buffer before each run and a flow 

rate 0.5 mL/min was selected. After incubating the BFDV-Cap protein at these pH 

dependent buffers for half an hour, approximately 500 µL of diluted protein (1 mg/mL) 

was loaded into the gel filtration column. 

 7.3.8.2 Haemagglutination assay 

To understand the biological activity of gel chromatographic separated BFDV-Cap, 

a haemagglutination assay (HA) was conducted according to the established protocol 

for BFDV (Khalesi et al., 2005; Raidal & Cross, 1994b). Briefly, 50 µL (0.1 µg) of all 

associated-dissociated BFDV-Cap soluble protein (monomer, decamer and entire 

capsid) was added in the first column. Following two-fold serial dilutions of the viral 
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proteins, 50 µL of known positive and negative galah red blood cells (RBCs) were added 

to each well of 96-well plate. HA test was further implemented to the fractions collected 

from the outside of true peak.   

 7.4 Results  

 7.4.1 Protein production 

To better understand the structural and functional characteristics of the BFDV 

Cap, the selected gene fragments depicted in  

Figure 7.1 were cloned into the bacterial expression vector pMCSG21 (Stols et al., 

2007). The proteins were solubly over-expressed using the IPTG-induction according to 

the method described by Sarker et al. (2015). Purification of the proteins, obtained 

through a two-step process incorporating affinity and size exclusion chromatography, 

resulted in greater than 95% purity as shown in Figure 7.2 and Figure 7.3. The constructs 

of FL BFDV Cap, CapNLS1, CapNLS2 and CapNLS3 could be concentrated to 15.5 mg/mL, 

18.6 mg/mL, 16.7 mg/mL and 11.6 mg/mL, respectively, and were analysed by SDS-PAGE 

(Figure 7.3A and B, Figure 7.3C and D, Figure 7.3E and F, respectively).  
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Figure 7.1: Schematic representation of the BFDV Cap constructs used in this study. NLSs are indicated by 
a solid dark red box. Constructs were engineered based on the residues constituting the potential bipartite 
NLSs, which are indicated by box. Construct Cap∆NLS was designed, expressed and purified in the previous 
Chapter 6. Capsid protein of BFDV genome nucleotide and amino acid (KF385406) numbering according 
to Sarker et al. (2014c). 

 

 

 

Figure 7.2: SDS-PAGE and protein purification profiles of recombinant entire BFDV-Cap gene. (A) FPLC 
profiles of the affinity chromatography purification with SDS-PAGE insert showing whole E. coli cell lysate 
in lane 1; soluble protein fraction of the E. coli cell lysate in lane 2; flow-through from the affinity column 
in lane 3; affinity elution in lane 4. (B) Size exclusion chromatography purifications indicating the elution 
volumes for recombinant BFDV-Cap and SDS PAGE insert showing the final purity of the concentrated 
protein in lane 5. 
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Figure 7.3: SDS-PAGE and protein purification profiles of recombinant BFDV-Cap constructs CapNLS1 (A 
and B), CapNLS2 (C and D) and CapNLS3 (E and F). (A, C and E) FPLC profiles of the affinity chromatography 
purification with SDS-PAGE insert showing whole E. coli cell lysate in lane 1; soluble protein fraction of the 
E. coli cell lysate in lane 2; flow-through from the affinity column in lane 3; affinity elution in lane 4. (B, D 
and F) Size exclusion chromatography purifications indicating the elution volumes for recombinant BFDV-
Cap and SDS PAGE insert showing the final purity of the concentrated protein in lane 5. 
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 7.4.2 Crystallographic trials  

To determine conditions that could induce crystallisation of the various 

constructs, 384 conditions were set up for the proteins, from 8 different screens 

((PEG/Ion, PEG/Ion 2, Crystal Screen and Crystal Screen 2 from Hampton Research, 

ProPlex MD1-38 and MD1-29-CF PACT). Crystals of the CapNLS2 proteins were obtained 

in conditions from Hampton Crystal Screen (No. 34) and ProPlex MD1-38 (Box-2) (Nos. 

19 and 32) whilst the Cap∆NLS construct (Sarker et al., 2015) produced crystals from 

Hampton Crystal Screen (No. 11) and ProPlex MD1-38 (Box-2) (Nos. 22 and 32). At the 

point of writing this thesis, there was no observable crystal growth using proteins from 

full length BFDV-Cap, NLS1 and NLS3 constructs. Optimisation of the crystallisation 

conditions was undertaken by altering the concentration of the precipitants, pH, salt 

concentrations, and various additives to grow larger and/or better-diffracting crystals. 

Distinctive changes in crystal morphology were noted during the optimisation process, 

and these can be found in Table 7.2. For CapΔNLS small sized diffraction quality multiple 

crystals were obtained from the conditions containing 0.1 M sodium citrate tribasic 

dehydrate, pH 5.5 and 0.9 M ammonium phosphate monobasic at 16 °C after several 

weeks. Medium to large single crystals were grown within a few days in the drops 

comprised of a mixture of protein solution and the precipitant solution at a 1:1 ratio 

(ammonium sulfate and Tris or ammonium sulfate and MES or sodium/potassium 

hydrogen phosphate) (Table 7.3). 
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Table 7.2: Optimised conditions resulting in crystals for the constructs Cap∆NLS and CapNLS2 

Crystal Kit / 
condition 

Optimisation methods Result 

  Construct Cap∆NLS 

Hampton 
Crystal Screen / 
11 
 

Vary pH of Sodium 
citrate tribasic dihydrate 
(5.0-7.5)  

 Increase pH >7.0 retarded crystal growth 
 Decrease pH 5.0-6.5 increased the number of 

crystal but the size of crystal was similar to original 
condition  

Vary concentration of 
Ammonium phosphate 
monobasic (0.6-1.4M) 

 Decrease concentration <0.8M  retarded crystal 
growth 

 Increased concentration >1.3M  deterred crystal 
growth 

 Concentration between 0.9 and 1.2M increased 
the number of crystal but not size of crystal 

Seeded with shattered 
crystals 

 Accelerated growth, but the size of crystal was 
similar to original condition 

Additive screen: 
conditions grown 

 There was no remarkable changes recorded 

Proplex 2 / 22 Vary pH of Tris (7.0- 9.5)  Decrease pH 7.0-7.5 retarded crystal growth 
 Increase pH 8.0-8.5 increased crystal growth and 

size, and vary shape  
 Increase pH >9.0 significantly increased the crystal 

size and vary shape, however diffraction pattern 
was not good  

Vary concentration of 
Ammonium 
sulphate (0.6-1.4M) 

 Concentration between 0.6 and 1.1 increased the 
size of crystal 

 Concentration >1.2 significantly increased the 
crystal size, however it was smeary during 
diffraction 

Seeded with shattered 
crystals 

 Accelerated growth, but the size of crystal was 
similar to different optimised conditions 

Additive screen: 
conditions grown 

+0.1M Barium chloride 
dehydrate 

Slowed growth and 
decreased size   

 +0.1M Calcium chloride 
dehydrate 

Slowed growth and 
decreased size   

 +0.1M Magnesium 
chloride hexahydrate 

Slowed growth and 
decreased size   

 +0.1M Strontium chloride 
hexahydrate 

Slowed growth and 
decreased size   

 +0.1M Yttrium(III) chloride 
hexahydrate 

Decreased size but the 
shape was good   

 0.1M Iron(III) chloride 
hexahydrate 

Large and very good 
shaped crystals 

 +0.1M Chromium(III) 
chloride hexahydrate 

Slowed growth and 
decreased size   

 +0.1M Praseodymium (III) 
acetate hydrate 

Slowed growth  

 +0.1M Phenol Slowed growth  
 +30% v/v Dimethyl 

sulfoxide 
Slowed growth and 
different shape   

 0.1M Sodium bromide Large and very good 
shaped crystals  

 +30% w/v 1,6-
Diaminohexane 

Slowed growth and 
decreased size   

 +0.1M Betaine 
hydrochloride 

Slowed growth and 
decreased size   
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Table 7.2: Continued    
Crystal Kit / condition Optimisation methods Result  

  Construct Cap∆NLS  

  +0.1M Sarcosine Large and very good 
shaped crystals 

  +1.0M Guanidine 
hydrochloride 

Slowed growth and 
decreased size   

  +0.1M Urea Slowed growth and 
decreased size   

  +0.1M Adenosine-5’-
triphosphate disodium 
salt hydrate 

Slowed growth and 
decreased size   

  +1.0M Potassium 
chloride 

Deterred growth  
 

  +1.0M Glycine Deterred growth  

  Constructs Cap∆NLS and CapNLS2 

Proplex 2 / 32 Vary pH of 
Sodium/potassium  
phosphate (6.0-8.2) 

 Decrease pH 5.0-5.8 retarded crystal growth 
 Increase pH 6.0-8.2 increased crystal growth 

and size, and vary shape  

 Vary concentration of 
sodium/potassium  
phosphate (0.2-1.6M) 

 Decrease concentration <0.4M retarded 
crystal growth 

 Concentration between 0.7 and 1.2M 
increased the size of crystal 

 Increase concentration >1.3M deterred 
crystal growth 

  Construct CapNLS2  

Proplex 2 / 19 Vary concentration of 
Ammonium 
sulphate (0.2-1.0M) 

 Concentration between 0.4 and 0.8 increased 
the size of crystal 

 

 Vary pH of 0.1 M MES 

(5.0- 8.5) 
 Decrease pH 5.0-6.0 retarded crystal growth 
 Increase pH 6.5-8.0 increased crystal growth 

and size, and vary shape  
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Table 7.3: Visualisation of BFDV capsid protein crystals using inverted fluorescence microscope (ECLIPSE 
Ti, Nikon)  

Crystallisation conditions  4X 10X 

Construct CapNLS2 

0.8M Sodium/potassium  
phosphate pH 7.4 

  

0.8M Sodium/potassium  
phosphate pH 7.4 with Alexa 
Fluor 488 labelled DNA 

  

0.8M Sodium/potassium  
phosphate pH 7.4 with Alexa 
Fluor 647 labelled DNA 

  

 Construct Cap∆NLS  

0.1M Sodium citrate tribasic 
dehydrate pH 5.6 

0.9M Ammonium phosphate 
monobasic 

  

1.0M Ammonium 

sulphate 

0.1M Tris pH 8.5 

 

  

1.1M Ammonium 

sulphate 

0.1M Tris pH 9.0 
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Table 7.3: Continued   

Crystallisation conditions  4X 10X 

Construct Cap∆NLS 

1.2M Ammonium 

sulphate 

0.1M Tris pH 9.5 

 

  

1.0M Sodium/potassium  
phosphate pH 6.4 

  

1.0M Ammonium 

sulphate 

0.1M Tris pH 8.5 with 
Alexa Fluor 488 (left) and 
647 labelled DNA (right) 

 

  

   

 

 7.4.3 Optimisation of X-ray diffraction 

A series of experiments were conducted to improve the diffraction resolution of 

the crystals by screening the pH, salt concentration, and/or various additive conditions. 

The initial data sets of the CapNLS2 construct were collected at 3.2 Å, however through 

screening with different concentration of Sodium/potassium phosphate, larger crystals 

were obtained that diffracted to 2.6 Å. The quality of the diffraction reflections were 

excellent (Figure 7.4A and B), with many sharp reflections observed between 34.5 Å and 

2.6 Å. Crystals from purified protein of Cap∆NLS using 1.0 M ammonium sulphate and 

0.1 M Tris, pH 8.5 were very smeary (Figure 7.4C), whilst with additives (0.1 M iron 
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chloride or 0.1 M sarcosine or 0.1 M sodium bromide), reflections were sharp and 

between 32.5 Å and 2.0 Å (Figure 7.4D).  

  

  

Figure 7.4: Diffraction patterns of BFDV-Cap constructs CapNLS2 (A), CapNLS2 in a complex with Alexa 
Fluor 488 labelled DNA (B) from a condition containing 0.8M sodium/potassium phosphate pH 7.4, and 
Cap∆NLS crystal in a condition of 1.0 M Ammonium sulphate and 0.1 M Tris, pH 8.5 (C) with 0.1 M Iron 
chloride additive and Alexa Fluor 488 labelled DNA (D). 

 7.4.4 Characterisation of the BFDV CapNLS2 structural assembly using X-ray 
crystallography 

The best crystals for the BFDV CapNLS2 construct diffracted to 2.7 Å and 

reflections were integrated in the F432 space group. The asymmetric unit contained 5 

monomers of the BFDV CapNLS2 construct, and the structure solved by molecular 

replacement using Phaser (McCoy et al., 2007) and an altered search model of the PCV2 

structure. A contiguous electron density map enabled residues 41-247 to be built for 

each chain. Residues 23-40 at the N-terminus could not be modelled due to a lack of 

density, presumably due to the flexibility within this region. Monomers were comprised 

of a canonical viral jelly roll (Harrison et al., 1978), built up from two 4-stranded 

antiparallel β-sheets, with sheet 1 comprised of β-strands 1,3,6,8, and sheet 2 comprised 

of β-strands 2,4,5,7. β-strands 1, 3, and 8 are much longer than the other strands (15 
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residues in length), with β-strands 2,4,5,6,7 ranging from 5-10 residues (Figure 7.5). The 

jelly roll domains pack tightly into a pentameric arrangement, which then associate into 

an isocahedral structure containing 60 Cap molecules (Figure 7.5). Overall, the structure 

can be most easily visualised as 12 pentamers, and this is supported from close 

inspection of the SDS-PAGE, showing that a pentamer is actually resistant to the SDS 

denaturation during electrophoresis (Figure 7.3D). Every Cap monomer witin the 60-mer 

makes contacts with 7 other Cap molecules. There is a total of >179,910 Å2 of buried 

surface area within the full virus of which 32% is associated within a pentamer, and 68% 

is involved in holding the 12 pentamers together. Within each pentamer, the total 

buried surface area is ~4700 Å2, and each Cap monomer associates with 4 other 

monomers. Two of these interfaces involve a buried surface area of 951 Å2 (16 HB, 2 SB), 

while the other 2 are barely associated, with only 3.5 Å2 of buried surface area (0 HB, 0 

SB). The pentamers are held together by every Cap molecule interacting with 3 other 

molecules outside the pentamer, 2 of these are identical and involve 1670 Å2  each (33 

HB, 4 SB), and one interaction with 748 A2 (8 HB, and  0 SB). The diameter of the VLP is 

200 Å, and exhibits a volume of 1,917,050 A3. Three-dimensional surface map 

reconstruction of CapNLS2 exhibited the icosahedral 5-fold pentameric subunits 

corresponding to a true T=1 particle (Figure 7.6).   
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Figure 7.5: Ribbon representation of viral capsid structure. (A) A Ribbon diagram of the crystal structure 
of BFDV Cap monomer comprising with two 4-stranded antiparallel β-sheets. (B) Stereoribbons diagram 
showing five viral jelly rolls arranged into pentameric unit. (C) 12 flattened pentameric units associated 
into an icosahedral symmetry containing 60 molecular subunits. 

 

 

Figure 7.6: Three-dimensional surface map of BFDV Cap structures. (A) CapNLS2 virion surface viewed 
along an icosahedral 5 fold axis, showing the pentameric subunits centrally. (B) Cap∆NLS decamer surface 
map showing one pentamer interacting the adjacent opposite pentamer. Radially colour-coded outer 
surfaces of capsid virion of CapNLS2 and a novel decamer structure. 
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 7.4.5 Structural characterisation of BFDV CapNLS2 in a complex with DNA 

Many studies have shown the BFDV Cap protein is able to interact with DNA. To 

examine this interaction at a molecular level, crystallisation of the CapNLS2 construct 

was performed in the presence of three types of DNA: DNA labelled with Alexa Fluor 488 

(37 nucleotides), DNA labelled with Alexa Fluor 647 (30 nucleotides), and unlabelled 

DNA. As shown in the Table 7.3, the crystals contained all three types of DNA. Several 

datasets were collected on all types of crystals, to approximately the same resolution. 

All structures were solved, and revealed the same electron density for the DNA. The 

presence of the labelled fluorophore could not be discerned from the electron density. 

Since the structures were all the same, the characterisation of the Cap:DNA interface 

will be focussed on the CapNLS2: unlabelled DNA, which gave the best diffraction 

statistics (Table 7.4). 

The best crystals diffracted to 2.6 Å and reflections were integrated in the same 

space group as CapNLS2 (F432 space group). Similarly, the asymmetric unit contained 5 

monomers of the BFDV CapNLS2 construct, and the structure was solved by molecular 

replacement using Phaser (McCoy et al., 2007). Overall the protein structure was very 

similar to the CapNLS2 structure (RMSD: Bond length (Å): CapNLS2 = 0.014, CapNLS2 in 

a complex with DNA = 0.015, Table 7.4 for details), however clear electron density could 

be seen for the DNA. This was modelled using COOT and described below. Interestingly, 

there were some additional contacts/interfaces observed in the presence of DNA. There 

is a total of >210,066 Å2 of buried surface area within the full virus of which 37% is 

associated within a pentamer, and 63% is involved in holding the 12 pentamers together 

(Figure 7.7). Within each pentamer complex with DNA, the total buried surface area is 

~6500 Å2 (compared with 4700 Å2 without DNA), and each Cap monomer associates Å2 
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with 4 other monomers. Two of these interfaces involve a buried surface area of 1707 

(22 HB, 2 SB) (compared with 951 Å2; 16 HB, 2 SB), while the other 2 are barely 

associated, with only 4.6 Å2 of buried surface area (0 HB, 0 SB) (compared with 3.5 Å2; 0 

HB, 0 SB). The pentamers are held together by every Cap molecule within the pentamer 

interacting with 3 other molecules outside the pentamer. Two of these are identical and 

involve 1828 Å2 (37 HB, 3 SB) (compared with 1670 Å2; 33 HB, 4 SB) of buried surface 

area and one interaction with 723 Å2 (10 HB, 0 SB) (compared with 748 A2; 8 HB, 0 SB). 

The diameter of the VLP was the same, 200 Å, and exhibits a volume of 2,163,138 Å3. 

Surprisingly, the key interactions with DNA did not involve the NLS region as 

hypothesised from the literature. Instead, residues Thr49, Lys102, Lys105, Lys163, Arg167, 

Tyr237, Gln239 of chain E, and Lys154, Lys155 of adjacent side chain A were shown to bind 

to the DNA (Figure 7.8). This is also consistent with the observation that CapdNLS, where 

all NLS residues have been removed, is still able to bind fluorescent-labelled DNA in 

crystals (Figure 7.12). Each Capsid molecule is binding 4 nucleotides, and therefore a 

total of 240 nucleotides are lining the surface in the crystal structure. Overall, it can been 

seen the capsid could therefore easily accommodate the virus genome of 2000 bp given 

the large internal volume that is not occupied. The DNA binding sites are conserved 

among the BFDV isolates, however, the binding residues of BFDV Cap are not conserved 

with PCV2 capsid protein (Figure 7.9). 
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Figure 7.7: Overall crystal structure of an icosahedral form of the BFDV CapNLS2-DNA complex. (A) Ribbon 
diagram of a structure of the T=1 icosahedral virion of BFDV CapNLS2-DNA complex showing the DNA in 
magenta colour. (B) Surface map showing inside of the icosahedral virion structure after removal of one 
pentamer structure. (C) half of the T=1 virion lattice; all monomers depicted differently with blue colour, 
and the DNA with red colour. 
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Figure 7.8: Nucleocapisd-DNA interaction. Close up interaction between BFDV Cap and the DNA. The DNA 
is shown as stick model and the protein moiety as a coil. The residues contacting the phosphates and 
ribose moieties are shown as sticks. **indicating residues from an adjacent chain A. 

 

 

Figure 7.9: Sequence conservation of BFDV capsid proteins. The BFDV Cap protein sequences showing 
highest divergence were selected from 446 full Cap sequences available in GenBank. The sequence 
similarity between two representative sequences of a BFDV Cap (AHX56397) and a PCV2 Cap (3r0r) is 30%. 
The red box highlighted the conserved residues of BFDV Cap for binding DNA in the crystal structure. 
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 7.4.6 Structural determination of BFDV CapΔNLS protein  

Analysis of other icosahedral viruses indicated that the positively charged N-

terminal domain may be involved in stabilising an icosahedral structure. Therefore, a 

construct was engineered that completely removed all N-terminal residues that were 

annotated as part of the NLS region, and not being part of the capsid virion structure. A 

construct encoding ∆N46 to ∆C241 produced two different crystal forms, one diffracting 

to 2.0 Å in p212121, and contained 10 molecules in the asymmetric unit, and the other in 

F4132, diffracted to 3.8 Å and contained 15 molecules in the asymmetric unit. In crystal 

form 1, the monomers associated tightly to form a novel decamer structure. This 

structure can be most easily described as two pentamers forming together like two 

hands associating (Figure 7.10). There is >15,000 Å2 of buried surface area between the 

subunits, of which 56% is involved in keeping the pentamers together, and 44% is 

involved in holding the two pentamers together. Holding the pentamers together, each 

monomer will interact with two adjacent monomers of the opposite pentamer, burying 

658 Å and 405 Å of surface area. Within each pentamer, a monomer will associate with 

2 adjacent monomers, each interaction burying 830 Å of surface area. These interactions 

are characterised by 2 salt bridge between Glu107 and Lys155, and ~18 HB’s. In each 

pentamer, monomers are arranged radially around a central pore, with Tyr115 exposed 

at the surface of the pore, and V117 lining the pore. The overall diameter is 110 Å and 

the structure has a volume 306,263 Å3 (~6 times smaller than the 60-mer).  

Interestingly, the second crystal form, which initially thought would form the 

60mer, actually contained three pentamers in the asymmetric unit, two of which formed 

the same decamer structure above, and the other pentamer forming a decamer through 
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crystallography symmetry. Furthermore, three-dimensional surface map of Cap∆NLS 

arranged in two sets of pentamer; one pentamer protein structure interacting with 

opposite pentamer structure, and forming a unique decamer Cap structure (Figure 7.6).   

In addition to providing unique insights into the biology of BFDV replication, these 

assemblies have outstanding properties for packaging genetic material including a highly 

positively charged interior (Figure 7.10 Panel: B), N-termini of all Cap molecules are 

orientated externally, enabling engineering of targeting peptides, and knowledge of 

assembly and disassembly of these structures.    

 

 

 

Figure 7.10: Diagram showing the decamer assembly process of N-terminally truncated BFDV Cap 
structure (Cap∆NLS). The structure encodes two pentamers that governs the assembly of decamer. Each 
pentamer comprised with monomers that arranged radially around central core (Panel: A). Most 
remarkably, the inner core of this assembly is strongly positively charged (shown in blue in the image to 
the right with one Cap molecule removed), suggesting a role in DNA packaging (Panel: B). 
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Table 7.4: Data collection and refinement statistics 

  aStatistics for the highest-resolution shell are shown in parentheses. 

 

 7.4.7 Confirmation of the role of BFDV-Cap structure for DNA packaging 

In situ fluorescence-based imaging was also used to assess the functional 

significance of T=1 icosahedral lattice, and decamer Cap structure in mediating DNA 

binding. Figure 7.11 and 7.12 shows the direct visualisation of fluorescently labelled DNA 

from the BFDV capsid protein crystals by inverted fluorescence microscopy. 

Fluorescence was generally distributed evenly throughout the crystals with higher 

intensity appearing in the centre of the crystal (Figure 7.11C and D, and Figure 7.12C and 

D). Crystals of both T=1 icosahedral lattice and decamer BFDV-Cap assembly (∆N23 and 

∆N46 amino-terminal, respectively) demonstrated the capacity to bind BFDV-Rep DNA, 

and therefore might be playing a potential role for the translocation of BFDV-Rep DNA 

Constructs Cap∆NLS CapNLS2   
CapNLS2-DNA 
complex 

Data collection 

 Space group P 21 21 21 F 41 3 2 F 4 3 2 F 4 3 2 
 X-ray wavelength (Å) 0.95370 0.95370 0.95370 0.95370 

Unit cell dimensions 

 a, b, c (Å) 
78.79 148.37 
188.62 

484.55 484.55 
484.55 

377.14 377.14 
377.14 

377.95 377.95 
377.95 

 α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

 Resolution range (Å)a 
32.57-2.0  (2.07-
2.0) 

34.70-3.80 (3.92- 
3.8) 

34.50-2.70 (2.77-
2.70) 

29.88-2.60 (2.66-
2.60) 

 Rpim 0.043 (0.241) 0.157 (0.808) 0.098 (0.644) 0.076 (0.447) 
 Average I/σ (I)a 10.7 (2.9) 5.1 (1.2) 9.2 (1.7) 9.1 (1.9) 
 Multiplicitya 4.4 (4.1) 11.7 (12.0) 10.9 (8.9) 14.1 (14.1) 
 Completeness (%)a 99.2 (98.0) 99.9 (100) 99.9 (99.7) 100.0 (100.0) 
 Wilson B-factor 20.65 108.76 42.29 37.38 

Refinement 

 Total reflections 653532 (29541) 565296 (52608) 684449 (38733) 1003512 (63352) 
 Unique  reflections 148310 (7166) 48235 (4377) 63059 (4359) 70981 (4482) 
 Rwork 0.2092 0.2904 0.1942  0.1906 
 Rfree 0.2344  0.2910 0.2083  0.2017  

RMSD 

 Bond length (Å) 0.007 0.007 0.014 0.015 
 Bong angles (°) 1.14 1.12 1.16 1.26 

Ramachandran plot (%) 

 Favoured 98 98 97 96.1 
 Allowed 1.6 1.6 3 3.9 
 Outliers 0 0 0 0 
 Rotamer outliers (%) 1.1 1.3 1 1.2 
 Clashscore 5.73 4.18 2.25 3.45 
 Average B-factor 27.23 54.17 35.52 33.77 
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into the nucleus. Interestingly, it has been shown that the removal of 23 and 46 amino-

terminal residues did not alter the binding and localization of BFDV-Rep DNA.    

 7.4.8 EMSA analysis for the binding of BFDV-Cap with DNA  

The ability of the BFDV Cap to bind ssDNA and dsDNA was further assessed by its 

ability to retard the migration of nucleic acids during native gel electrophoresis. Two-

step purified recombinantly expressed 6-His tagged fusion full-length and Cap∆NLS 

constructs strongly retarded the movement of Rep DNA, double-stranded (ds) plasmid 

containing the full-length BFDV and dsDNA comprised ladder (Figure 7.13). Interestingly, 

it has been documented that there was no observable difference in the DNA binding 

activities between the full-length BFDV-Cap and the truncated BFDV-Cap (removal of 46 

amino-terminal residues).  
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Figure 7.11: Interaction between crystals of recombinant BFDV-Cap (construct Cap∆NLS) and BFDV-Rep 
DNA labelled with Alexa Fluor® 488 (a bright green-fluorescent dye) and Alexa Fluor® 647 (a bright far-red 
fluorescent dye). Cylinder shape crystals were grown from 1.0 M Ammonium sulphate and 0.1 M Tris, pH 
8.5. (A & B) BFDV-Cap crystals with BFDV-Rep DNA labelled with Alexa Fluor® 488 and Alexa Fluor® 647, 
respectively. (C & D) Crystal with high fluorescence quantum yielded from the BFDV-Cap protein that 
interact with BFDV-Rep DNA labelled with Alexa Fluor® 488, Alexa Fluor® 647, respectively, and that allow 
the detection of biological relevance of Cap structure with great sensitivity, and (E & F) Merged image 
(overlay) are also shown. 
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Figure 7.12: Interaction between crystals of recombinant BFDV-Cap (construct CapNLS2) and BFDV-Rep 
DNA labelled with Alexa Fluor® 488 (a bright green-fluorescent dye) and Alexa Fluor® 647 (a bright far-red 
fluorescent dye). Cubic and tetragonal shape crystals were grown from 0.8 M Na/K hydrogen phosphate, 
pH7.4 (A & B) BFDV-Cap crystals with BFDV-Rep DNA labelled with Alexa Fluor® 488 and Alexa Fluor® 647, 
respectively. (C & D) Crystal with high fluorescence quantum yielded from the BFDV-Cap protein that 
interact with BFDV-Rep DNA labelled with Alexa Fluor® 488, Alexa Fluor® 647, respectively, and that allow 
the detection of biological relevance of Cap structure with great sensitivity, and (E & F) merged image 
(overlay) are also shown. 
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Figure 7.13: Electrophoretic mobility shift analysis for the interaction of recombinant BFDV-Cap with 
various DNA samples. (a) ssDNA containing the BFDV Rep gene in the absence of protein (lane 1), in the 
presence of purified WT BFDV-Cap (lane 2), and in the presence of purified truncated BFDV-Cap (Cap∆NLS) 
(lane 3). (b) plasmid preparation of pGEM-T-Easy containing BFDV genome in the absence of protein (lane 
1), in the presence of WT BFDV-Cap purified protein (lane 2), in the presence of purified Cap∆NLS (lane 
3). (c) dsDNA containing ladder in the absence of protein (lane M), in the presence of WT BFDV-Cap 
purified protein (lane 1), in the presence of purified Cap∆NLS (lane 2). Lane M is the molecular size marker. 
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 7.4.9 Biological significance of novel decamer BFDV Cap structure 

 7.4.9.1 Self-assembly analysis of decamer Cap structure by gel filtration 
chromatography 

The chromatographic separation of BFDV-Cap assemblies are predicted in Figure 

7.14. There was only a single peak at the void volume of 8.2 mL in the case of entire 

BFDV-Cap which contained a large complex of BFDV-capsid virion with approximately 

the size of the 60-mer. In contrast, there were two fractions with distinct molecular sizes 

in the purified solution of the truncated BFDV-Cap (Cap∆NLS); the first fraction eluted 

at volume of 12.0 mL and contained a large complex of BFDV-Cap protein with 

approximately the size of a BFDV-Cap decamer, and the second fraction at volume of 

17.0 mL contained the monomer of BFDV-Cap. It has been shown that the fraction 

containing the decamer was dominant during the gel chromatographic separation of 

truncated BFDV-Cap under all buffering conditions, except the buffer with high 

concentration of NaCl at pH 10.5 (Figure 7.14). However, there was no potential 

influence of different buffering conditions on the dissociation of the entire BFDV-Cap. 

Interestingly, the peaks corresponding to the decamer was more dominant in buffer, at 

pH 7.0, 9.0 and 11.0, suggesting that a larger portion of the truncated BFDV-Cap existed 

as decamer. However, increases in both ionic strength and pH resulted in a greater 

proportion of the Capsid dissociating into a monomer (Figure 7.14; purple broken line 

and light blue solid line). These attributes will be useful in testing assembly/dissambly 

properties of these Cap oligomeric units during transfection studies of siRNA molecules. 
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Figure 7.14: Chromatographic separation of purified BFDV-Cap protein on Superdex 200 10/300 GL 
column at various pH. Entire Cap of BFDV is existed as 60-mer in the solution where as truncated BFDV-
Cap existed as decamer and monomeric unit of protein. Blue, red and purple solid line for entire BFDV-
Cap, and broken line for truncated BFDV-Cap at pH 7.0, 9.0 and 10.5 (native buffer), respectively. Green 
and light blue solid line for truncated BFDV-Cap at pH 11.0 and 10.5 (supplemented with 200 mM L-
arginine), respectively. Arrows indicating 60-mer, decamer and monomer at void volume approximately 
8.2, 12.0 and 17.0 mL, respectively. 

 

 

 7.4.9.2 HA activities of gel separated BFDV-Cap   

There was no significant difference in the HA activities using all soluble forms of 

associated/dissociated recombinant BFDV-Cap (Figure 7.15). Compared to the positive 

beak and feather disease viral antigen (row B), all Cap forms of recombinant BFDV-Cap 

protein including monomer (row E), decamer (row C and D) and full-length capsid (row 
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F) were able to cause haemagglutination (Figure 7.16). The monomeric form of 

recombinant BFDV-Cap causes haemagglutination up to the 1:2560 (row E); therefore 

the HA titre of this viral Cap is 2560 HAU per 0.1µg, whereas the recombinant BFDV-Cap 

decamer (row C and D) and full-length Cap (row F) exhibits almost similar 

haemagglutinating activities (640 HAU/0.1 µg). There was no detectable HA activity 

using known negative galah RBCs (right; Figure 7.16). Furthermore, there was no visible 

HA activities using fractions collected from the outside of soluble protein peak (Figure 

7.16). 

 

 

 

Figure 7.15: HA activities using gel chromatographic separated BFDV-Cap. All of the associated-dissociated 
form of BFDV-Cap acts as true viral antigen. Star indicating the intensity of HA activity among gel 
chromatographic separated proteins. Arrows showing the negative (-ve) HA activities at the fractions 
collected from the outside of true peak. 
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Figure 7.16: Haemagglutination (HA) activity among gel chromatographic separated different form of 
purified BFDV-Cap protein as the source of antigen. Two-fold dilutions of samples of BFDV (B-F) were 
prepared, mixed with known positive galah RBCs (left) and mixed with known negative galah RBCs (right). 
Row A contained PBS as a negative control and row B is a two-fold dilution of know positive BFDV 
suspension. Row C and D contained recombinant BFDV-cap protein complex as a decamer at pH 7.0 and 
11.0 respectively, whereas row E contained recombinant BFDV-Cap protein monomer at pH 10.5. 
Recombinant full-length capsid protein was also added in row F for the comparison of HA activity with 
decamer and monomer. 

 

 7.5 Discussion 

In this structure-function study, the first atomic structure of the capsid protein of 

BFDV was determined in two different states. These structural studies unveil a unique 

decamer assembly (comprised of two pentamers) in both solution, and in two different 

crystal forms, as well as a T=1 icosahedral symmetry comprised of 12 flattened 

pentameric morphological units. These two different arrangements of BFDV Cap 

structure warrants further investigation in order to understand protein-DNA interaction 

occur during packaging and genome replication. The crystal structure of a recombinant 

BFDV CapNLS2-DNA complex, is organised in an icosahedral lattice which has been 

determined at 2.6 Å. Interestingly, it has been demonstrated that the DNA binding sites 

are conserved among all the BFDV genome sequences available on GenBank (Figure 7.8 

and Figure 7.9). Furthermore, in vitro DNA binding assays clearly demonstrate that both 

of the crystal forms and purified proteins could efficiently bind DNA, demonstrating the 

biological relevance of the observed structure. 
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Structural elucidation of the BFDV capsid protein (247 residues in length), the T=1 

icosahedral symmetry, and the two characterised ORFs of its    2000 base genome make 

the BFDV one of the simplest and most devastating viral pathogen for Psittaciformes 

encountered so far. The capsid protein of BFDV genotype (KF385406) can be expressed 

in E. coli cells as CapNLS2 protein, including amino acids 24-247 that self-assemble into 

T=1 VLP (Figure 7.5), and as further removal of residues from N-terminus of ORFV1 

protein, including 47-241 that form a novel decamer assembly (Figure 7.10).  

The BFDV capsid protein structural data demonstrate that the T=1 BFDV VLP has 

a similar morphology to that of PCV2 (Khayat et al., 2011); however, the crystal 

structures of N-terminal truncated BFDV-Cap (∆N46) unveiled a novel decamer 

assembly. Nevertheless, the mechanism for assembly and disassembly of BFDV virions 

is currently not well understood. Similar to Norwalk virus capsid protein (Xing et al., 

2010), deletion of the N-terminal positively charged amino acids from the BFDV capsid 

protein does not induce T=1 VLP because the BFDV capsid protein only contains a short 

N-terminal tail for the three bipartite NLSs. These results highlight that the truncation of 

first 46 residues at the N-terminus and the last 5 residues at the C-terminus of BFDV Cap 

might be required for the interactions between capsomeres during capsid assembly. 

Therefore, this decamer assembly could function as an intermediate form, and seems to 

have an impact on shuttling viral DNA and Rep between nuclear and cytoplasmic 

compartments respectively.  

Interestingly, there was continuous clear density for sugar-phosphate backbone in 

the CapNLS2-DNA complex structure. Further analysis have shown that DNA was 

interacting with the residues Thr49, Lys102, Lys105, Lys163, Arg167, Tyr237, Gln239 of chain E, 

and Lys154, Lys155 of adjacent side chain (Figure 7.8), which is conserved among the BFDV 
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genome (Figure 7.9). In contrast to other studies on DNA binding activities of BFDV Cap 

relied on EMSA (Heath et al., 2006), the crystal structure have shown that DNA binding 

sites are not located in the NLS region. Although, each CapNLS2-DNA bound short DNA 

from the BFDV Rep gene, the large interaction buried surface area (>210,066 Å2) is 

therefore deemed to accommodate the whole viral genome that is not occupied. 

The importance of Cap structures for BFDV infection may have implications for the 

binding and translocation of the BFDV Rep. Using in vitro DNA binding assays, the results 

have clearly shown that purified BFDV Cap could efficiently bind both ssDNA BFDV-Rep 

and ds-plasmid containing entire BFDV genomic DNA (Figure 7.13). In contrast to Heath 

et al. (2006), the study has shown that truncated BFDV-Cap (∆N46 amino-terminal) did 

not impair its intrinsic DNA binding activity (Figure 7.11 and Figure 7.13). It has been 

documented that there was no sequence specificity under gel mobility shift assays 

(GMSA) which is analogous to others (Boulton et al., 1989; Heath et al., 2006), where it 

has been demonstrated that capsid protein is capable for binding both ssDNA and ssDNA 

and plasmid DNA in a sequence non-specific manner. The DNA-binding ability of the 

BFDV-Cap, along with the cryophilic nature of this protein, strongly suggests that it may 

be responsible for nuclear targeting of the viral genome. This is similar to the role of Cap 

in the related geminiviruses, where Cap-mediated nuclear transport of maize streak 

virus DNA is a prerequisite for the establishment of a productive infection of maize 

plants (Boulton et al., 1989).  

The proteins that interact with DNA to maintain fidelity of DNA synthesis, 

replication, and balanced gene expression within healthy cells can under certain 

circumstances become mediators of disease (Happonen et al., 2013). Similarly, the 

encapsidation of BFDV Rep DNA could occur by means of interacting with Cap DNA to 
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maintain the replication, and become mediators of infection. Although these 

interactions are quite complex, recent advancements in synthesis of fluorescence-

labelled oligonucleotides offers an excellent alternative to test this hypothesis over 

traditional GMSA. Although BFDV Cap protein crystals can bind as little as 30 bp of BFDV 

Rep DNA, it showed that the placing of fluorescent signal on the smaller DNA molecule, 

binding to the much larger protein results in a substantial change in fluorescent signal 

(Figure 7.11 and Figure 7.12).  

BFDV Cap decamer assembly was further assessed by pH dependent gel filtration 

chromatography. As shown in Figure 7.14, the population of the decamer shows more 

dominated in buffer at pH 7.0, 9.0 and 11.0 which contain lower concentration of NaCl, 

whereas the relative peak area due to monomer became increasingly dominant with 

increasing NaCl. Similar to others (Imada et al., 1998), this behaviour of the BFDV 

decamer assembly might suggest that a driving force of the assembly protonation of 

amino residues involved in intersubunit interactions, although it is not known at this 

moment whether these interactions are within each pentamer or between them.  In 

contrast to Imada et al. (1998), the results have demonstrated that the decamer 

formation appears to be facilitated while the monomer formation is rather suppressed 

in lower salt buffer. However, the role of the flexible N-terminus in controlling BFDV Cap 

assembly and disassembly, as well as its role in interacting with Rep need to be 

investigated. 

It has been predicated by computer simulation that the native BFDV capsid 

possess T=1 icosahedral symmetry with 12 flattened pentamer units, and suggested that 

such T=1 lattice containing 60 subunits require to make bridges at the twofold positions 

and Y-shaped contacts around the threefold positions (Crowther et al., 2003). Detailed 
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structural features of the BFDV nucleocapsids were provided for the first time to direct 

observation of the two unique conformations between decamer and 60-mer. The BFDV 

capsid (CapNLS2) subunit is a canonical viral jelly roll domains which are packed tightly 

into an icosahedral symmetry built up from 12 pentamers, whereas the N-terminal 

truncated BFDV Capsid (Cap∆NLS) produced a novel decamer structure and contained 

10 molecules in the asymmetric unit (Figure 7.6). It is suggested by molecular simulation 

that T=1 icosahedral capsid assembly of Hepatitis E Virus (HEV) utilises a mechanism in 

which performed aggregates of intermediates combine in contrast to form icosahedral 

symmetry (Xing et al., 2010). Similarly, the N-terminal truncated ORFV1 decamer is 

therefore the intermediate assembly of T=1 BFDV capsid, and each monomer is 

interacting with two adjacent monomers of the opposite pentamer.  

The removal of the N-terminal 46 amino acids prevents BFDV Cap from forming 

T=1 BFDV VLP. In addition to providing unique insights into the biology of BFDV 

replication, these assemblies have outstanding properties for packaging genetic 

material including a highly positively charged interior (Figure 7.10; Panel: B). N-termini 

of all Cap molecules are orientated externally, enabling engineering of targeting 

peptides, and knowledge of assembly and disassembly of these structures. Furthermore, 

it is proven that the NLSs-truncated BFDV Cap (Cap∆NLS) should possess similar 

antigenicity (Chapter 6) and should still confer protection from challenge with live virus, 

provided that antibodies to the NLS are not required for full protection (Bonne et al., 

2009). However, the effect of these modifications have on the uptake, processing of and 

response to the various recombinant BFDV Cap as a candidate vaccine remains to be 

investigated. 
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It is tempting to speculate that the encapsidated genomic DNA may play a direct 

role in the assembly of the BFDV infectious virion. The data demonstrated here that 

BFDV Cap was different from PCV2 in its assembly pathway, particularly producing very 

novel decamer structure, although both viruses are the T=1 icosahedral particles. BFDV 

showed a high sequence similarity to PCV2 (~30%) among the solved structure, and the 

utilisation of a specific binding sites to interact with genomic DNA. Although the 

evolutionary origin for such similarities requires further investigation, the structural 

elucidation of the BFDV structure provides important information and basis for 

understanding such evolution. The unique decamer assembly of BFDV Cap particles 

might also be a useful biological tool for gene or drug delivery system. 
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Chapter 8. General Discussion and Conclusion 

The aim of this research was to discover how BFDV has evolved in the critically 

endangered or vulnerable psittacine birds, and to discover structural insights into BFDV 

Cap for in-depth understanding of the atomic structure of nucleocapsids. Despite 

extensive work completed in the last decade which has highlighted BFDV as an ongoing 

threat for the psittacine bird species globally (Bassami et al., 1998; Bassami et al., 2001; 

Harkins et al., 2014; Jackson et al., 2014; Julian et al., 2012; Julian et al., 2013; Massaro 

et al., 2012; Raidal et al., 1993b; Raidal et al., 1993c; Sikorski et al., 2013), until this study 

there were significant gaps in knowledge of the evolution of BFDV in Australian 

psittacine bird species. Knowledge of the structural determinants of BFDV proteins was 

also non-existent except for  a single study of co-crystallisation of the nuclear localisation 

signals (NLSs) of  BFDV-Cap in a complex with importin alpha (Patterson et al., 2013a). 

As outlined below, this thesis provides new insights into BFDV replication, mutation 

rates, phylogeography and structural biology.  

 8.1 BFDV replication and mutation rates 

There have been very few studies on microbial mutation rates for DNA viruses that 

naturally infect vertebrate hosts (Drake & Hwang, 2005). The focus on mutation as a 

driving force in viral evolution has tended to overlook the deleterious effects on viral 

fitness. Consequently, this thesis presented the genome wide mutation rates in BFDV 

for the first time in Chapters 2 and 3, highlighting that the BFDV exhibits extremely high 

mutation rates, with orders of magnitude falling in the range of 10-3 to 10-4 

subs/site/year. This is greater than those of most of DNA-based life forms (Lauring et al., 

2013). In many ways BFDV and other small circular, ssDNA viruses which exhibit high 

mutation rates are more akin to RNA viruses (Duffy & Holmes, 2008; Harkins et al., 2014; 
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Kundu et al., 2012). Given the likely long timescale for BFDV replication and its small 

genome size a high mutation 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 

were detected using Path-O-Gen (Chapter 3.4.2) but the data represents the highest 

correlation coefficient (0.32) so far yet determined for BFDV genome analysis. The 

measurement of viral mutation rates is a complex issue in itself, and therefore further 

validation for existing mutation rates in BFDV was performed (Chapter 3.4.2) using a 

randomisation test (Firth et al., 2010) to establish unique and reliable mutation rates 

which confirmed the true temporal structure. Studies have concluded that for DNA 

based replication the average mutation 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., 

2014e).  

The inverse relationship of genome size and mutation rates known as Drake's rule 

appears broadly applicable across all domains of life including DNA and RNA viruses with 

high mutation rates seen in viruses a mechanism for optimised adaptability (Bradwell et 

al., 2013). Various studies with bacteriophages and with virus infections of plants have 

shown that mutational traits are not necessarily adaptive but necessary as a key element 

in viral evolution (Bradwell et al., 2013; Duffy & Holmes, 2008). The intracellular 
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mechanisms which influence mutation and replication rates in ssDNA viruses of 

vertebrates is not well understood (Shackelton & Holmes, 2006) and in the case of BFDV 

is probably related to a lack of proof-reading capacity by Rep gene.  

 8.2 BFDV quasispecies 

In quasispecies theory it is likely for a greater number of genetic variants to occur 

as the most replicatively efficient variants compete within new hosts. Interestingly, 

there is evidence for this in PBFD-affected red-tailed black cockatoos (Chapter 3.4.4) as 

well as in the orange-bellied parrots (Chapter 2.4.5) and an overall consequence of this 

might be the retention of virulence across Psittaciformes as BFDV jumps flexibly from 

one host to another. Whether or not a similar or an opposing scenario exists in the 

disease ecology of other avian circoviruses such as pigeon or raven circoviruses is not 

clear. Feather abnormalities associated with raven circovirus infection in wild Australian 

corvids (Stewart et al., 2006) appears anecdotally to be much rarer and much less severe 

than the prevalence or pathology of PBFD in cockatoos and parrots. Perhaps this might 

be due to a higher degree of attenuation in raven circovirus driven by adaption to a 

narrower host range amongst the Corvus.  

Viral quasispecies has a profound influence on vaccine and drug discovery in RNA 

viruses such as pandemic human immune-deficiency virus (HIV), hepatitis C virus, 

hepatitis B virus, and influenza viruses which replicate with extremely high mutation 

rates and exhibit significant genetic diversity (Domingo-Calap et al., 2009; Lauring & 

Andino, 2010; Perales et al., 2009). Viruses that replicate with a high mutation rate 

exhibit significant genetic diversity which allows a viral population to rapidly adapt or 

escape immune response so that a quasispecies can be considered as a cloud of 

genetically linked but diverse variants which interact cooperatively (Lauring & Andino, 
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2010; Perales et al., 2009). In the case of HIV, others have shown that frequent 

recombination occurring in individuals dually infected by quasispecies variants, and 

suggest critical roles for viral and host factors such as viral fitness, virus diversity, and 

host immune responses that may contribute to limiting the frequency of intersubtype 

recombination during in vivo dual infection (Powell et al., 2010). These findings provide 

new insights into circular ssDNA virus replication. However, the role of quasispecies in 

the evolution of BFDV in psittacine birds, and in ssDNA viral replication and 

recombination 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. 

 8.3 Phylogenetics and phylogeography 

An outbreak of BFDV infection in the critically endangered orange-bellied parrot 

associated with two unique BFDV genotypes is presented in Chapter 2 of this thesis. 

Genetic analysis of the BFDV sequence data highlighted positively selected mutations in 

both Rep and Cap (Chapter 2.4.1). One haplotype dominated with codons within the Rep 

gene, and in contrast to Kundu et al. (2012), a second haplotype dominated by codons 

within the Cap gene.  In addition, a population of genetically related viruses referred to 

as quasispecies variants were demonstrated for the first time in BFDV (Chapter 2 and 3). 

Only one other study on a novel unassigned circovirus-like infection in sea turtles by Ng 

et al. (2009) has identified ssDNA viral quasispecies in a vertebrate host. 

The origin of recently emerging BFDV infections in the critically endangered 

orange-bellied parrot remains unknown, but a gradual reduction in the wild population 

of this iconic Australian native parrot highlights the importance of having a better 

understanding of the evolutionary pathways of BFDV in Australian birds. As 
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demonstrated in Chapter 3.4.1 the molecular phylogeography of BFDV highlights host 

generalism across a broad host and geographical range in Australia. It is likely that host-

switch events have occurred with high frequency even across highly divergent host 

species. For example, the only explanation for one of the monophyletic clades 

dominated by a group of wild corellas with a captive orange-bellied parrot (KF188691) 

(Chapter 3), is a host switch event (Peters et al., 2014).  

Whilst BFDV is recognised as a key threat for the conservation of parrots globally 

(Jackson et al., 2014; Julian et al., 2013; Kundu et al., 2012; Massaro et al., 2012; Peters 

et al., 2014; Raidal et al., 1993b; Raidal et al., 1993c) (Chapters 2 and 3), no study has 

been conducted to understand the likely threats to vulnerable and endangered 

Australian psittacine bird species such as the orange-bellied parrot (Neophema 

chrysogaster), western ground parrot (Pezoropus flaviventris), swift parrot (Lathamus 

discolor) and regent parrot (Polytelis anthopeplus monarchoides). Therefore, 

phylogenetic analysis of newly amplified 55 Rep gene sequences from Australian parrots 

and lorikeets, and nine BFDV whole genome from six different host species of Australian 

parrots were used in Chapter 4 to assess host and geographically based divergence as 

well as probable host-switch events. The results of this study indicate that Australian 

parrots are susceptible to a diversity of BFDV clades with no clear association based on 

host-virus co-speciation. There is a possibility that Australian lorikeets may have a crucial 

role in the genetic diversity and recombination of BFDV as lorikeet-derived BFDV come 

from a wide variety of clades with a diverse host-species mosaic (Chapter 4). 

Furthermore, the topology and basal location of BFDV genotypes from budgerigar 

shown in Figure 4.3 highlights that the budgerigar may have been the host for the global 

distribution of BFDV. Harkins et al. (2014) also predicted that Australia is the most likely 
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origin of the BFDV which is consistent with the historical records of BFDV incidence. 

However, to test this hypothesis, further sequencing of BFDV genotypes from wild 

budgerigars is recommended.  

Recent evidence suggests that recombination plays a significant role in 

determining the genetic structure of BFDV within the host ecosystem with the results 

presented in Chapters 2, 3 and 4 predicting two significant recombination hotspots, one 

in the c-terminal portion in the capsid protein, and a second in the intergenic region of 

the genome (Julian et al., 2012; Julian et al., 2013; Massaro et al., 2012; Varsani et al., 

2011). Various lines of evidence suggest that genetic recombination may have a pivotal 

influence on the evolutionary processes of BFDV divergence by exploring sequence 

space rapidly (Awadalla, 2003; Martin et al., 2011).  

Specific recombination breakpoint (Kosakovsky Pond et al., 2006), and DNA fold 

analysis (Mathews et al., 1999) was introduced for the first time in BFDV to demonstrate 

the existence of loop-like secondary DNA structure within recombination breakpoints 

(Chapter 2 and 3; Figure 2.4 and 3.7, respectively). A DNA loop occurs when a protein or 

a complex of proteins simultaneously binds to two different sites on DNA with looping 

out of the intervening DNA. This simple mechanism is central to the regulation of several 

proteins in the genome of the prokaryotic cells, one of the paradigms of genetic 

regulation and play a crucial role in the spatial organisation of genomes (Cournac & 

Plumbridge, 2013). The functions of such predicted loop-like DNA structures in BFDV 

replication are not yet established, nonetheless it has been shown that DNA looping is 

an important mechanism during site-specific genetic recombinations within prokaryotic 

and eukaryotic genes (Robert, 1992). The loop-like DNA structures in BFDV may 

represent important recombination sites for circoviruses which replicate via rolling circle 
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replication. They may also provide intravirion attachment points within the 

nucleocapsid (Figures 7.7 and 7.8) 

Given the relatedness of the Indonesian, Australian and Polynesian BFDV 

genotypes it seems most likely that continental Australia, or Sahul, has acted as a 

pathogen reservoir for island seeding. Within Australian parrot species there is a 

clinically well recognised differential host susceptibility to PBFD. Lorikeets have never 

been reported with the same degree of advanced feather and beak dystrophy as is seen 

very commonly in sulphur crested and other white cockatoos (Pass & Perry, 1984), and 

there is anecdotal evidence that lorikeets frequently make complete clinical recoveries, 

or at least regain relatively normal plumage. The majority of these recovered lorikeets 

may continue as BFDV-carriers excreting large viral titres in faeces for months and 

possibly years. It is plausible that lorikeets disperse BFDV to islands. This is supported by 

the results of a recent survey of captive birds in New Caledonia which showed a strong 

infection-bias to lorikeets (Julian et al., 2012), but in the absence of sampling wild birds, 

iatrogenic reasons rather than natural expansion cannot be ruled out in that case. 

In the context of BFDV in the Australian landscape the involvement of multiple and 

unknown alternative host species is a well recognised major confounder for wildlife 

disease modelling (Caley & Hone, 2004; Lloyd-Smith et al., 2005). Host population 

thresholds for the invasion or persistence of infectious disease, core concepts of disease 

ecology, have formed the basis of disease control policies. However, a definitive 

understanding of population thresholds for a multi-host disease such as PBFD is likely to 

never be resolved given the large number of potential host species and conceivable 

parameters which could dynamically influence intra and interspecific transmission rates 

alongside other factors such as abundance of important host reservoir species. 
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Nevertheless the phylogenetic analysis of BFDV genomes strongly indicates that it 

behaves like a quasispecies and host-generalist in the Psittaciformes, with shallow host-

based divergence likely reflecting dynamic ranges of interspecific transmission.  

The development of an accurate, robust, and cost-effective genotyping method 

for BFDV using PCR and subsequent high-resolution DNA melt (HRM) curve analysis in 

Chapter 5 should be a useful method to identify different BFDV genotypes in samples 

collected from a wide range of psittacine species. The technique presented in Chapter 5 

is based on a highly conserved region of Rep, is able to differentiate BFDV genotypes 

from a wide variety of psittacine birds and has a greater analytical power over 

conventional BFDV genotype classification. The key findings of this Chapter provide a 

significant advancement for BFDV clinical and laboratory research. 

 8.4 Origin of BFDV 

Many avian circoviruses have been detected recently, some more pathogenic than 

others (Halami et al., 2008; Hattermann et al., 2003; Johne et al., 2006; Phenix et al., 

2001; Shivaprasad et al., 2004; Smyth et al., 2006; Soike et al., 2004; Stewart et al., 2006; 

Todd et al., 2008; Todd et al., 2007) and many more are likely to be discovered 

serendipitously using Next Generation Sequencing and metagenomic techniques. 

Furthermore circovirus fossil sequences present in a wide range of invertebrates, 

protozoans, plants, fungi, algae and bacteria suggest a likely ancient co-evolution of 

circoviruses with vertebrate hosts (Delwart & Li, 2012; Gibbs & Weiller, 1999) and this 

is likely to be true for the majority of birds. Indeed the absence of a circovirus lineage in 

any extant psittacine species is somewhat puzzling given recent findings. Increasing 

evidence supports a post-Gondwanan origin of BFDV in Australian species where the 

virus now exists as a pathogenic host-generalist quasipecies capable of flexible host-
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switching amongst the psittacid avifauna of Australia (Sarker et al., 2014c) and there is 

fossil evidence that Cacatua  (Boles, 1993) and the budgerigar have likely been present 

in Australia in their present forms for at least 5 million years (Boles, 1998). It is 

theoretically likely that BFDV has circulated as a quasispecies amongst Australian 

Psittaciformes for at least this period (Chapter 2 and 3). In contrast there is no strong 

evidence of BFDV present endemicity in native New Zealand parrot species prior to 

human colonisation (Ha et al., 2007) and the recent detection of PBFD in wild New 

Zealand birds is explainable by the introduction of this pathogen with the release of 

infected feral eastern rosellas (Platycercus eximius) from Australia.  A similar scenario 

almost certainly occurred for the Norfolk Island green parrot (Stevenson et al., 1995).  

The Strigopoidea superfamily which is confined to New Zealand is an ancient group 

that diverged from other parrots some 60-85 million years ago (Joseph et al., 2012; 

Wright et al., 2008) when the continental fragment Zealandia broke from Gondwana 

and it seems more likely than not that, at least early on in their evolution, the ancestral 

strigopoid carried a BFDV progenitor from Australia. Why then is there no strong 

evidence of extant circovirus endemicity or even susceptibility in species such as the 

kaka (Nestor meridionalis) or the kākāpō (Strigops habroptila)? Population threshold 

theory predicts that long-lived hosts such as the Strigopoidea may experience stochastic 

disease extinction quicker for a given population size, or are more likely to have disease 

extinction over a given time frame if the lifespan to infectious period ratio is high (Lloyd-

Smith et al., 2005). In other words, remnant populations of long-lived psittacine species 

with reduced access to fomites or alternative host reservoirs are quite likely to lose BFDV 

endemicity. New Zealand has been subjected to many geological events and sea level 

fluctuations, including a near complete submersion about 23 million years ago, which 
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are likely to have resulted in fadeout and stochastic disease extinction in refugia as well 

as cycles of stochastic colonisation, divergence and extinction of potential hosts such as 

the Nelepsittacus (Worthy et al., 2011).  Even more recent near extinction events 

associated with human activity and introduced pests could easily have resulted in 

extinction of unique viral lineages since there are fewer opportunities for BFDV to dwell 

in the depauperate psittacine birds of New Zealand. There is some recent evidence of 

this concept in the orange-bellied parrot considering that BFDV likely became extinct in 

this species for a period of at least six years until it stochastically re-emerged as a spill-

over event in 2006 (Peters et al., 2014).  

New Zealand and Oceania more broadly is also the home of the Cyanoramphus 

genus, more recent representatives of the true parrot superfamily Psittacoidea (Joseph 

et al., 2012), which colonised the South Pacific islands about 500,000 years ago by island 

hopping via New Caledonia from Australia. It could be proposed that BFDV might have 

similarly once followed such colonisation since Cyanoramphus and Eunymphicus are 

certainly susceptible to PBFD (Massaro et al., 2012; Tomasek & Tukac, 2007). However 

colonising populations are highly likely to be the progeny of the fittest individuals as well 

as, at least initially, be below the threshold size for allowing endemicity to develop 

(Smyth et al., 2006) thus resulting in loss of such pathogens through stochastic processes 

or fade-out.  

Whilst some species such as the Trichoglossus lorikeets appear to have an inherent 

resistance to PBFD, others such as the gang gang cockatoo and black cockatoos 

(Calyptorhynchus spp.), which occupy specialist ecological niches, seem more 

susceptible to fatally succumbing especially from the acute phase of infection. Acute 

hepatic necrosis has been documented experimentally in Australian psittacine species 
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(Raidal & Cross, 1995) but is a well recognised lesion in the African grey parrot (Psittacus 

erithacus) which appears to be highly susceptible to infection (Doneley, 2003; 

Schoemaker et al., 2000). Such features of differential disease susceptibility are typical 

of the accentuated virulence seen when a virus switches from its preferred host to 

another (Hawley et al., 2013; Osnas & Dobson, 2012). The Loriinae subfamily, which 

includes the lorikeets, lories, fig parrots and budgerigar, may be the most robust or 

deeply host-adapted host of BFDV and are potentially super-distributors of this virus. 

The basal location of budgerigar BFDV Rep sequences as shown in Figure 4.3 suggests 

the budgerigar as the host for the most recent common ancestor of Australian BFDV, 

supporting this theory of the Loriinae as super-distributors. Sequencing of BFDV 

genotypes in wild budgerigars would be required to confirm this.  

 8.5 PBFD policy development 

PBFD was one of the first threatening disease processes to be submitted under 

the Endangered Species Protection Act 1992 (ESP Act) and it took almost a decade for 

PBFD to be listed in April 2001 as a key threatening process under the Environment 

Protection and Biodiversity Conservation Act 1999 (EPBC Act). The subsequent 

development of a Threat Abatement Plan (TAP) (Department of the Environment and 

Heritage, 2005) was considered to be a feasible, effective and efficient way to abate the 

detrimental effects of PBFD on key targeted endangered species, particularly the Norfolk 

Island green parrot and orange-bellied parrot, where close monitoring of small wild 

populations and captive breeding were considered critical to recovery. Policy 

development included the publication of detailed appropriate hygiene and quarantine 

protocols (Department of Sustainability Environment Water Population and 

Communities, 2006) as well as standardised diagnostic tests  (Raidal et al., 2008) but the 
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commissioning of these reports appears to have been insufficient for offsetting the main 

drivers of biodiversity loss in these groups or for preventing outbreaks of PBFD in 

critically endangered species such as the orange-bellied parrot (Peters et al., 2014; 

Sarker et al., 2014e) .   

The magnitude of decline and extinction of species due to infectious disease 

remains poorly characterised  (Smith et al., 2006) and globally it is an infrequent 

contributor to extinction. However, on local scales it can be an important factor in 

population decline (De Castro & Bolker, 2005). More importantly the proportion of 

species threatened by disease increases relative to their IUCN red list status  (Heard et 

al., 2013) even when allowing for sampling bias. Potential drivers of this trend include 

ecological factors, spill-over infections, clustering of phylogenetically related disease 

susceptibility and reduced immune fitness that comes with loss of genetic diversity. 

Irrespective of the cause, there is a need to have baseline data on the spectrum of 

known obligate and opportunistic pathogens within the landscape. It may be too late to 

characterise this existing pathogen diversity and exposure once species are listed as 

threatened. 

Conservation efforts that span multiple layers of governance can be problematic. 

For example the Australian Commonwealth Government and three state Government 

jurisdictions are involved in or have some responsibility for protecting, funding or 

managing the recovery of the orange-bellied parrot. Under federal jurisdiction, the TAP 

for PBFD written in 2005 had two broad goals. Firstly, to ensure that PBFD does not 

increase the likelihood of extinction or escalate the threatened species status of 

psittacine birds and secondly, to minimise the likelihood of PBFD becoming a key 

threatening process for other psittacine species. However, very few of the actions 



Chapter 8: General Discussion and Conclusion  

 

 

201 

recommended in the TAP have been carried out and a ministerial review, conducted in 

2012, concluded that the goals of the threat abatement plan have not been met 

(Department of Sustainability Environment Water Population and Communities, 2012). 

Almost 20 years since PBFD was nominated as a key threatening process the latest 

scientific evidence  indicates (Julian et al., 2012; Massaro et al., 2012; Peters et al., 2014; 

Sarker et al., 2014e; Varsani et al., 2010) that it continues to be a significant threat to 

the survival and abundance of endangered species and, apart from robust diagnostic 

tests and a better understanding of BFDV genetics, very little has been achieved in 

mitigating this threat. In the same period the orange-bellied parrot, the Norfolk Island 

green parrot and western ground parrot (Pezoporus flaviventris) have changed status to 

critically endangered with the orange-bellied parrot predicted to become extinct in the 

wild within 50 years (Smales et al., 2005) even when the potential impacts of wind 

turbine collisions or outbreaks of infectious disease are not considered.  

The IUCN Red List of Threatened Species (IUCN, 2015) plays a critical role in 

conservation, however a policy approach based solely on individual species largely 

ignores any ecological or evolutionary consequences of lost biodiversity and may no 

better than ecosystem protection based on random sets of species (Hidasi-Neto et al., 

2013). Clearly when a disease threat is identified for certain taxa coordinated 

approaches are required at all levels of policy development. Only four species currently 

have recovery plans which recognise PBFD as a clear threat while there is superficial 

acknowledgement of PBFD in threat abatement plans for several other vulnerable 

Australian psittacine species. For example the forest red-tailed black cockatoo 

(Calyptorhynchus banksii naso) was listed as vulnerable in 2009 and, whilst a threat 

abatement plan identifies it as a species that is affected by PBFD, the disease has not 
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been identified as a threat in any conservation advice. However, recent scientific 

evidence showing the effects of BFDV quasispecies on red-tailed black, glossy and gang 

gang cockatoos (Chapter 3) clearly documents that these birds are highly susceptible to 

transmission of the infection when they come into contact with other species and 

suggests that a more coordinated approach should be revised. Similarly, the Queensland 

management plan for the golden-shouldered parrot specifically states that “while 

disease has been raised as a potential threat, there are no indications of disease 

threatening wild populations of golden-shouldered parrots.” No evidence is provided to 

this effect, whereas the data presented here clearly show that this species and other 

Pezoporini should be considered susceptible. Ironically Phytophthora cinnamomi, a 

serious pathogen of forests and health and in Western Australia, was considered a more 

important threat to the western ground parrot ahead of any known psittacine 

pathogens (Burbidge et al., 1997). Similarly, the red imported fire ant (Solenopsis 

invicta), a South American species, was also considered a potential threat and whilst it 

is clear that ground nesting species such as the Pezoporus could be seriously impacted 

by an accidental introduction of the fire ant into protected areas of Western Australia 

(Department of Sustainability Environment Water Population and Communities, 2013b) 

such an event would almost certainly not occur. In contrast, the risk of an outbreak of 

infectious disease transmitted by birds in contact with the last remaining populations of 

the western ground parrot should be considered as a much more likely scenario, 

particularly with captive breeding, and yet has been ignored. 

The establishment of captive breeding programs for endangered species is a costly 

and high risk approach to conservation because the achievement of a self-sustaining 

captive population that can be used for releasing individuals into the wild is not always 
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possible and there is a risk that such actions could contribute to loss of genetic diversity 

in the wild (Snyder et al., 1996). The last remaining wild population of the critically 

endangered orange-bellied parrot is thought to number less than 50 birds (IUCN, 2015) 

but the establishment and ongoing successes of the captive breeding programme for 

the species has been presented as a success in terms of preventing its extinction. Despite 

this, the creation of three physically separate insurance flocks in Tasmania, Victoria and 

South Australia did not prevent the re-emergence of PBFD in captive and wild orange-

bellied parrots  (Peters et al., 2014; Sarker et al., 2014e) nor did it prevent a disease of 

uncertain aetiology from causing high nestling mortality and resulting in the failure of 

the 2005 breeding season in Tasmania (Harris, 2006). Given that this species already has 

an extremely high probability of extinction (Smales et al., 2005) any negative impact on 

the orange-bellied parrot could cut short its continued existence in the wild. Such risks 

should be considered very carefully by the management team of the recently 

established western ground parrot captive breeding flock (Burbidge et al., 1997; 

Department of Sustainability Environment Water Population and Communities, 2013b).  

Quarantine and hygiene controls along with PBFD diagnostic testing based on 

antigen detection, serology and PCR (Khalesi et al., 2005) are costly, if implemented 

correctly, and given recent evidence (Peters et al., 2014) are unlikely to successfully 

mitigate the threat of PBFD long term.  Furthermore, control methods that rely on 

testing and culling  (Sarker et al., 2014e) should be considered unacceptable in critically 

endangered species due to the inevitable and needless loss of host genetic diversity and 

immune fitness. Alternative disease prevention tools such as vaccination are 

increasingly being used in wildlife health (Abbott et al., 2012; Doak et al., 2013). 

Vaccination proved essential to assist the recovery of an outbreak of erysipelas in the 
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kākāpō (Gartrell et al., 2005) and for preventing West Nile virus infection in the 

Californian condor as this virus spread across North America (Chang et al., 2007). 

Experimentally at least vaccination has been shown to be useful for preventing PBFD 

(Bonne et al., 2009; Patterson et al., 2013b; Raidal & Cross, 1994a; Raidal et al., 1993a) 

and, as a high priority recommendation in the PBFD TAP (Department of the 

Environment and Heritage, 2005), it should be considered more seriously for managing 

and preventing PBFD in captive flocks of critically endangered species.  

 8.6 Structural biology 

Like other avian circoviruses, BFDV cannot be propagated with currently available 

cell culture techniques. Consequently, recombinant technologies are becoming a 

potential option for the production of suitable and stable BFDV Cap. Over the last 

decade, a variety of studies have been conducted to produce sufficient amount of 

antigenic BFDV Cap as candidate vaccine and attempts to improve the diagnostic assays 

(Bonne et al., 2009; Heath et al., 2006; Johne et al., 2004; Stewart et al., 2007), as well 

as understanding the structural biology associated of that protein (Patterson et al., 

2013a; Patterson et al., 2013b). However, expression of recombinant full-length and 

truncated BFDV-Cap in baculovirus system can be laborious and technically demanding 

(Heath et al., 2006; Stewart et al., 2007), and generally produces lower yields than E. coli 

based expression systems. The development of an optimised method for the 

homogenous over-production of BFDV Cap is presented in Chapter 6 and allowed 

investigation of the effects of different plasmids and expression media (auto-induction 

and IPTG-induced expression) in E. coli. The optimised method developed in the Chapter 

6 shows promise for highest quantity production of soluble BFDV Cap proteins so far. 

This method allowed crystallisation of Cap to determine the structure as well as to 
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investigate the effects of nuclear localisation signals in structural assembly. 

Consequently, three constructs were designed after sequentially deletion of N-terminal 

residues as explained in Chapter 7 (constructs CapNLS1, CapNLS2, and CapNLS3). Similar 

to the findings of Heath et al. (2006), this study demonstrated that the expression of 

CapNLS1 (removal of ∆N14) and CapNLS2 (removal of ∆N23) provided remarkably higher 

expression rates and solubility than the wild-type Cap.  

Determination of the first crystal structures of the BFDV Cap in two different 

states, and in a complex with DNA provides a novel insight into BFDV virion assembly 

topology and the binding activities of Cap with BFDV Rep DNA constructs. Although, the 

mechanism of assembly and disassembly of the BFDV capsid proteins and viral DNA is 

still not fully understood, it was shown in this study (Chapter 7) that the effect of N-

terminally located NLSs is important in the BFDV virion assembly. As mentioned in 

Chapter 7 it is clear that the construct CapNLS2, including amino acids 23-247 assembled 

into T=1 VPL, and further removal of 46 residues from the N-terminus might prevent the 

formation of icosahedral symmetry instead unveiled a novel decamer assembly. This is 

an area that deserves further investigation, however, similar to BFDV, studies on HEV 

and Norwalk virus capsid protein assembly pathway have shown that deletion of N-

terminally positive charged amino acids did not produce entire virion structures 

(Bertolotti-Ciarlet et al., 2002; Xing et al., 2010). Therefore, the novel decamer structure 

of BFDV capsid protein may be an assembly intermediate that exist in both crystal 

lattices as well as in  solution (Chapter 7). 

These findings raise the importance to further investigate the biological 

significance of the T=1 icosahedral symmetry and novel decamer assembly. 

Consequently, co-crystallisation of BFDV Cap proteins was performed in the presence of 
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fluorescent-labelled DNA and non-fluorescent DNA. The crystals of both the constructs 

(CapNLS2 and CapΔNLS) perfectly emitted the fluorescence highlighting the capability 

to binding BFDV-Rep DNA, and potential to play a role for the translocation of BFDV-Rep 

DNA into the nucleus. In contrast to Heath et al. (2006), this study confirmed that the 

removal of 46 amino-terminal residues did not alter the binding and localisation of 

BFDV-Rep DNA (Chapter 7). Additionally in solution, the purified protein from the 

construct CapΔNLS (removal of 46 N-terminal residues) appears to be a conformational 

exchange and could thus exist in different conformers including those observed in the 

crystal (Chapter 7). Crystallisation of the CapΔNLS may thus select the more compact 

decamer conformers and therefore not reproduce the conformational diversity that is 

found in the solution during gel filtration chromatography (Chapter 7). 

To date, only one study by Heath et al. (2006) examined the capability of BFDV 

Cap for mediating nuclear transport of DNA, and has shown that the DNA binding region 

falls within the region containing three bipartite NLSs, and further deletion of 40 N-

terminal amino acids completely abolish the DNA binding and translocation. Recently, 

others have shown that the positively charged amino acids in the NLS region of BFDV 

Cap binds importin-α (Impa), and hypothesised that the binding mechanism for the 

major site is likely conserved across circoviruses (Patterson et al., 2013a). However, 

there has been no further elucidation of the congregate pathway, or any other critical 

binding regions. In contrast to others finding (Heath et al., 2006; Patterson et al., 2013a), 

the first crystal structure of icosahedrally VLP of CapNLS2-DNA complex demonstrated 

that the DNA binding domains were not involving the NLS region. In Chapter 7, the  

icosahedral CapNLS2-DNA-complex structure highlights that the residues Thr49, Lys102, 

Lys105, Lys163, Arg167, Tyr237, Gln239 of chain E, and Lys154, Lys155 of adjacent side chain A 
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appeared to be crucial amino acids of BFDV VLP for DNA binding. These findings indicate 

that the encapsidation and localisation of BFDV genomic DNA does not necessarily 

involve the positive charged NLSs. These findings also further supported with the 

observation that CapNLS2 and Cap∆NLS binds fluorescent-labelled DNA in crystals 

(Chapter 7).  

The sequence conservation among the deposited BFDV Cap was mapped onto the 

icosahedral BFDV virion structure to correlate the DNA binding sites with the highest 

sequence variability, and it has been shown that the DNA binding sites are highly 

conserved (Figure 7.9). Mutagenesis of those particular residues followed by co-

crystallisation of CapNLS2 with DNA remains to be determined to confirm the DNA 

binding domains, which will further open the possibilities of using competitive inhibitors 

to block the interaction and halt the progression of disease.  

 8.7 General conclusion 

With at least 15 endangered or vulnerable Australian psittacine birds species 

identified as being threatened by PBFD covering a wide range of local and state 

Government jurisdictions throughout Australia there has been an urgent need for widely 

available, efficacious and cost-effective diagnostic and therapeutics options for the 

conservation of psittacine species. The results of phylogenetic studies of BFDV described 

in this thesis will hopefully be of use in the sound development of management plans 

for the conservation of captive and wildlife. Along with rapid and cost-effective 

genotyping methods described in this thesis, some recent advances in incorporating the 

effective control of BFDV outbreak and managing threatened endangered species are 

highlighted. 
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The key findings from this thesis are that the first atomic structure of BFDV Cap 

exists into two different crystal lattices, and assembled into T=1 icosahedral VLP and 

unique decamer assembly of BFDV capsid particles. Many of the results presented in this 

thesis provide valuable information for the wider community, not necessarily restricted 

to the avian health or animal scientists. The self-assembled VLPs decamers may prove 

useful among a variety of nanoparticle platforms for wider applications in biomedical 

science (Cheng & Brooks, 2013) and could potentially be used for gene or drug delivery. 

In addition to its role in DNA encapsidation, the binding sites of the BFDV Cap to DNA 

also requires further research to confirm those sites, followed by using competitive 

inhibitors to block such interactions and halt the viral replication. 
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Appendices 

Appendix 1: Sequences used for discovering evolutionary pathway and quasispecies variants of BFDV  

Accession 
number 

Country Common name Host Species Wild/Cap
-tive 

Region used (entire or 
partial sequences) 

References 

KF850537 Australia Regent parrot Polytelis anthopeplus monarchoides Wild Entire Sarker et al., 2014 
KF688548 Australia Ringneck parrot Barnardius zonarius semitorquatus Wild Entire  Sarker et al., 2014 
KF688549 Australia Ringneck parrot Barnardius zonarius semitorquatus Wild Entire  Sarker et al., 2014 
KF688550 Australia Ringneck parrot Barnardius zonarius semitorquatus Wild Entire  Sarker et al., 2014 
KF688551 Australia Bourke's parrot Neopsephotus bourkii Wild Entire  Sarker et al., 2014 
KF688552 Australia Golden shoulder parrot Psephotus chrysopterygius Wild Entire  Sarker et al., 2014 
KF688553 Australia Hooded parrot Psephotus dissimilis Wild Entire  Sarker et al., 2014 
KF673335 Australia Swift parrot Lathamus discolour  Wild  Entire  Sarker et al., 2013 
KF673336 Australia Swift parrot Lathamus discolour  Wild Entire  Sarker et al., 2013 
KF673337 Australia Red lory Eos bornea  Wild Entire  Sarker et al., 2013 
KF188681 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188682 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188683 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188684 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188685 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188686 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188687 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188688 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188689 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188690 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188691 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188692 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188693 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KF188694 Australia Orange-bellied parrot Neophema chrysogaster Captive Entire  Sarker et al., 2013 
KC693651 Australia Orange-bellied parrot Neophema chrysogaster Wild Entire  Peters et al., 2013 
KF561250 Australia Orange-bellied parrot Neophema chrysogaster Wild Entire  Sarker et al., 2013 
KF385399 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild Entire  Sarker et al., 2014 
KF385400 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild Entire  Sarker et al., 2014 
KF385401 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive Entire  Sarker et al., 2014 
KF385402 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive Entire  Sarker et al., 2014 
KF385403 Australia Gang-gang cockatoo Callocephalon fimbriatum Captive Entire  Sarker et al., 2014 
KF385404 Australia Gang-gang cockatoo Callocephalon fimbriatum  Wild Entire  Sarker et al., 2014 
KF385405 Australia Gang-gang cockatoo Callocephalon fimbriatum  Wild Entire  Sarker et al., 2014 
KF385406 Australia Major Mitchell’s cockatoo Lophochroa leadbeateri  Captive Entire  Sarker et al., 2014 
KF385407 Australia Major Mitchell’s cockatoo Lophochroa leadbeateri  Captive Entire  Sarker et al., 2014 
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AF311300 Australia Major Mitchell’s cockatoo Lophochroa leadbeateri  Captive Entire  Bassami et al., 2001 
KF385408 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive Entire  Sarker et al., 2014 
KF385409 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive Entire  Sarker et al., 2014 
KF385410 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive Entire  Sarker et al., 2014 
KF385413 Australia Sulphur-crested cockatoo Cacatua galerita  Captive Entire  Sarker et al., 2014 
KF385411 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive Entire  Sarker et al., 2014 
KF385412 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive Entire  Sarker et al., 2014 
KF385414 Australia Sulphur-crested cockatoo Cacatua galerita  Captive Entire  Sarker et al., 2014 
KF385415 Australia Sulphur-crested cockatoo Cacatua galerita  Captive Entire  Sarker et al., 2014 
KF385416 Australia Sulphur-crested cockatoo Cacatua galerita  Wild Entire  Sarker et al., 2014 
KF385417 Australia Sulphur-crested cockatoo Cacatua galerita  Wild Entire  Sarker et al., 2014 
KF385418 Australia Sulphur-crested cockatoo Cacatua galerita  Wild Entire  Sarker et al., 2014 
KF385419 Australia Sulphur-crested cockatoo Cacatua galerita  Wild Entire  Sarker et al., 2014 
AF080560 Australia Sulphur-crested cockatoo Cacatua galerita Captive Entire  Bassami et al., 1998 
AF311301 Australia Sulphur-crested cockatoo Cacatua galerita Wild Entire  Bassami et al., 2001 
AF311302 Australia Sulphur-crested cockatoo Cacatua galerita Captive Entire  Bassami et al., 2001 
AY450436 South Africa White cockatoo Cacatua alba Captive Entire  Heath et al., 2004 
GU015022 Thailand Palm cockatoo Probosciger aterrimus Captive Entire  Sariya et al., (unpublished) 
FJ685980 Thailand Blue-and-yellow macaw Ara ararauna Captive Entire  Sariya et al., (unpublished) 
FJ685978 Thailand Yellow-crested cockatoo Cacatua sulphurea Captive Entire  Sariya et al., (unpublished) 
FJ685979 Thailand Yellow-crested cockatoo Cacatua sulphurea Captive Entire  Sariya et al., (unpublished) 
FJ685989 Thailand Salmon-crested cockatoo Cacatua moluccensis Captive Entire  Sariya et al., (unpublished) 
KF385420 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385421 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385422 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385423 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385424 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385425 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385426 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385427 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385428 Australia Long-billed corella Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
KF385429 Australia Long-billed corella  Cacatua tenuirostris  Wild Entire  Sarker et al., 2014 
AF311297 Australia Eastern long-billed corella Cacatua tenuirostris Captive Entire  Bassami et al., 2001 
KF385430 Australia Galah Eolophus roseicapillus  Captive Entire  Sarker et al., 2014 
KF385431 Australia Galah Eolophus roseicapillus  Wild Entire  Sarker et al., 2014 
KF385432 Australia Galah Eolophus roseicapillus  Wild Entire  Sarker et al., 2014 
KF385433 Australia Galah Eolophus roseicapillus  Captive Entire  Sarker et al., 2014 
KF385434 Australia Galah Eolophus roseicapillus  Captive Entire  Sarker et al., 2014 
KF385435 Australia Galah Eolophus roseicapillus  Wild Entire  Sarker et al., 2014 
KF385436 Australia Galah Eolophus roseicapillus  Captive Entire  Sarker et al., 2014 
AF311298 Australia Galah Eolophus roseicapillus Captive Entire  Bassami et al., 2001 
EF457974 Australia Cockatiel Nymphicus hollandicus Captive Entire  Shearer et al., 2008 
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EF457975 Australia Cockatiel Nymphicus hollandicus Captive Entire  Shearer et al., 2008 
AB514568 Japan Cockatiel Nymphicus hollandicus Captive Entire  Kotah et al., 2010 
AY450434 South Africa White-bellied caique Pionites leucogaster Captive Entire  Heath et al., 2004 
AF071878 USA Unknown (pooled blood) Unknown Captive Entire  Niagro et al., 1998 
NC_001944 USA Unknown (pooled blood) Unknown Captive Entire  Niagro et al., 1998 
GQ396652 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Ortiz-Catedral et al., 2010 
GQ396653 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Ortiz-Catedral et al., 2010 
GQ396656 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Ortiz-Catedral et al., 2010 
GQ396654 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Ortiz-Catedral et al., 2010 
GQ396655 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Ortiz-Catedral et al., 2010 
GU936291 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936292 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936297 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
JF519618 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936296 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936295 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936294 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936290 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936288 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936293 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
GU936289 New Zealand Red-fronted parakeet Cyanoramphus novaezelandiae Wild Entire  Massaso et al., 2012 
JF519619 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
JQ782196 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
GU936287 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
JQ782198 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
JQ782199 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
JQ782197 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
JQ782200 New Zealand Eastern rosella Platycercus eximius Wild Entire  Massaso et al., 2012 
AF311295 Australia Bluebonnet Psephotus haematogaster Captive Entire  Bassami et al., 2001 
AF311296 Australia Rosey-faced lovebird Agapornis roseicollis Captive Entire  Bassami et al., 2001 
AY521235 United Kingdom Rosey-faced lovebird Agapornis roseicollis Captive Entire  de Kloet & de Kloet, 2004 
FJ685985 Thailand Lovebird Agapornis sp Captive Entire  Sariya et al., (unpublished) 
AY450442 Zambia Black-cheeked lovebird Agapornis personata Captive Entire  Heath et al., 2004 
AY450435 South Africa African grey parrot Psittacus erithacus Captive Entire  Heath et al., 2004 
GU015023 Thailand Great green macaw Ara ambigua Captive Entire  Sariya et al., (unpublished) 
GU015020 Thailand Eclectus parrot Eclectus roratus Captive Entire  Sariya et al., (unpublished) 
GU015014 Thailand Alexandrian parrot Psittacula eupatria Captive Entire  Sariya et al., (unpublished) 
GU015012 Thailand African grey parrot Psittacus erithacus Captive Entire  Sariya et al., (unpublished) 
GU015013 Thailand African grey parrot Psittacus erithacus Captive Entire  Sariya et al., (unpublished) 
GU015018 Thailand Red-shouldered macaw Ara nobilis Captive Entire  Sariya et al., (unpublished) 
GU015015 Thailand Alexandrian parrot Psittacula eupatria Captive Entire  Sariya et al., (unpublished) 
GU015016 Thailand Alexandrian parrot Psittacula eupatria Captive Entire  Sariya et al., (unpublished) 
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GU015017 Thailand Severe macaw Ara severa Captive Entire  Sariya et al., (unpublished) 
GU015021 Thailand Red and green macaw Ara chloropterus Captive Entire  Sariya et al., (unpublished) 
GU015019 Thailand Eclectus parrot Eclectus roratus Captive Entire  Sariya et al., (unpublished) 
AY521234 USA Ring necked parakeet Psittacula kramerii Captive Entire  de Kloet & de Kloet, 2004 
HM748929 South Africa Ring necked parakeet Psittacula krameri Captive Entire  Varsani et al., 2011 
HM748927 South Africa Ring necked parakeet Psittacula krameri Captive Entire  Varsani et al., 2011 
HM748928 South Africa Ring necked parakeet Psittacula krameri Captive Entire  Varsani et al., 2011 
AY450437 South Africa Cape parrot Poicephalus robustus Captive Entire  Heath et al., 2004 
AY450438 South Africa Cape parrot Poicephalus robustus Captive Entire  Heath et al., 2004 
AY450439 South Africa Ruppell's parrot Poicephalus rueppelli Captive Entire  Heath et al., 2004 
AY450440 South Africa African red-bellied parrot Poicephalus rufiventris Captive Entire  Heath et al., 2004 
DQ397818 South Africa Cape parrot Poicephalus robustus Captive Entire  Heath et al., 2004 
HM748939 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748936 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748935 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748918 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748930 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748938 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748931 South Africa African grey parrot Psittacus erithacus Captive Entire  Varsani et al., 2011 
HM748933 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748932 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748937 South Africa Cape parrot Poicephalus robustus Captive Entire  Varsani et al., 2011 
HM748924 South Africa Amazon parrot Amazona sp. Captive Entire  Varsani et al., 2011 
HM748925 South Africa Amazon parrot Amazona sp. Captive Entire  Varsani et al., 2011 
HM748926 South Africa Eclectus parrot Eclectus roratus Captive Entire  Varsani et al., 2011 
JX049197 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049198 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049200 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049201 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049202 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049203 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049205 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049206 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049207 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049208 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049209 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049210 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049211 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049212 New Caledonia Coconut Lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049213 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049214 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049215 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
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JX049216 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049217 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049218 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049219 New Caledonia Red-rumped Parrot Psephotus haematonotus Captive Entire  Julian et al., 2012 
JX049220 New Caledonia New Caledonian Parakeet Cyanoramphus saisetti Captive Entire  Julian et al., 2012 
JX049221 New Caledonia Eclectus parrot Eclectus roratus Captive Entire  Julian et al., 2012 
JX049196 New Caledonia Coconut lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049199 New Caledonia Coconut lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049204 New Caledonia Coconut lorikeet Trichoglossus haematodus deplanchii Captive Entire  Julian et al., 2012 
JX049195 Australia Rainbow lorikeet Trichoglossus haematodus Captive Entire  Julian et al., 2012 
AF311299 Australia Rainbow lorikeet Trichoglossus haematodus Captive Entire  Bassami et al., 2001 
GQ329705 Portugal African grey parrot Psittacus erithacus Captive Entire  Henriques  et al. (unpublished) 
GU047347 Portugal African grey parrot Psittacus erithacus Captive Entire  Henriques  et al. (unpublished) 
GQ120621 Portugal African grey parrot Psittacus erithacus Captive Entire  Henriques  et al. (unpublished) 
EU810207 Portugal African grey parrot Psittacus erithacus Captive Entire  Henriques  et al. (unpublished) 
EU810208 Portugal African grey parrot Psittacus erithacus Captive Entire  Henriques  et al. (unpublished) 
AY521237 Germany African grey parrot Psittacus erithacus Captive Entire  de Kloet & de Kloet, 2004 
AY450443 South Africa African grey parrot Psittacus erithacus Captive Entire  Heath et al., 2004 
AY521236 Portugal African grey parrot Psittacus erithacus Captive Entire  de Kloet & de Kloet, 2004 
HM748920 South Africa African grey parrot Psittacus erithacus Captive Entire  Varsani et al., 2011 
AY450441 South Africa Jardine parrot Poicephalus gulielmi massaicus Captive Entire  Heath et al., 2004 
HM748919 South Africa Jardine parrot Poicephalus gulielmi massaicus Captive Entire  Varsani et al., 2011 
HM748921 South Africa Jardine parrot Poicephalus gulielmi massaicus Captive Entire  Varsani et al., 2011 
HM748922 South Africa Jardine parrot Poicephalus gulielmi massaicus Captive Entire  Varsani et al., 2011 
HM748923 South Africa Jardine parrot Poicephalus gulielmi massaicus Captive Entire  Varsani et al., 2011 
GQ165757 South Africa Budgerigar Melopsittacus undulatus Captive Entire  Varsani et al., 2010 
GQ165758 South Africa Budgerigar Melopsittacus undulatus Captive Entire  Varsani et al., 2010 
GQ165756 South Africa Budgerigar Melopsittacus undulatus Captive Entire  Varsani et al., 2010 
AB277747 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
AB277746 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
AB277748 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
AB277749 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
AB277750 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
AB277751 Japan Budgerigar Melopsittacus undulatus Captive Entire  Ogawa et al., 2010 
GQ386944 China Budgerigar Melopsittacus undulatus Captive Entire  Zhuang et al., (unpublished) 
AY521234 USA Ring necked parakeet Psittacula kramerii Captive Entire  de Kloet & de Kloet, 2004 
JQ782201 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JQ782202 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JQ782203 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JQ782204 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JQ782205 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al.,2012 
JQ782206 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al.,2012 
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JQ782207 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JQ782208 New Zealand Yellow-crowned Parakeet Cyanoramphus auriceps Wild Entire  Massaso et al., 2012 
JX221001 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221002 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221003 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221004 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221005 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221006 Poland Crimson rosella Platycercus elegans Captive Entire  Julian et al., 2013 
JX221007 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221008 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221009 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221010 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221011 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221012 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221013 Poland Cape Parrot Poicephalus robustus Captive Entire  Julian et al., 2013 
JX221014  Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221015 Poland Red-winged parrot Aprosmictus erythropterus Captive Entire  Julian et al., 2013 
JX221016 Poland Red-winged parrot Aprosmictus erythropterus Captive Entire  Julian et al., 2013 
JX221017 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221018 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221019 Poland Ring-necked parakeet Psittacula krameri Captive Entire  Julian et al., 2013 
JX221020 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221021 Poland Orange-winged Amazon Amazona amazonica Captive Entire  Julian et al., 2013 
JX221022 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221023 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221024 Poland Pacific parrotlet Forpus coelestis Captive Entire  Julian et al., 2013 
JX221025 Poland White cockatoo Cacatua alba Captive Entire  Julian et al., 2013 
JX221026 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221027 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221028 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221029 Poland Australian king parrot Alisterus scapularis Captive Entire  Julian et al., 2013 
JX221030 Poland Senegal Parrot Poicephalus senegalus Captive Entire  Julian et al., 2013 
JX221031 Poland Senegal Parrot Poicephalus senegalus Captive Entire  Julian et al., 2013 
JX221032 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221033 Poland Australian king parrot Alisterus scapularis Captive Entire  Julian et al., 2013 
JX221034 Poland Budgerigar Melopsittacus undulatus Captive Entire  Julian et al., 2013 
JX221035 Poland Eastern rosella Platycercus eximius Captive Entire  Julian et al., 2013 
JX221036 Poland Alexandrine parakeet Psittacula eupatria Captive Entire  Julian et al., 2013 
JX221037 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221038 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221039 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221040 Poland Blue-fronted Amazon Amazona aestiva Captive Entire  Julian et al., 2013 
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JX221041 Poland African grey parrot Psittacus erithacus Captive Entire  Julian et al., 2013 
JX221042 Poland Alexandrine parakeet Psittacula eupatria Captive Entire  Julian et al., 2013 
JX221043 Poland Crimson rosella Platycercus elegans Captive Entire  Julian et al., 2013 
KF188695 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188696 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188697 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188698 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188699 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188700 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188701 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188702 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF188703 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1-QV (Partial) Sarker et al., 2013 
KF197006 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197007 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197008 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197009 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197010 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197011 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197012 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197013 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197014 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197015 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197016 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197017 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197018 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197019 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197020 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197021 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197022 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KF197023 Australia Orange-bellied parrot Neophema chrysogaster  Captive ORF V1 (Partial) Sarker et al., 2013 
KC693652 Australia Orange-bellied parrot Neophema chrysogaster Wild ORF V1 (Partial) Peters et al., 2013 
KF499120 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild ORF V1-QV (Partial) Sarker et al., 2014 
KF499121 Australia Red-tailed black cockatoo) Calyptorhynchus banksii  Wild ORF V1 & C1-QV (Partial) Sarker et al., 2014 
KF499122 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild ORF V1-QV (Partial) Sarker et al., 2014 
KF499123 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild ORF V1-QV (Partial) Sarker et al., 2014 
KF499124 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild ORF V1 & C1-QV (Partial) Sarker et al., 2014 
KF499125 Australia Red-tailed black cockatoo Calyptorhynchus banksii  Wild ORF V1 & C1-QV (Partial) Sarker et al., 2014 
KF499126 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499127 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499128 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499129 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499130 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1 & C1-QV (Partial) Sarker et al., 2014 

A
p

p
en

d
ices 



 

 

2
3

8 

Accession 
number 

Country Common name Host Species Wild/Cap
-tive 

Region used (entire or 
partial sequences) 

References 

KF499131 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1 & C1-QV (Partial) Sarker et al., 2014 
KF499132 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499133 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499134 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499135 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1-QV (Partial) Sarker et al., 2014 
KF499136 Australia Long-billed corella Cacatua tenuirostris  Wild  ORF V1-QV (Partial) Sarker et al., 2014 
KF499137 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1-QV (Partial) Sarker et al., 2014 
KF499138 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1-QV (Partial) Sarker et al., 2014 
KF499139 Australia Gang-gang cockatoo Callocephalon fimbriatum  Wild Entire-QV Sarker et al., 2014 
KF499140 Australia Gang-gang cockatoo Callocephalon fimbriatum  Wild Entire-QV Sarker et al., 2014 
KF495566 Australia Gang-gang cockatoo Callocephalon fimbriatum  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495567 Australia Glossy black cockatoo Calyptorhynchus lathami  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495568 Australia Major mitchell’s cockatoo Lophochroa leadbeateri  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495569 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495570 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495571 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495572 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495573 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495574 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495575 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495576 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495577 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495578 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495579 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495580 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495581 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495582 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495583 Australia Sulphur-crested cockatoo) Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495584 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495585 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495586 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495587 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495588 Australia Sulphur-crested cockatoo Cacatua galerita  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495589 Australia Long-billed corella Cacatua tenuirostris  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495590 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495591 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495592 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495593 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495594 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495595 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495596 Australia Long-billed corella Cacatua tenuirostris  Wild ORF V1 (Partial) Sarker et al., 2014 
KF495597 Australia Galah Eolophus roseicapillus  Captive ORF V1 (Partial) Sarker et al., 2014 
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KF495598 Australia Galah Eolophus roseicapillus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495599 Australia Galah × Corella  Captive ORF V1 (Partial) Sarker et al., 2014 
KF495600 Australia Galah × Corella  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688554 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688555 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688556 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688557 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688558 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688559 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688560 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688561 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688562 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688563 Australia Rainbow Lorikeet Trichoglossus haematodus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688564 Australia Indian Ringnecked Parakeet Psittacula krameri manillensis  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688565 Australia Red-fronted Parrot Poicephalus gulielmi Captive ORF V1 (Partial) Sarker et al., 2014 
KF688566 Australia Crimson rosella Platycercus elegans  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688567 Australia Crimson rosella Platycercus elegans  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688568 Australia Double Yellow-headed Amazon Amazona oratrix Captive ORF V1 (Partial) Sarker et al., 2014 
KF688569 Australia Budgerigar Melopsittacus undulates  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688570 Australia Budgerigar Melopsittacus undulates  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688571 Australia Budgerigar Melopsittacus undulates  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688572 Australia Eclectus Parrot Eclectus roratus  Captive ORF V1 (Partial) Sarker et al., 2014 
KF688573 Australia Eclectus Parrot Eclectus roratus  Captive ORF V1 (Partial) Sarker et al., 2014 
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Appendix 2: Distance matrix of different BFDV lineages relative to the origin of genotype AF080560 

Grouping of 
sequences based 
on phylogenetic 
tree 

Genotype 
number 

Genetic 
distance 

Geographic 
distance 

Year 
distance 

Host 
distance 

Captive Latitude 
distance 

Longitude 
distance 

AF080560 G-1 (control) 0 0 0 0 0 0 0 

KF385429 G-2 7.7 3581 18 10 0 -0.00652 -0.30103 

KF188691 G-3 7.9 2726 15 13.9 5 1.900545 1.09093 

KF385420-25 G-4 8 2328 15 10.3 0 1.710572 1.794055 

AF311300 G-5 9.8 80 5 9.5 5 1.331727 1.310656 

AF311301 G-6 11.1 2699 5 0 0 -3.30458 33.00183 

KF385413 G-7 10.8 2702 10 0 0 -3.30458 33.00183 

KF385431 G-8 10.4 17 9 10.8 0 -1.86656 34.65858 

KF385418-19 G-9 10.6 2714 15 0 0 -0.50306 1.925891 

KF385416-17 G-10 10.6 3224 11 0 0 -3.26476 33.20015 

KF385430      G-11 10.6 3260 17 10.8 5 -3.26476 33.20015 

KF385414 G-12 10.9 3250 11 0 0 -3.26476 33.20015 

KC693651 G-13 8.7 3046 17 13.9 5 -3.26476 33.20015 

KF188693 G-14 8.7 2739 16 13.9 5 -3.26476 33.20015 

KF385408 G-15 9.5 3094 11 13.5 0 -5.92689 28.51281 

AF311295 G-16 10.9 100 5 14.7 5 -1.80951 35.07164 

AF311296 G-17 12.4 20 5 16.1 10 -5.78371 28.41942 

KF385399 G-18 9.8 300 18 13.9 0 -2.71779 31.19347 

AF311299 G-19 15.9 2795 5 15 0 -2.98836 31.43517 

KF385401 G-20 7 50 1 12.8 10 -5.94423 28.34252 

KF385403 G-21 7.5 50 9 12.8 10 -5.89654 28.32604 

KF385402 G-22 7.4 50 15 12.8 10 -5.58147 25.08674 

KF385404-5 G-23 6.7 3083 16 12.8 0 -5.58147 25.08674 

KF385435 G-24 3.9 3514 9 10.8 5 -5.58147 25.08674 

KF385415 G-25 4.3 2743 17 0 0 -5.58147 25.08674 

KF385400 G-26 4.6 300 18 13.9 0 -5.58147 25.08674 

EF457975 G-27 4.3 50 10 11.2 10 -5.58147 25.08674 

KF385428 G-28 3.9 2393 15 10 0 -5.58147 25.08674 

KF385407 G-29 1.7 300 2 9.5 5 -5.58147 25.08674 

AF311297 G-30 3.4 2155 5 10.1 0 -5.58147 25.08674 

AF311302 G-31 2.7 100 5 0 0 4.237478 36.92642 

AF311298 G-32 3.6 100 5 10.8 5 -2.80808 33.87413 

KF385409-12 G-33 3.3 3110 16 10.8 5 -1.31498 0.036242 

KF385406 G-34 2.8 3231 9 9.5 5 -0.83611 0.563586 

KF385426-27 G-35 2.6 2348 15 10 0 -1.0206 0.212024 

KF385432-34, 36 G-36 3.3 100 9 10.8 5 -1.57176 -0.0077 

EF457974 G-37 3.2 50 10 11.2 10 4.636904 36.42296 
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Appendix 3 
   
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 2.1: Outgroup-rooted Maximum-likelihood phylogenetic inference of evolutionary relationships among BFDV genome sequences. ML tree was constructed using BFDV full genome sequences 

from orange-bellied parrots with publicly available full-length BFDV genomes (see Appendix 1 for more details) with 1000 bootstrap resamplings and a raven circovirus (GenBank accession: DQ146997) 

as outgroup. Blue colour indicates the orange-bellied parrot genotype-I (OBP-I) and red colour indicates the orange-bellied parrot genotype-II (OBP-II). 
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Figure 3.1: 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). 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. 
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Figure 3.2: Bayesian phylogenetic inference of BFDV whole 

genome versus Rep gene sequences in Australian cockatoos 

demonstrating strong overall support of Rep as a predictor of 

genome relatedness (R2=0.814). 
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Figure 3.3: Bayesian phylogenetic inference of BFDV whole 

genome versus Cap gene sequences in Australian cockatoos 

demonstrating weak support  for major branches and poor 

prediction of overall genome relatedness (R2=0.733). 

  



Appendices 

 

245 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.8: 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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Figure 4.1: Bayesian phylogenetic inference of evolutionary relationship among BFDV full genome sequences from Australian parrots. 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). Clade posterior probability values are shown at tree nodes. Clade shading highlights the presence of Australian bird species either geographically located in Australia 

(black) or overseas (dark grey). Red text also highlights BFDV genomes in Australian bird species amongst predominantly international and cosmopolitan branches. Other coloured text highlights important host species 

within Australia. 
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Figure 4.2: Bayesian phylogeny from 248 partial genome sequences (Rep gene) of BFDV showing evolutionary relatedness with whole genome. Different colours represented its relationship with whole genome sequences 

in the Figure 4.1, and demonstrating strong overall support of Rep as a predictor of genome relatedness (R2=0.711). 

 


