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Abstract 

Pigeon circovirus (PiCV) is an important viral pathogen central to the development of 

young pigeon disease syndrome (YPDS). In this study, the Escherichia coli expression 

system was used to express the full-length native capsid protein (Cap) of PiCV, which was 

self-assembled into VLPs with a spherical morphology and diameters of 17–20 nm. The 

Cap was synthesised using a two‐step purification process resulting in high concentration 

and high purity than previously known. Polyclonal antibody against the Cap protein were 

induced after sheep immunised intramuscularly with VLPs combined with adjuvant. 

Polyclonal anti-PiCV Cap antibody was then used for the development of 

immunohistochemistry (IHC) techniques to detect viral antigen in paraffin-embedded, 

formalin-fixed tissue samples. These findings provide a better understanding for the 

recombinant expression and purification of the Cap protein of PiCV which has potential 

applications in immunodiagnostics, vaccine production and Cryo-EM reconstruction. 

A TaqMan based quantitative polymerase chain reaction (qPCR) targeting the conserved 

replication associated protein encoded gene (rep) was developed and validated for the 

detection of highly diverse PiCV in clinical samples. Ten-fold serial dilutions of 

pMCSG21 plasmid containing PiCV genomic insert were used to generate a standard curve 

with quantities of PiCV DNA molecules ranging from 2.5 × 109 to 1 DNA molecules/μL. 

The limit of detection of the new TaqMan qPCR was lower (2 plasmid copies) than that for 

a previously published SYBR green based PiCV qPCR (5 plasmid copies). Assessments of 

100% specificity and 100% sensitivity were attained based on the qPCR results with panel 

of 60 samples (known PiCV positive, n=30; known PiCV negative, n=20; samples positive 

to Beak and feather disease virus (BFDV), n=5 and samples positive to Canine circovirus, 

n=5). Co-efficient of variation (CV) for Ct value ranged between 0.27% to 0.78% in the 
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intra-assay and 1.84% to 2.87% in inter-assays. The detection of PiCV was enhanced by 

16% over that obtained by established conventional PCR. Testing of clinical samples from 

pigeons showed that PiCV loads were high in the liver (<2.38 × 1011 copies/μL), 

oropharynx (<2.84 × 109 copies/μL) and bursa of Fabricius (<2.10 × 109 copies/μL). 

Cloacal swabs samples also yielded high viral loads in clinically affected birds (8.98 × 108 

copies/μL). TaqMan qPCR demonstrated higher sensitivity for detection of highly diverse 

PiCV compared to the existing conventional PCR method. 

Like other circoviruses PiCV has been considered to be genetically diverse and prone to 

recombination. Current paleoviral evidence suggest towards a probable Gondwanan origin 

of avian circoviruses, paralleling the evolution and distribution of their hosts. In this study 

a phylogenetic analysis of new PiCV sequences (n=15) from a diverse group of extant and 

aberrant hosts revealed no biogeographic or host adapted structure of PiCV in the 

Australian avifauna. Investigation of spillover infection of PiCV in plumed whistling duck, 

blue billed duck and Australian magpie uncovered the host‐generalist and host‐switching 

characteristics of PiCV. In addition, analysis of host-virus phylogeny demonstrated 

patterns of avian circovirus spillover across different Orders of birds. Furthermore, a 

naturally occurring CoHV-1 and PiCV coinfection in a flock of racing pigeons (Columba 

livia) was also investigated using quantitative polymerase chain reaction (qPCR). 

Clinically affected pigeons had suppurative stomatitis, pharyngitis, vesicular dermatitis, 

cloacitis, otitis externa, tympanitis, otitis media and diffuse granulomatous meningitis with 

eosinophilic intranuclear inclusions consistent with herpesvirus infection later confirmed 

by quantitative PCR and DNA sequencing. Large numbers of amphophilic, botryoid 

intracytoplasmic inclusions were present in the skin, oral mucosa and bursa of Fabricius 

confirmed as PiCV infection by immunohistochemistry. Concurrent infection was 

widespread in visceral organs of the affected birds with highest concentration detected in 
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oropharynx and in liver samples for CoHV-1 and PiCV respectively. Interestingly, pigeon 

with only CoHV-1 was not detected regardless of clinical status. These results suggests 

that both viral copy numbers were significantly higher (P < 0.0001) in clinically affected 

pigeons compared to asymptomatic qPCR positive birds and CoHV-1 induced pathology 

might have been aggravated by concurrent PiCV infection. 

Since no structural information is currently available for any avian circovirus replication 

associated protein (Rep), an E. coli based recombinant expression and purification method 

for endonuclease domain and full-length native BFDV Rep was developed and optimised 

for downstream structural biology applications. Each protein was synthesised using a two‐

step purification process resulting in high concentration and high purity. For the first time, 

high-resolution structure of BFDV Rep protein was resolved through cryo-EM 

reconstruction at 3.4 Å. The structure demonstrates full-length Rep assembles in a 

hexameric ring possess oligonucleotide on the helicase domain and allowed the 

identification of three residues implicated in this interaction. The implication of these 

residues has been tested by the expression and purification of 3 (three) point mutants to 

further probe its capacity for ssDNA binding and replication. EMSA assay showed full-

length native and mutant Rep protein possesses affinity to ssDNA. Furthermore, significant 

nicking and unwinding activity was also observed in Rep K252D. This study significantly 

enhances the knowledge of avian circovirus replication as full-length native BFDV Rep 

structure has been constructed for the first time using high resolution cryo-EM technique.



Chapter 1: Literature review 
 

1 

Chapter 1. Literature Review 

1.1 Introduction 

Circoviruses are one of the smallest and simplest of viruses to replicate autonomously in 

animal cells (Allan & Ellis, 2000; Todd, 2004; Heath et al., 2006). These viruses are 

ubiquitous in nature and capable of causing disease in a wide range of hosts including 

mammals, birds, fish and crustaceans (Lőrincz et al., 2012; Pham et al., 2014). Beak and 

feather disease virus (BFDV), Porcine circovirus (PCV) and Pigeon circovirus (PiCV) are 

thus far the most studied circoviruses, due to their significant impact in agricultural and 

ecological systems (Alarcon et al., 2013; Fogell et al., 2016; Stenzel & Koncicki, 2017b). 

All circoviruses have a small circular ssDNA genome of approximately 1.7 to 2.0 kb in 

length, encapsidated into a non-enveloped, icosahedral virion ranging from 12 to 32 nm in 

diameter (Crowther et al., 2003; Ninomiya et al., 2007; Adams et al., 2017). Circoviruses 

represents a model of efficiency, encoding as few as two proteins within their viral genome 

to facilitate replication (Todd, 2000). The two major proteins common to circoviruses are 

the replication associated protein (Rep) which enable rolling circle replication of the viral 

genome, and the capsid protein (Cap), a multifunctional protein that make up the entire 

structural component of the virion. The Cap structure is simplistic, comprised of a single 

capsid protein that self‐assembles into icosahedral virus‐like particles (VLPs) of 60 Cap 

molecules (Khayat et al., 2011; Sarker et al., 2016b). Assembly of circoviruses range from 

large paracrystalline arrays to smaller particles found in the cytoplasm and nucleus during 

replication (Pass & Perry, 1984; Raidal & Cross, 1995).  
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Generally, circovirus infections are associated with lymphoid depletion and 

immunosuppressive conditions in affected animal or birds leading to systemic diseases 

such as postweaning multisystemic wasting syndrome (PMWS) in pigs caused by PCV2 

and psittacine beak and feather disease (PBFD) caused by BFDV and young pigeon 

disease syndrome caused by pigeon circovirus (PiCV) (Pass & Perry, 1984; Latimer et al., 

1990; Ritchie et al., 1990; Raidal et al., 1993b; Raue et al., 2005). With a high mutation 

rate like that of RNA viruses, circoviruses are genetically diverse organism where genome 

size and phenotypic innovations are most likely constrained due the structural limitations 

of encapsidation and multiple functionalities of Cap such as virion attachment, DNA 

binding and assembly, nuclear entry and compartment shuttling (Heath et al., 2006; Sarker 

et al., 2016b). 

Pigeon circovirus (PiCV) is one of the most significant infectious agents found in pigeons, 

which belongs to genus Circovirus and the family Circoviridae. Over the last two decades, 

PiCV infections have been detected in different parts of the world mostly in domestic and 

feral pigeons (Columba livia) (Woods et al., 1993; Woods et al., 1994; Abadie et al., 2001; 

Raue et al., 2005; Duchatel et al., 2006; Cságola et al., 2012; Stenzel & Pestka, 2014; 

Loiko et al., 2018; Sarker et al., 2019). The virus is transmitted mainly horizontally 

through ingestion or inhalation of virus-contaminated faecal material and feather dust 

(Franciosini et al., 2005). PiCV is regarded as an immunosuppressive agent in pigeons 

because PiCV infections have led to the lymphoid tissue destruction in the organs of 

immune system (Coletti et al., 2000; Abadie et al., 2001). This might be evident by the 

prevalence of concurrent infections with various other pathogens in PiCV-positive pigeons 

(Abadie et al., 2001; Stenzel et al., 2012; Stenzel et al., 2014a). Flight competitions, 

ornamental pigeon exhibitions, and “one loft races” breeding amenities are major 

contributing factors for the rapid spread of PiCV and production of recombinant viruses, as 
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has been noted for other avian circoviruses such as BFDV (Julian et al., 2013). The 

recombination events often detected in pigeon circovirus genome triggering the evolution 

of PiCV in Columbiformes (Sarker et al., 2019). Hence, large number of PiCV genotypes 

in diverse range of columbid host might help reveal the genetic diversity and host 

generalists’ criteria of pigeon circovirus. Therefore, the present literature review has 

focused on circovirus encoded proteins with special emphasis on avian circovirus. 

1.2 Nomenclature/Taxonomy 

Viruses of the genus Circovirus are members of the small circular single‐stranded DNA 

(ssDNA) virus family Circoviridae. The genus currently includes 39 virus species infecting 

a diverse range of vertebrate and invertebrate hosts (Virus Taxonomy: 2018b Release). 

Several circoviruses infect avian hosts such as BFDV in Psittaciformes (Bassami et al., 

1998), Canary circovirus (CaCV) (Phenix et al., 2001), columbid circovirus (CoCV)  or 

Pigeon circovirus (Mankertz et al., 2000), Goose circovirus (GoCV) (Todd et al., 2001), 

Finch circovirus (FiCV) (Shivaprasad et al., 2004), Gull circovirus (GuCV) (Todd et al., 

2007), Raven circovirus (RCV) (Stewart et al., 2006) and Starling circovirus (StCV) 

(Dayaram et al., 2013). In mammals, three closely related viruses infect pigs: Porcine 

circoviruses types 1 (PCV1), 2 (PCV2), and 3 (PCV3) (Rosario et al., 2017). There is also 

Canine circovirus (CCV) in dogs (Kapoor et al., 2012), bat-associated circoviruses 1‐8 

(Adams et al., 2017), and mink circovirus (Lian et al., 2014). Circoviruses infecting fish 

include the barbell (Johne et al., 2006) and catfish circoviruses. In addition, circovirus‐like 

viruses have been identified in starfish (Fahsbender et al., 2015) and in crustaceans such as 

shrimp (Pham et al., 2014). 

Deep sequencing and metagenomic techniques revealed novel circular ssDNA genomes in 

faecal and environmental samples from diverse range of vertebrate and insect hosts (Ge et 
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al., 2011; Ge et al., 2012). Since these genomes are phylogenetically different from all 

known circoviruses they constitute the second genus in the family Circoviridae, 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). Endogenous circovirus‐related sequences were identified inserted in the genome of 

diverse vertebrate host species. These paleovirological evidence suggested that 

circoviruses have, or still do, infect these animals and possibly their relatives, and might 

have existed over million years of evolution (Belyi et al., 2010; Cui et al., 2014). 

1.3 The Replication cycle of circoviruses 

Circovirus infection is initiated when virus particles bind to the surface of susceptible cells. 

The extracellular matrix component heparan sulphate (HS) has been shown to be bound by 

circovirus Cap (Dhindwal et al., 2019a) with this proteoglycan likely acting as a key cell 

receptor, as blocking of Cap:HS interaction with the small molecule epigallocatechin 

gallate prevents PCV2 uptake (Li et al., 2020). Following attachment to the cell surface, 

circovirus virions are internalised, with evidence suggesting that this is mediated by an 

ATP- and caveolin-dependent process for BFDV and clathrin- or actin and small GTPase-

dependent for PCV2 (Nauwynck et al., 2012; Chen et al., 2020). Although the details of 

the endocytosis and vesicular transport of circoviruses remains elusive, it is known that 

these viruses are able to cross bilayer membranes to enter the cytoplasm; presumably 

through the action of a cell-penetrating peptide (reviewed below) (Yu et al., 2018). From 

the cytoplasm, viral Cap proteins interact with the host importin receptors via nuclear 

localization sequence (NLS) motifs for transport into the nuclear lumen (reviewed below) 

(Yu et al., 2018; Chen et al., 2020). Within the nucleus, circovirus ssDNA genomes 

dissociate from viral Cap, interact with host polymerase factors, and enter rolling circle 
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replication (Nauwynck et al., 2012). Newly formed viral Cap proteins enter the nucleus 

and associate with the nascent genomic DNA via a process that is yet to be fully revealed 

and assemble as virus particles (Khayat et al., 2011; Sarker et al., 2016b). 

1.4 Genome biology 

Vast datasets of genome sequences along with sequence based bioinformatics analyses 

have provided more detailed understandings of ongoing viral adaption and evolution as 

well as probable host‐viral interactions (Djikeng & Spiro, 2009). In the past two decades, 

large number of genome sequences of different circoviruses has been deposited in public 

databases (Bassami et al., 2001; Stewart et al., 2006; Todd et al., 2008; Kapoor et al., 2012; 

Stenzel & Pestka, 2014; Sarker et al., 2015a). 

Circoviruses all possess a circular, ssDNA genome of ~2,000 nucleotides. All 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). Circoviruses are dependent on their host’s DNA polymerase to replicate (Todd et 

al., 2001), and the intergenic region of the genome contains a putative stem‐loop structure 

with a conserved nanonucleotide sequence motif (TAGTATTAC) (Figure 1.1), where 

ssDNA synthesis is initiated by Rep via a rolling circle replication strategy (Bassami et al., 

2001). Recent metagenomic and genomic methods have explored genetic diversity and 

novel host ranges of circoviruses across the tree of life with circovirus like elements found 

in mammals, birds, fish and even in crustaceans. However, the most detailed genetic 

analyses in large scale datasets have generally been confined to PCV2 and BFDV (Raidal 

et al., 2015; Fogell et al., 2016). 
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The full length and partial PiCV genome characterised extensively from different species 

of columbid birds like pigeon and dove all over the world (Todd et al., 2008; Cságola et 

al., 2012; Stenzel et al., 2014b; Yamamoto et al., 2015; Huang et al., 2017b; Loiko et al., 

2018; Sarker et al., 2019; Wang et al., 2022). PiCV genome consists of single-stranded 

spherical DNA of approximately 2030 base pairs (bp) with five putative ORFs which can 

potentially encode proteins greater than 8.7 kDa size (Mankertz et al., 2000; Todd et al., 

2001). However, only ORF V1, located on the viral strand and ORF C1, located on the 

complimentary strand were found to be homologous to the replicase gene (Rep) and capsid 

gene (Cap) of relatively well characterised porcine circovirus (PCV) and beak and feather 

disease virus (BFDV) (Mankertz et al., 2000; Johne et al., 2006; Todd et al., 2008). The 

additional three ORFs encode PiCV proteins with unknown functions (Todd et al., 2008; 

Stenzel et al., 2014b) located on the complementary sense strand (Figure 1.2). On the 

contrary BFDV and PCV2 genome possesses 7 and 11 putative ORFs respectively in 

overlapping fashion (Hamel et al., 1998; Bassami et al., 2001). Similar to PiCV the 

ambience ORF1/ORF V1 and ORF2/ORFC1 genes of PCV2 and BFDV are the two major 

open reading frames (ORFs) encoding for Rep and Cap protein. In BFDV, additional five 

ORFs did not share significant homology with any known genome sequences in the 

GenBank database (Todd et al., 1991; Bassami et al., 1998). In PCV2, ORF 1, 5, 7, and 10 

are located on the viral plus‐strand and transcribe clockwise, while ORF 2, 3, 4, 6, 8, 9, and 

11 are encoded by the complementary strand and transcribe counter clockwise (Hamel et 

al., 1998). Nevertheless, only five proteins encoded by these ORFs have been characterised 

in detail. A large intergenic region between the 5′‐ends of the ORFs contains the 

replication origin motifs (Cheung, 2012). Resemblances of genomic organization and 

replication strategy designate that PCV2 is closely related to plant geminiviruses and 

nanoviruses. PCV2 rep gene is capable of simultaneous translation of two functional 
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proteins; the full‐length Rep protein (314 aa) and the spliced frame‐shifted version Rep′ 

protein (178 aa) where both is vital for initiating PCV2 replication (Mankertz et al., 2003; 

Finsterbusch & Mankertz, 2009). The ORF2 encode for structural Cap is also well 

characterised. ORF3 and ORF4 are overlapped within ORF1, where ORF3 products are 

well characterised for inducing apoptosis in virus‐infected cell lines (Liu et al., 2005; Lin 

et al., 2011). The ORF4 might be responsible for restricting ORF3 transcription thus 

preventing virus induced apoptosis (Olvera et al., 2007). However, whether these ORF4 

and ORF3 proteins really contribute to the pathogenesis of PCV2 or not, remains unclear. 

 

 

Figure 1.1: (A) Circovirus genome organisation showing the ambisense two major open reading frames (B) 
The potential stem-loop structure with the nonanucleotide at the apex and the repeated octanucleotide motif 
(Box) immediately downstream, where replication is initiated 
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Figure 1.2: Organization of the PiCV genome (Stenzel & Koncicki, 2017b) 

 

The full length BFDV genome has been characterised extensively from many species of 

psittacine birds from different continents (Varsani et al., 2011; Harkins et al., 2014; Sarker 

et al., 2014b). The BFDV genome length ranges from 1.7 to 2.0 kb, and contains seven 

putative ORFs (Bassami et al., 2001). However, only ORF V1, located on the viral strand 

and ORF C2, located on the complimentary strand were found to be homologous to the 

Rep and Cap genes respectively. In contrast, the porcine circovirus (PCV2) genome 

possesses 11 putative ORFs, many of which are overlapping (Hamel et al., 1998). ORF’s 

V1, V5, V7, and V10 are located on the viral positive‐strand, while ORF’s C2, C3, C4, C6, 

C8, C9, and C11 are encoded by the complementary strand (Hamel et al., 1998). 

Nevertheless, only five proteins encoded by these ORFs have been characterised in detail. 

Moreover (and similar to BFDV), ORF V1 and ORF C2 genes of PCV2 are the two major 

open reading frames (ORFs) encoding the Rep and Cap protein respectively. The Rep of 

PCV2 is capable of producing two functional proteins; the full‐length Rep protein (314 aa) 

and the spliced frame‐shifted version Rep′ protein (178 aa) and both are essential for 

initiating PCV2 replication (Finsterbusch & Mankertz, 2009). ORF C2 encodes for the 
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structural capsid protein and has been well characterised (described later). ORF C3 and 

ORF C4 are embedded within ORF V1, where ORF C3 products are known to induce 

apoptosis in virus‐infected cell lines (Lin et al., 2011). The ORF C4 product may play a 

role in restricting ORF C3 transcription, thereby preventing virus induced apoptosis 

(Olvera et al., 2007). However, whether these ORF C3 and ORF C4 proteins truly 

contribute to the pathogenesis of PCV2 remains unclear. 

1.5 Genetic diversity 

Considerable research work has demonstrated a vast degree of genetic diversity in small 

circular ssDNA viruses (Drake & Hwang, 2005; Delwart & Li, 2012). According to ICTV 

criteria, species differentiation within the genus Circovirus necessitates complete genome 

sequence identity <75% or cap gene sequence identity <70% than the closest relative 

(Adams et al., 2017). However, several studies have indicated significant intra‐species 

diversify mostly among BFDV genotypes which are capable of infecting a wide range of 

psittacine birds having a genome wide pairwise identity ranging from 83% to 97% 

(Bassami et al., 2001; Varsani et al., 2011; Sarker et al., 2014a). 

Among the circoviruses, mutational dynamics and evolutionary scenarios have been 

mostly studied in PCV (PCV1 and PCV2) and in BFDV. Several studies on mutational 

dynamics have showed high mutation rates, with orders of magnitude falling in the range 

of 10‐3 to 10‐4 subs/site/year (Kundu et al., 2012; Harkins et al., 2014; Sarker et al., 2014a; 

Sarker et al., 2014b) similar to that of RNA viruses (Duffy & Holmes, 2008). According to 

Drake’s rule, the average mutation rate per base pair is inversely proportional to the 

genome size in DNA based replication (Drake et al., 1998) that is broadly applicable across 

all domains of life including DNA and RNA viruses as  a mechanism for optimised 

adaptability (Bradwell et al., 2013). The evolutionary rate or substitution rate denotes to 
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the mutational errors in genome replication under the evolutionary forces such as natural 

selection or drift over time while the mutation rate is the consequence of the interaction 

between a virus and the host cell (Drummond et al., 2003). The BFDV genotypes 

circulating in diverse host range are surprisingly conserved in antigenicity although a high 

degree of genetic diversity has been detected (Bassami et al., 2001; Julian et al., 2013; 

Sarker et al., 2014b). Previous studies have shown that mutational traits are not essentially 

adaptive, relatively a key element in viral evolution (Duffy & Holmes, 2008; Bradwell et 

al., 2013). Any adaptive phenotypical novelty among circovirus species is possibly 

constrained due to threshold structural limitations of encapsidation and the several 

functionalities of Cap in attachment, uncoating, nuclear localization, compartment 

shuttling and DNA binding in virus assembly (Heath et al., 2006; Sarker et al., 2016b). 

Several studies have focused on recognizing the origins and evolutionary pathways of 

BFDV infection in Australian, South African and New Zealand parrots and to identify the 

potential BFDV clades that might threaten endangered host species (Varsani et al., 2011; 

Julian et al., 2013; Peters et al., 2014; Sarker et al., 2014a; Sarker et al., 2014b). BFDV is 

endemic to Australia, having emerged in post-Gondwanan times (Harkins et al., 2014), and 

having co-evolved with Australian psittacine hosts since then (Raidal et al., 2015). 

Interspecies variation might be arisen from differences in virulence in diverse strains of 

BFDV. The high mutability dynamics of BFDV has led the emergence of host-specific 

virus strains among psittacine hosts (Ritchie et al., 2003; Varsani et al., 2011; Eastwood et 

al., 2014). Sarker et al. (2014b) demonstrated that BFDV genotypes circulating in 

Australian psittacine host population are host‐generalist and capable of flexible host‐

switching among the psittacine birds. Previous phylogenetic analyses also demonstrated 

that all endangered Australian psittacine birds are susceptible to, and equally likely to be 

infected by, BFDV genotypes from a range of host psittacine species (Raidal et al., 2015). 
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Quasispecies variants were thought to be responsible for such infectivity as they allow the 

virus to adapt or escape immune response (Echeverría et al., 2015).  Circovirus 

quasispecies variants were well established in BFDV infecting cockatoos and parrots 

(Sarker et al., 2014a; Sarker et al., 2014b) as well as in PCV infecting mammalian hosts 

(Hughes & Piontkivska, 2008; Rosario et al., 2009). Moreover, recombination plays a 

pivotal role in generation of genetic diversity in ssDNA viruses as well as in their long 

term evolutionary process (Martin et al., 2011). Illegal pet bird trades are influencing 

global genetic diversity of BFDV that resulted emergence of recombinant strains (Varsani 

et al., 2011). Extensive recombination events in BFDV genotypes isolated from distant 

host and geographical locations demonstrated frequent host switches and a deep gene‐flow 

throughout Australia (Peters et al., 2014; Sarker et al., 2014a). As increasing number of 

genome sequences becoming accessible, hints of host adaptation and diverging BFDV 

population are starting to emerge presenting valuable evolutionary insights on circovirus 

speciation (Varsani et al., 2011; Eastwood et al., 2014; Das et al., 2016b). The availability 

of circovirus complete genome sequences also facilitates study of population structure, 

genetic diversity and underlying evolutionary forces, such as mutation, recombination and 

selection pressure (Sarker et al., 2014a; Stenzel & Pestka, 2014; Das et al., 2019b; 

Khalifeh et al., 2021). 

The pairwise similarities between PiCV and BFDV or PCV is estimated at 57% and 35%, 

respectively, that is why PiCV was classified as different species (Mankertz et al., 2000; 

Todd et al., 2001). Several research demonstrated that unlike the Rep, the Cap frequently 

undergoes mutations (Todd et al., 2008; Zhang et al., 2011; Cságola et al., 2012; Stenzel et 

al., 2014b; Liao et al., 2015; Zhang et al., 2015b). The identity of nucleotide sequences of 

the gene encoding cap protein in numerous PiCV variants is estimated at about 87% 

(Stenzel & Koncicki, 2017b), and the presence of separate clades based on a comparison of 
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whole genome sequences, results from differences in the Cap gene (Zhang et al., 2011; 

Cságola et al., 2012; Stenzel et al., 2014b; Yamamoto et al., 2015).  

Although PiCV phylogenetic reconstruction demarcated five main clades (A to E) 

(Cságola et al., 2012; Yamamoto et al., 2015), no clear geographic or host-based clustering 

identified (Todd et al., 2008; Stenzel et al., 2014b). Moreover, all PiCV variants are not 

widely distributed. The most common variant of PiCV has been found in various European 

countries, United States, China, Brazil and Australia, whereas the second common variant 

in Europe, China, Australia and Brazil (Stenzel et al., 2014b; Loiko et al., 2018; Sarker et 

al., 2019). The remaining variants are not common, with most detected in birds in Europe 

and China (Stenzel et al., 2014b; Loiko et al., 2018; Sarker et al., 2019). Absence of 

geographic clustering of PiCV genotypes might be due to the role of recombination, and 

nucleotide substitution plays in its evolution as well as extensive transportation of pigeons 

for racing competitions and international trade. Previous studies have shown a 

recombination hotspot within the intergenic region between Cap and Rep genes and near 

the origin of replication (Stenzel et al., 2014b; Sarker et al., 2019). Positive selection is the 

main drivers for circovirus evolution during contact with the host's immune system, and it 

describes the relatively high degree of genetic diversity in PiCV isolates due to mutations 

in the cap. This type of adaptive host immunity is one of the primary factors for the 

positive selection in many viruses that infect vertebrates (Rigby et al., 1993; Bennett et al., 

2006; Esteban & Hutchinson, 2011). The capsid shell is exposed to the host's immune 

cells, which stimulates the immune responses. Mutations that alter the structure of Cap are 

required for virus to bind to the target cell receptors, infect cells and avoid being 

neutralised by antibodies (Blanchard et al., 2003; Bennett et al., 2006). Nucleotide 

sequences analyses of the PiCV cap revealed several mutations resulting from adaptive 

evolution (positive selection) of European isolates (Stenzel et al., 2014b)and novel genetic 
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line of PiCV variants from Taiwan that had developed by positive selection (Liao et al., 

2015). 

1.6 Protein biology 

1.6.1 Capsid protein 

Cap is the only circovirus protein incorporated into the virion and exposed to the 

extracellular milieu, functioning to encapsidate the viral genome but also representing the 

major antigenic determinant. In addition to its role in genome packaging, Cap also plays 

key roles during viral replication including attachment and cell entry, genome release, and 

translocation into the nucleus (Cheng, 2013; Prasad et al., 2013). Ritchie et al. (Ritchie et 

al., 1989) first elucidated the 26.3 kDa Rep and 23.7 kDa Cap of BFDV, and following 

this, several studies have tested the expression and antigenic character of full‐length and 

truncated Cap protein for use in diagnostic assays as well as vaccine development. 

Candidate vaccines for BFDV have been developed using baculovirus expression vectors 

in insect cell systems (Heath et al., 2006; Stewart et al., 2006), as well as expression in 

bacterial based systems (Patterson et al., 2013; Sarker et al., 2015b). Likewise, different 

expression system has been used to develop a PiCV recombinant Cap using for diagnostic 

assay and a recombinant vaccine against the PiCV (Daum et al., 2009; Duchatel et al., 

2011; Lai et al., 2014; Stenzel et al., 2017; Gai et al., 2020; Huang et al., 2021). Low 

endogenous expression, low solubility and poor stability were common obstacles during 

early attempts at synthesis for atomic level structural analyses of viral proteins (Fan et al., 

2011; Sarker et al., 2015b). Expression was conspicuously higher when the first 40 amino 

acids were deleted from the N‐ terminus of the Cap sequence  (Heath et al., 2006; Sarker et 

al., 2015b).  
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Circovirus Cap can exist in multiple conformational assemblies during replication, 

including small intracytoplasmic non‐membrane bound crystalline inclusion assemblies of 

0.1–0.5 μm, larger membrane bound inclusion bodies of 0.5–5.0 μm, intranuclear inclusion 

bodies composed of circular virus complexes of 10–12 nm, as well as fully mature, single 

icosahedral virus like particles (VLPs) of 17 nm diameter (Sarker et al., 2016b). 

Antigenic variation and genotype shifts have been well studied in relation to circovirus 

surface topology (Seo et al., 2014; Zhan et al., 2016). Particularly for PCV2, the original 

surface pattern of the icosahedral fivefold axes, decorated with Loops BC, HI and DE, 

were distinct from PCV1. A conserved tyrosine phosphorylation motif in Loop HI is 

present only in PCV2 along with a canonical PXXP motif for binding and activation of an 

SH3-domain-containing tyrosine kinase in host cells.  These unique patterns of PCV2 Cap 

surface that are absent in PCV1 isolates has been considered crucial for cell entry, virus 

function and pathogenesis (Wang et al., 2016). A recent phylogenetic study on the PCV2 

strains circulated in Belgium from 2009 to 2018 highlighted that three residues (positions 

59, 131, and 191) located on outside of cap protein has been under positive selection 

driving a genotype shift PCV2a to PCV2b and later on from PCV2d-1 to PCV2d-2 (Wei et 

al., 2019). 

The N-terminus of the Cap contains nuclear localization signals (NLSs) for mediating 

transfer of this protein and the associated genomic DNA into the host cell nucleus (Heath 

et al., 2006). Very recently, nuclear localisation signals (NLS) and nuclear export signals 

(NES) has been identified on the Cap protein of BFDV that has proven critical for nuclear 

entry and exit respectively in-vitro (Chen et al., 2020). This NLS region is also responsible 

for binding the ssDNA genome. In insect cells, co‐expression of BFDV Cap with Rep 

protein led to localization of Rep within the nucleus, whereas expression of Rep alone was 
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localised to the cell cytoplasm (Heath et al., 2006). This suggested a potential Cap‐Rep 

interaction that accelerates movement of Rep into the nucleus for commencement of viral 

genomic replication (Heath et al., 2006). 

On the other hand, the C-terminus (CT) of the PCV2 Cap is also known to play critical 

roles in the evolution, pathogenesis and proliferation of this virus. A recent study 

discovered a critical PXXP motif in the C-terminal loop of the PCV2 Cap that plays a 

critical role for self-assembly VLPs in-vitro. Using site directed mutagenesis they have 

demonstrated a strictly conserved residue (K227A) in the CT loop is essential for VLPs 

entry into PK15 cells and mutation of this residue results in abrogated infectivity compared 

to wild type viruses (Zhan et al., 2020). 

1.6.2 Rep protein 

The Rep proteins of circoviruses possess two functional domains; an endonuclease domain 

and a P‐loop (a putative helicase domain) (Cheung, 2012) (Figure 1.2). The endonuclease 

domain of Rep is located at the N‐terminus and is responsible for recognition of the origin 

of replication motif in the viral genome sequence, as well as being responsible for the 

endonuclease activity that enables nicking of the circular DNA and initiation of rolling‐

circle replication (RCR) (Orozco et al., 2000). Recombinant Rep protein exhibits dual 

ATPase and GTPase activity (Huang et al., 2016). Rep proteins typically contain a helicase 

domain for DNA unwinding (Ilyina & Koonin, 1992), and helicase activity of Rep has 

been demonstrated for two different geminiviruses (a family of viruses distinct from 

circoviruses yet with similar circular ssDNA genomes and replication strategies) 

(Choudhury et al., 2006). While, basal nucleoside triphosphatase (NTPase) activity of 

PCV2 Rep has been demonstrated (Tarasova et al., 2021), solid evidence remains to be 

established for helicase activity in BFDV Rep. 
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To date, a three dimensional NMR solution structure of the endonuclease domain (Vega-

Rocha et al., 2007) and crystal structure of the dimerised N terminus  from the Rep protein 

of PCV2 have been resolved (Figure 1.3) (Luo et al., 2018). Dimerization is mediated 

through two interfaces (Figure 1.3), with Leu35 and Ile37 located in interface I shown to 

be highly critical (Luo et al., 2018). The structurally resolved endonuclease domain of the 

PCV2 Rep highlighted tyrosine or serine rich motifs (motif I, II and III) as important for 

serving in metal ion activation, DNA binding and ssDNA cleavage (Vega-Rocha et al., 

2007). 

Structure‐based sequence analysis revealed that these three motifs, located near the N‐

terminus of the endonuclease domain, are conserved across several circoviruses, 

geminiviruses and nanoviruses (Vega-Rocha et al., 2007). A specific mutation in motif II 

of BFDV Rep has been proposed to contribute to an increase in infectivity (Kundu et al., 

2012). Divalent metal ions (such as Mn2+ or Mg2+) were identified as co‐factors for 

endonuclease and DNA cleavage functions of Rep (Ilyina & Koonin, 1992; Vega-Rocha et 

al., 2007). In a recent functional study, dsDNA region containing the replication origin of 

the BFDV Rep protein was identified, and the ATPase/ GTPase and endonuclease motifs 

were found to be intricate in DNA binding (Chen et al., 2019). Although motifs 

responsible for the endonuclease activity of the BFDV Rep protein has been identified by 

deletion mutation experiments, structural characterization of these motifs yet to be resolved 

(Chen et al., 2019). 
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Figure 1.3: Domain organization of PCV2 Rep proteins. The N-terminal endonuclease domains has been 
solved by NMR and crystallography where dimer interface is mediated through interfaces and highlighted in 
transparent blue circles (Left); Pipe-and-plank cartoon view of PCV2 Rep-ssDNA hexamer with subunits 
characterised. The central cylinders classify the axis of rotation for overlaying the AD of one subunit onto the 
following subunit. The colour of the cylinder categorises the subunit that is to be rotated. The ssDNA stick 
model has been shown in the centre of the hexamer (Right). 

 

The C-terminal domain of Rep possesses a P‐loop/helicase motif, is conserved in 

circoviruses (Ilyina & Koonin, 1992; Niagro et al., 1998) and is indispensable for PCV 

replication (Cheung, 2012). ATPase activity of this domain was detected in PCV which is 

dependent on the presence of Mg2+ ions as a co‐factor (Steinfeldt et al., 2006). A consensus 

ATP/GTP binding motif was detected in geminiviruses and is seemingly essential for viral 

genome replication (Behjatnia et al., 1998). A study demonstrated that the dual ATPase 

and GTPase activity of the C-terminal domain of the BFDV Rep is regulated by Walker A 

and B motifs typical of ATP binding proteins, as well as a novel GYDG motif that is 

encoded between them (Huang et al., 2016). 

In contrast to other circoviruses which use a single multifunctional transcript of Rep, PCV1 

and PCV2 have two differentially spliced transcripts (Rep and Rep') for motif recognition, 

replication initiation and helicase activity (Vega-Arreguin et al., 2005). These Rep and 

Rep' proteins are able to associate as homodimers or heterodimers, and the quantities of 

these complexes vary during replication, which may suggest they enact different roles 

(Mankertz et al., 2003; Cheung, 2012). More recently, a cryo-EM structure demonstrated 
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PCV2 Rep formed a hexamer with ss/dsDNA bound to its central channel and Rep utilised 

an oligomerization domain (OD) for hexamerization. Moreover, ATPase domains (AD) 

showed a spiral staircase arrangement around ssDNA/dsDNA and demonstrated a 

sequential mode of ATP hydrolysis and direction of ssDNA translocation (Tarasova et al., 

2021). 

Interaction of Rep and Cap proteins might may also play a role in circovirus biology, such 

as subcellular localization of Rep to the nucleus for initiating viral genome replication 

using host polymerase (Heath et al., 2006). Despite containing 2 predicted NLS motifs by 

sequence analysis (accession number: Q9YUD3), expression of BFDV Rep protein alone 

in insect cells led to a predominantly cytoplasmic localisation. Co-expression with Cap 

protein altered Rep localization toward nuclear import (Heath et al., 2006). Rep protein has 

thus been suggested to bind with Cap and to be co-translocated across the nuclear 

envelope. The ATPase and GTPase activity of the BFDV Rep was also up‐regulated in the 

presence of Cap protein, which suggests that the interaction between the Rep and Cap 

proteins may lead to conformational and/or functional change in the Rep protein (Huang et 

al., 2016). However, since no structural data is available for these complexes, a detailed 

understanding of this interaction, and possible biological function is limited. 

1.6.3 Cap structures 

Cap is the main antigenic protein of circoviruses and forms an icosahedral virion structure 

with 60 repeating subunits. The sequences among different species of circoviruses are 

diverse (Patterson et al., 2012), yet the overall three dimensional structure is conserved 

over large evolutionary distances (Figure 1.4) (Krupovic & Bamford, 2008). Attempts have 

been made to model the putative structures of different circoviruses detected in birds, fish, 

and mammalian hosts based on the Cap crystal structure data from PCV2. These models 
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suggest a high degree of structural conservation (Patterson et al., 2012), however, the 

accuracy of such homology models relies heavily on the amino acid sequence similarity 

with the template. When confronted with low sequence similarity, computational 

prediction of target protein structure suffers from several challenges and shortcomings 

(Biasini et al., 2014). This is exemplified in recent reports that important structural 

information within circoviruses cannot always be obtained from sequence data analysis 

alone. For example, the observed significant structural differences between PCV2a, b and 

d would not be expected based on the high similarity of the sequences (Khayat et al., 

2019). Moreover, differences in the positioning of loop regions are proposed to represent a 

genotype shift between PCV2a and b, which would not be possible to ascertain from 

sequence analysis (Patterson & Opriessnig, 2010; Beach & Meng, 2012).  

 

 

Figure 1.4: Structures of the circovirus VLP’s from PCV2 (PDB 3ROR) and BFDV (PDB 5J36) based on 
crystallography. Each VLP is comprised of 60 capsids, arranged as 12 pentamers. One pentamer is shown in 
the centre of each VLP. 

 

Early structural insights from Crowther et al. (Crowther et al., 2003) detailed the 3D 

structures of circovirus virions using electron micrographs for the first time. They found 

that the members of the genus Circovirus such as PCV2 and BFDV have a similar Cap 
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structure that form multi-subunit virions with T=1 icosahedral symmetry. The first high 

resolution atomic structure of PCV2 Cap was solved in 2011 using X‐ray crystallography 

(accompanied with lower resolution cryoEM), where it was shown that the Cap subunits 

comprise a single canonical jelly roll domain (Khayat et al., 2011) (Figure 1.5). The jelly 

roll domain is comprised of two β-sheets, each containing four strands. Shorter loops 

(ranging from 4-9 amino acids) that connect the β-strands decorate the surface of the Cap, 

while the longer loops (ranging from 21-36 amino acids) predominantly mediate 

interactions between Cap (Khayat et al., 2019) . More recently, crystal structures of BFDV 

Cap were structurally resolved in two different macromolecular assemblies (Sarker et al., 

2016b). These included a 10 nm assembly, comprised of two face‐to‐face Cap pentamers, 

and a 17 nm assembly comprised of 60 Cap monomers arranged as 12 pentamers (Sarker et 

al., 2016b) (Figure 1.6). These assemblies exhibited inverted morphologies with respect to 

the positively charged N-terminal ARM domain, positioned on the exterior on the 10 nm 

assemblies, and on the interior in the 17 nm assemblies (Figure 1.7) (Sarker et al., 2016b). 

The influence of ssDNA on the inter-conversion between these two species was described, 

along with the possible biological roles. In the absence of ssDNA, the 10 nm assembly is 

prevalent, and the N-terminal ARM domain exposed. In contrast, in the presence of 

ssDNA, the 17 nm assembly predominates and here the N-terminal ARM domain is 

interior where its function is to package DNA and create a neutrally charged virion. A 

structure of BFDV in the presence of ssDNA also provided possible DNA binding sites on 

the inner Cap shell, distinct from the ARM domain (Figure 1.8). Many of these binding 

sites were conserved in a recent structure of PCV2d (Khayat et al., 2019). 
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Figure 1.5: The circovirus structure is built up from 60 Cap proteins. The monomeric unit is a jelly-roll 
domain and forms a 60 Cap structure arranged as 12 pentamers. 

 

 

 

Figure 1.6: The beak and feather disease virus form at least two different macromolecular assemblies. A 
decameric species comprised of two pentamers is approximately 10 nm in diameter. The full VLP is 
comprised of 60 Cap molecules (or 12 pentamers) and is 17 nm in diameter. 
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Figure 1.7: Inversion of the Cap ARM domains (shown in blue) between the 10 nm (left) and 17 nm (right) 
assemblies. 

 

Although structures of PCV2b and d, and BFDV VLPs have been resolved by X-ray 

crystallography and cryo-EM, the N-terminal ARM domains could not be resolved in these 

structures and were predicted to be structurally flexible (Khayat et al., 2011; Liu et al., 

2016). An N-terminal truncation of PCV2 Cap showed compromised immunogenicity and 

Cap assembly (Guo et al., 2011). The N-terminal region of PCV2 Cap contains several 

clusters of arginine residues and is predicted to form an α-helix. Recently, Mo et al. (2019) 

reported the structural roles of the N-terminal fragment of PCV2 and pinpointed one PCV2 

type-specific neutralizing epitope. Density was observed in the cryo-EM structure for the 

N-terminal ARM region 15PRSHLGQILRRRP27 including an α-helix, which interacts with 

the arginine-rich NLS-B (33RHRYRWRRKNG43) fragment located proximal to the β-

barrel. However, the authors noted that the structure was not deposited to the PDB due to 

low resolution and structural flexibility. Nonetheless, these interactions were proposed to 

stabilise PCV2 VLPs in solution and were supported by truncation fragments of the ARM 

domain. The positioning of the N-terminal ARM domain was distinct to that presented in a 
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recent structure of PCV2d by Khayat et al. (Khayat et al., 2019). For example, Khayat 

models residues 36–42 of PCV2d to be located on the inner side of the Cap and near the 3-

fold axes of symmetry. In contrast, in the Mo et al. structure, residues 33–42 are modelled 

near the 5-fold axes of symmetry. These discrepancies have been suggested to be possibly 

due to differences in expression systems (mammalian vs. E. coli). 

 

 

Figure 1.8: Structure of the circovirus BFDV (PDB 5J37) and PCV2d (PDB 6OLA) VLP shown with yellow 
beta sheets and green loops. Bound ssDNA is shown in purple spheres. 

Additionally, Mo et al. (2019) determined the cryo-EM structure of the full-length PCV2 

VLP in complex with the Fab fragment of a PCV2 type-specific neutralizing monoclonal 

antibody. Here, the structure shows that the complementarity-determining regions (CDR) 

of monoclonal antibody (mAb)-3H11 Fab bind to a protruding EF-loop region 

(134KATALT139) located on the PCV2 VLP surface. This EF-loop region could serve as a 

PCV2 type-specific neutralizing epitope. In a more recent study the neutralizing mAb 3A5 

capable of binding PCV2a, b and d genotypes were investigated. Cryo-EM showed the 

antibody bound at the five-fold symmetry axes (Huang et al., 2020). Significantly, two 

adjacent Cap were recognised by this antibody. 

The presence of a positively charged ARM domain at the N-terminus of the structural Cap 

protein is a distinctive and highly conserved feature of the Circoviridae (Figure 1.9). These 

motifs are positioned in a similar fashion in Cap sequences across all circoviruses although 
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the number of arginine residues and sequence composition may differ (Heath et al., 2006). 

The concentrated clustering of positively charged residues often constitutes an NLS 

(Whittaker & Helenius, 1998). Heath et al. (2006) first recorded three partially overlapping 

bipartite NLSs with a high percentage of arginine residues in BFDV Cap. These NLSs 

were shown to be pivotal for nuclear localization of the Cap in both BFDV and PCV2 

(Heath et al., 2006). Arginine rich NLSs also contain a DNA binding region which 

facilitates the binding of Cap to both single and double-stranded DNA in a cooperative 

manner (Heath et al., 2006). Whether the NLS and the DNA binding region are 

functionally coupled or act independently is yet to be determined. In addition to classical 

nuclear import pathways, PCV2 Cap has also been reported to recruit dynein for transport 

to the nucleus via the dynein/microtubule machinery (Cao et al., 2015). In this model 

PCV2 Cap subunits might act as a direct ligand of the cytoplasmic dynein IC1 subunit and 

an inducer of microtubule α‐tubulin acetylation which enhances intracellular transport 

(Cao et al., 2015). 

 

Figure 1.9: Sequence alignment of circovirus capsid ARM domain. Positively charged arginine (R) residues 
are highlighted in red. 

 

The ARM sequences of circoviruses also play an important role in regulating genome 

encapsidation (Choi & Rao, 2000; Kakani et al., 2008). In some RNA virus Cap, the ARM 

domains are related and exhibit a specific recognition sequence for viral RNA 

encapsidation and assembly (Rao, 2006). For example in brome mosaic virus, the ARM 
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interacts specifically with the 5′-terminus of RNA1 and enhances stability of RNA1-

containing particles as well as assisting in packaging of sgRNA4 (Choi & Rao, 2000). 

Similarly, in Flock House virus (FHV) the N‐terminal ARM domain of the Cap is required 

for specific packaging of RNA2 and also regulates the efficiency of RNA1 packaging 

(Marshall & Schneemann, 2001). 

Deletion mutation experiments within the N-termini of Cap has eased determining the 

residues critical for encapsidation, assembly and stability of the virion in ssRNA viruses 

(Satheshkumar et al., 2005; Kakani et al., 2008). In cucumber necrosis virus such 

approaches have identified the highly basic KGKKGK sequence in the R domain of the 

Cap to be essential for encapsidation of the full‐length genome and formation of 

polymorphic virion (Kakani et al., 2008). Complete truncation of arginine rich sequences 

from Cap protein resulted in dramatic shifts in the assembly equilibrium from T=3 

symmetry VLPs to T=1 symmetry and intermediate‐sized particles (Kakani et al., 2008). 

Similarly, complete deletion of the ARM domains abolished RNA encapsidation capability 

of Sesbania mosaic virus (Satheshkumar et al., 2005). In Sesbania mosaic virus, a 

minimum of three arginine residues was found to be essential for encapsidation of RNA 

while experimental mutation on these residues resulted in complete reversal of RNA 

packaging ability (Satheshkumar et al., 2005). Similarly, in cucumber necrosis virus, site 

directed mutagenesis revealed the influence of positively charged lysine residues in 

packaging of RNA within VLPs (Kakani et al., 2008). Several ssRNA and ssDNA viruses 

neutralise the negative charge of the genomic material with the positively charged domain 

of the Cap (Warrier et al., 2008). Belyi and Muthukumar (2006) showed that the packaged 

genome length and conformation was dominated by the nonspecific electrostatic 

interactions exerted from the net charge on the flexible peptide ARM domains. They 

postulated that genome length is in direct linear proportion to the net positive charge on 
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Cap peptide arms, irrespective of the actual amino acid sequence, with a proportionality 

coefficient of 1.61 ± 0.03. This ratio is conserved across all ssRNA/ssDNA viruses with 

highly basic peptide arms, and is different from the one‐to‐one charge balance expected of 

specific binding (Belyi & Muthukumar, 2006).The positively charged NLSs within the 

ARM domain remain buried in the internal surface of the PCV2 Cap which might 

externalise during viral ‘breathing’ (Khayat et al., 2011). Additionally, the exposure of 

ARM domain in different Cap assemblies may aid in morphogenesis to higher order 

macromolecular VLPs in the presence of ssDNA (Sarker et al., 2016b) as described earlier. 

Mo et al. (Mo et al., 2019) suggests that PCV2 N-terminal fragment up to 40 amino acid 

residues could be structurally flexible, which is partially confirmed by the N-terminal 

truncated PCV2 structures published in literature (Khayat et al., 2011; Liu et al., 2016). 

Expression of full-length PCV2 Cap was very difficult in soluble form in numerous protein 

expression systems (Wu et al., 2008), suggesting the N-terminal ARM domain of PCV2 

Cap could play a role in protein folding and/or capsid formation (Liu et al., 2001). Guo et 

al. (2011) showed that N-terminal truncated PCV2 Cap might not be able to self-assemble. 

Recently, structural data speculated that PCV2 Cap could self-assemble in solution into 

PCV2 VLP without the help of N-terminal fragment. However, this VLP originated from 

N-terminal deleted PCV2 Cap, lacking the interactions between the α-helix in NLS from 

one capsid protein and NLS-B fragment from an adjacent Cap is instable and easily 

disassembled. Therefore, N-terminus of PCV2 Cap, including the NLS fragment, play 

pivotal roles in PCV2 VLP stabilization rather than PCV2 VLP formation. 

1.7 Cellular attachment and endosomal membrane disruption  

Among the diverse species of circoviruses, only PCV2 and BFDV has been studied for 

virion attachment, internalization, cellular and nuclear transport since in vitro propagation 
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systems have not been established for other circoviruses. The PCV2 virion binds to 

heparan sulphate and chondroitin sulphate B glycosaminoglycans (GAGs) on the cell 

surface (Misinzo et al., 2006), before entering the cell via clathrin-mediated endocytosis in 

monocytic cells (Misinzo et al., 2005) and dendritic cells (Vincent et al., 2005) while 

BFDV is caveolin- and ATP-dependent (Chen et al., 2020) . PCV2 gains entry into 

epithelial cell lines PK15, SK, and ST cells via caveolae-, clathrin-, and dynamin-

independent small GTPase regulated pathways (Nauwynck et al., 2012). Endocytosed 

macromolecules are either recycled to the surface of the cell or degraded by the cell as 

endosomes acidify to lysosome in what is referred to as the endosome– lysosome system 

(Huotari & Helenius, 2011). Thus, PCV2 must escape from endosomes and enter the cells 

for infection to proceed.  It was hypothesised that the heparan sulphate binding motif, 

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

acid) located in the N‐termini of PCV2 Cap regulate such attachment (Misinzo et al., 2006) 

until elucidation of a high resolution crystal structure of PCV2 Cap demonstrated that these 

motifs localise internally in the capsid shell, and thus are not exposed to the surface 

(Khayat et al., 2011). Recent structural studies have revealed detailed interactions between 

the PCV2 Cap and heparin (Dhindwal et al., 2019a). Heparin bound one of five binding 

sites per capsid subunit and the interaction did not adhere to the capsid’s icosahedral 

symmetry (Dhindwal et al., 2019a) where increasing lengths of heparin exhibit a greater 

affinity toward PCV2. This suggests that polymers high in sulphate content are capable of 

competing with the PCV2-heparan sulphate interaction and, thus, have the potential to 

inhibit PCV2 infection (Dhindwal et al., 2019a). 

Non-enveloped viruses use a variety of mechanisms for membrane disruption. FHV and 

Nudaurelia capensis ω virus possess amphipathic helices at the C-termini of their Cap 

proteins that are able to disrupt membranes. The C-termini are located inside the capsid, 
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but autocatalytic cleavage at the C-termini generates amphipathic peptides (referred to as γ 

peptide) that can become exposed to the exterior via viral breathing (Bothner et al., 1999). 

Sequence analysis of the PCV2 Cap does not identify amphipathic helices, or a 

myristoylated N-terminus; moreover, hydrophobic loops are not observed in the PCV2 

virus-like particle (VLP) structures (Harrison et al., 1978; Khayat et al., 2011). However, 

PCV2 possesses an arginine-rich motif (ARM) at the N-terminus of the Cap that parallels 

the sequence properties of arginine-rich cell-penetrating peptides (CPP) (Bechara & Sagan, 

2013). Arginine-rich CPPs are positively charged peptides with few anionic or 

hydrophobic residues. These short peptides possess the ability to traverse plasma and 

endosomal membranes (Bechara & Sagan, 2013). Indeed, such CPPs have successfully 

been used to transport 120-kDa proteins into the cellular cytoplasm (Orange & May, 

2008). In vitro membrane disruption assays have shown that PCV2 VLP, unassembled 

capsid, and ARM peptide possess the ability to disrupt endosomal-like membranes, 

whereas VLP lacking the ARM sequence does not possess this capability (Dhindwal et al., 

2019b). Membrane disruption by the VLP is insensitive to pH, but unassembled Cap and 

ARM peptide exhibit diminished activity at low pH. Liposome disruption assays, circular 

dichroism, and intrinsic tryptophan fluorescence assays have demonstrated PCV2 

endosomal membrane interaction wherein the ARM peptide externalises from the capsid, 

its C-terminus (amino acids 28–40) anchors into the membrane, and the arginine-rich N-

terminus (amino acids 1–27) drives membrane disruption (Dhindwal et al., 2019b). 

1.8 Clinical signs and pathology of PiCV infections 

PiCV induced pathology in pigeons has not been fully elucidated to date, but PiCV is 

responsible for a complex and variable syndrome affecting mostly young pigeons, aptly 

named young pigeon disease syndrome (YPDS) (Raue et al., 2005). Several research 
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demonstrated that PiCV alone is not capable of inducing symptoms of disease in pigeons. 

A combination of various factors such as stress, immunosuppression and pathogenic 

microorganisms is required for disease progression. PiCV infections are usually 

asymptomatic (Duchatel et al., 2006; Stenzel et al., 2012) with YPDS only appearing in 

young birds between 4 to 8 month (Raue et al., 2005). The common symptoms of YPDS 

include lethargy, weight loss, anorexia, regurgitation from the crop, polydipsia and 

diarrhoea. Sometimes the development of the disease is mild without any specific 

symptoms other than poor racing performance, weight loss or respiratory difficulties in 

pigeons. Neurological signs such as torticollis, involuntary movement and coordination 

problems may develop 7–10 days after the appearance of YPDS, which can also reflect the 

concurrent infections with pigeon paramyxovirus serotype 1. Unlike PBFD, feather loss 

and/or feather dystrophy, and beak and claw deformities are very rarely observed in 

pigeons. Usually, circovirosis is associated with a high morbidity but a low mortality 

although as overall mortality depends on secondary infections, it may vary between 1% 

and 100% (Woods et al., 1994; Smyth & Carroll, 1995; Gough & Drury, 1996; Paré et al., 

1999). In young racing pigeons symptoms is associated with poor racing performance and 

high morbidity and mortality rates in the 3rd to 20th week of life (Tsai et al., 2014). At 

post-mortem examination, the common gross lesion is the atrophy of the bursa of Fabricius 

but other gross lesions only reflect the secondary infections. The syndrome was mainly 

noticed only in young pigeons because they have well-developed bursa of Fabricius (BF) 

containing numerous target cells for PiCV replication (Shivaprasad et al., 1994; Smyth & 

Carroll, 1995; Gough & Drury, 1996; Paré et al., 1999; Coletti et al., 2000; Abadie et al., 

2001). At present, clinical cases of YPDS are also observed in pigeons older than 1 year 

(Stenzel et al., 2012). The PiCV can replicates other organs of the immune system, 

including the thymus and spleen (Woods et al., 1993; Smyth & Carroll, 1995; Coletti et al., 
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2000; Soike et al., 2001; Scullion & Scullion, 2007). PiCV DNA have also been detected 

in the liver, kidneys, intestines, brain, thyroid gland, third eyelid and skin using molecular 

techniques (Smyth & Carroll, 1995; Smyth et al., 2001; Soike et al., 2001; Ledwoń et al., 

2011; Stenzel & Pestka, 2014; Dolka et al., 2016; Huang et al., 2017b). PiCV also targets 

fast proliferating cells (epithelial cells) and immune system cells (lymphocytes and 

macrophages), and in this context, it is similar to the beak and feather disease virus of 

psittacine birds (Raidal et al., 2015). Histopathological examination of the PiCV infected 

tissues have shown the presence of intracytoplasmic botryoid inclusion bodies in the cells 

of the lymphoid tissue (Shivaprasad et al., 1994; Gough & Drury, 1996; Coletti et al., 

2000; Abadie et al., 2001). The immunosuppression mechanism induced by PiCV infection 

has not been thoroughly investigated. But PiCV infections have led to the loss of lymphoid 

tissue in immune system organs, and for this reason, PiCV is observed as an 

immunosuppressive agent in pigeons (Coletti et al., 2000; Abadie et al., 2001; Todd, 2004; 

Stenzel et al., 2020). Abadie et al. (2001) demonstrated a much higher percentage of 

apoptotic lymphocytes in the BF of birds infected with PiCV than in non-infected birds. 

Like PCV2 and duck circovirus, PiCV infection leads to the suppression of humoral 

immunity by inducing B lymphocyte apoptosis (Lv et al., 2012; Xiang et al., 2012; Stenzel 

et al., 2020). A higher prevalence of accompanying infections with various pathogens in 

PiCV-positive pigeons suggests that this virus could induce immunosuppression (Soike et 

al., 2001; Stenzel et al., 2012; Stenzel et al., 2014a). However, in some studies, PiCV was 

not correlated with the prevalence of selected viral and bacterial factors (Tavernier et al., 

2000). As laboratory protocol for PiCV culturing has not been developed yet, experimental 

challenge with this virus is not possible. But investigations of co-infection and 

immunosuppression experiment with pigeons naturally infected with the circovirus might 

be a possible alternative (Stenzel et al., 2019). Several attempts have been made to verify 
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the post infection immunosuppression hypothesis with the use of various experimental 

designs and molecular biology methods, including sequencing of PiCV genes and entire 

genomes. Schmidt et al. (2008) demonstrated that the disease cannot be induced in healthy 

pigeons that had been experimentally infected with PiCV contained in organ homogenates 

of infected birds that were vaccinated against PPMV-1 (pigeon paramyxovirus serotype 1) 

as an additional trigger. The cited authors did not observe differences in anti-PPMV-1 

antibody titers in pigeons infected with PiCV and control group birds. In the above 

experiment the replication of the PiCV was detected based on the presence of characteristic 

inclusion bodies in lymphocytes and macrophages in immune system organs and the 

presence of PiCV genetic material. In a previous study, commercial vaccine against 

paratyphoid showed no effect on the replication of the PiCV in naturally infected birds 

(Duchatel et al., 2010). These findings might recommend that PiCV alone is not 

responsible for the development of YPDS clinical symptoms. However, additional factors 

are essential for development of disease symptoms and that PiCV strains could differ in 

pathogenicity. 

1.9 Diagnosis, treatment and prevention 

Original diagnoses of PiCV infection were dependent on histopathological examination 

and electron microscopy, but recent diagnostic approaches have focused on detecting 

specific PiCV DNA and a number of PCR methods have been developed and applied 

(Todd et al., 2002; Franciosini et al., 2005; Freick et al., 2008; Halami et al., 2008; 

Duchatel et al., 2009; Loiko et al., 2018; Stenzel et al., 2020). PCR analyses involve the 

amplification of both Cap and Rep genes or their fragments, but the more conservative rep 

region of the PiCV genome is more suitable for designing PCR primers (Stenzel & 

Koncicki, 2017b). The detection of PiCV DNA is not always suggestive of disease due to 
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the high prevalence of subclinical infections in pigeons. PiCV infection is diagnosed when 

pigeons show clinical signs, the PiCV genetic material is found in their immune organs; a 

histopathological examination of BF and spleen of affected birds reveals inclusion bodies 

in lymphocytes and when viral particles are identified under an electron scanning 

microscope (Duchatel et al., 2011). Studies on pigeon circovirus revealed the importance 

of the viral load in relation with the infection and disease, and SYBR green based qPCR 

methods have been developed for this circovirus (Duchatel et al., 2009; Loiko et al., 2018). 

TaqMan based qPCR is more sensitive and specific than the SYBR green based qPCR 

(Mackay, 2004). However, TaqMan based qPCR for the diagnosis and quantification viral 

DNA copy number has not been reported yet. Therefore, it would be ideal to develop a 

qPCR targeting Rep for diagnostic robustness of PiCV. 

There is no specific treatment for circovirosis in pigeon. However, rehydration of pigeons, 

stabilization of parenchymal organs, application of immunomodulatory medicine and 

substances that prevent the proliferation of confounding factors can be good choices for the 

treatment of PiCV (Stenzel & Koncicki, 2017b). The main confounding factors in PiCV 

infections are Escherichia coli, Klebsiella pneumoniae, Riemerella sp., Chlamydia psittaci 

and Candida albicans (Soike et al., 2001; Raue et al., 2005; Stenzel et al., 2014a). 

Domestic pigeons can be infected by highly antibiotic-resistant bacteria, and this fact 

should be considered while treating the secondary infections (Scullion & Scullion, 2007; 

Askari Badouei et al., 2014). Every therapeutic intervention should be based on the 

antibiotic sensitivity test if possible.  

Several attempts have been made to synthetically produce PiCV Cap for diagnostic 

applications and development of subunit vaccine against PiCV infection (Daum et al., 

2009; Duchatel et al., 2011; Lai et al., 2014; Stenzel et al., 2017; Stenzel et al., 2018). Few 
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studies demonstrated PiCV Cap is immunogenic and could be used as an antigen candidate 

in sub-unit vaccines against PiCV in experimentally or naturally infected pigeons (Stenzel 

et al., 2019; Huang et al., 2021). PiCV Cap VLPs has been obtained using baculovirus 

expression system which is immunogenic to mice despite the mouse model has limitations 

in evaluating VLP-based vaccines against YPDS (Young Pigeon Disease Syndrome) (Gai 

et al., 2020). Mice are common laboratory animals in experimental research of biology and 

psychology fields primarily because they are mammals, and also because they share a high 

degree of homology with humans. They are the most commonly used mammalian model 

organism, more common than rats. In order to produce the most translatable outcome, 

animal models should be as similar as possible to target species in terms of relevant 

anatomy, physiology, and immunology, as well as the clinical presentation, pathogenesis, 

and progression of the disease being studied. SPF pigeon would be the ideal choice for 

evaluating vaccine efficacy against YPDS (Young Pigeon Disease Syndrome). Subunit 

vaccines have been used for controlling porcine circovirus infections in pigs (Zhang et al., 

2015a; Li et al., 2016; Zhu et al., 2016). Attempts have also been made to immunize 

parrots with the recombinant Cap of the psittacine circovirus, but the efficacy of the 

vaccine was not confirmed (Bonne et al., 2009). Based on above discussion, the best 

solution for controlling PiCV transmission involves the prevention of common infectious 

diseases in pigeons, the use of immunomodulatory drugs during vaccination and weaning, 

reduction of stress, and breeder selection based on the results of serological and molecular 

tests (Duchatel et al., 2011; Stenzel et al., 2011; Stenzel et al., 2017). In this review, 

existing literature on molecular, structural, and functional aspects of circovirus encoded 

Rep and Cap proteins were discussed and relevant knowledge gaps were highlighted.  

Contemporary research on atomic resolution Cap structures of PCV2 and BFDV as well as 

functional assays through cell biology research provided many important insights into 
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receptor binding, cell penetration and adsorption, and genome packaging. Despite low 

amino acid sequence conservation, the structural similarities between Cap proteins 

suggests that these biological mechanisms might be well conserved. The ability of 

circoviruses to replicate and cause significant pathogenesis in natural hosts with such few 

proteins is intriguing, and therefore present excellent models for understanding virus 

replication and assembly in general. 

1.10 Aims of this PhD thesis 

This thesis focuses on optimisation of recombinant expression and purification of 

circovirus encoded proteins for downstream diagnostic and structural biology applications. 

While structural aspects of PiCV encoded proteins were pursued, this thesis also 

investigated natural infections of PiCV in the diverse host species across Australia. 

Characterisation of structural and functional properties of Rep encoded proteins was 

another research priority.  

The main aims of the following chapters were to: 

1. Develop an efficient production method for recombinant virus like particles (VLPs) 

of PiCV as a potential vaccine candidate and for diagnostic purposes.   

2. Establish a highly sensitive TaqMan based quantitative PCR (qPCR) for detecting 

PiCV in clinical specimen.  

3. Investigate natural infections of PiCV in Australian avifauna.  

4. Elucidate structural basis of circovirus replication using atomic resolution Cryo-

EM reconstruction of full-length Rep.
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Chapter 2. Recombinant expression and purification of pigeon 

circovirus capsid protein in Escherichia coli suitable for vaccine 

production and diagnostic assay 

2.1 Summary 

Circoviruses may cause lethal infections in several avian and mammalian hosts and render 

significant economic impact. Pigeon circovirus (PiCV) has been studied and reported 

globally in pigeons (Columba livia). Due to the absence of an established laboratory 

protocol for PiCV cultivation, development of a vaccine against PiCV is hampered. 

Alternatively, virus-like particles (VLPs), which closely resemble native viruses but lack 

the genetic material, can be produced using different expression systems and are shown to 

have strong immunogenicity. Moreover, structural studies of PiCV Cap are mostly reliant 

on recombinant expression and purification technology. In this study, a E. coli expression 

system was used to express the PiCV Cap, which is a major component of PiCV to obtain 

self-assembled VLPs. Over-expression was observed in E. coli BL21 (DE3) star cells 

under IPTG induction. These proteins were purified using an optimised, two-step 

purification process using affinity purification buffer comprising 50 mM phosphate buffer, 

300 mM NaCl with a gradient of buffer containing 20‐500 mM imidazole followed by size 

exclusion chromatography using glutathione S‐transferase (GST) buffer containing 50 mM 

Tris and 125 mM NaCl at pH 8.0. Crystallisation trials of the soluble PiCV Cap were 

unsuccessful limiting the potential of X‐ray crystallography in resolving the atomic 

structures. In addition, negative staining electron micrographs revealed heterogeneous 

assemblies of Cap VLPs with a spherical morphology and diameters of 17–20 nm. 

Polyclonal antibody against the recombinant PiCV Cap were developed after sheep 

vaccinated with Cap combined with adjuvant. Furthermore, polyclonal antibody has been 
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applied for the development of immunohistochemistry (IHC) assay to detect PiCV in tissue 

samples. This study provides a better understanding for synthesizing PiCV Cap particles 

which has potential applications in Cryo-EM reconstruction, subunit vaccine and 

diagnostic assay development. 

2.2 Introduction 

Circoviruses are the simplest and smallest among known autonomously replicating viruses. 

They are encapsidated into nonenveloped, icosahedral virions ranging from 12 to 32 nm in 

diameter (Adams et al., 2017). Pigeon circovirus (PiCV) is associated with young pigeon 

disease syndrome (YPDS), an infectious threat to feral and domestic pigeon species 

globally (Todd, 2000; Zhang et al., 2015b; Stenzel & Koncicki, 2017b). PiCV consists of a 

single-stranded DNA (ssDNA) genome of about 2 kb packed in a non-enveloped capsid of 

60 proteins arranged in a T=1 icosahedral symmetry. The genome of PiCV consists of two 

major open reading frames (ORFs), ORF V1 and ORF C1. ORF V1 encodes a non-

structural protein, the replication associated protein (Rep) (Todd et al., 2001). On the other 

hand, ORF C1 codes for a 30 kDa protein that is responsible for the assembly of the viral 

capsid (Mankertz et al., 2000). BFDV and PCV Cap has been well studied for its role in 

protective shell formation and antigenicity of the infective virion as their molecular 

structure and assembly has been resolved at atomic resolution by Xray crystallography and 

cryo‐EM reconstruction (Khayat et al., 2011; Sarker et al., 2016b). In vitro production of 

BFDV and PCV circovirus Cap by recombinant expression has already been established in 

E. coli (Wu et al., 2012; Sarker et al., 2015b; Zhang et al., 2016) and insect expression 

systems (Stewart et al., 2007; Liu et al., 2008) which enabled discovery of many critical 

roles of Cap such as macromolecular assembly (Khayat et al., 2011; Sarker et al., 2016b), 

DNA binding, tropism and nuclear co‐localisation of Cap with Rep (Heath et al., 2006). 
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Recombinant expression and purification of PiCV Cap is well established in E. coli, insect, 

and mammalian expression systems (Daum et al., 2009; Duchatel et al., 2011; Lai et al., 

2014; Stenzel et al., 2017; Huang et al., 2021). But empirical knowledge for PiCV Cap is 

considerably scares because the atomic structure has not been studied. 

Cap is the only exposed protein of the virus, which assists to protect the viral genome by 

forming a closed protein shell, thus acting as the main antigenic determinant for PiCV. It is 

responsible for viral infection, attachment and entry into cells, and packaging of newly 

formed viral particles (Cheng, 2013; Mangala Prasad et al., 2013). Antigenicity of 

circovirus Cap has been confirmed in beak and feather disease virus (BFDV), pigeon 

circovirus, and porcine circovirus 2 (Bonne et al., 2009; Lou et al., 2011; Stenzel et al., 

2018). In recent year, PiCV Cap has been used as a potential target to produce VLP based 

recombinant vaccine (Stenzel et al., 2018; Gai et al., 2020; Huang et al., 2021). Moreover, 

PiCV Cap has been used for developing serological test such as Enzyme-linked 

Immunosorbent Assay (ELISA), Western Blot (WB) and Immunofluorescence Assay 

(Daum et al., 2009; Duchatel et al., 2011; Stenzel et al., 2017). Immunohistochemistry 

(IHC) has gained popularity for diagnosis of virus infections and has been used for 

detection of the circovirus in formalin fixed, paraffin-embedded tissue has relied on 

polyclonal antibodies (Latimer et al., 1990; Ritchie et al., 1991; Raidal & Cross, 1995; 

Johne et al., 2004). IHC has been developed previously for the detection of PiCV in 

formalin-fixed, paraffin-embedded bursal tissue relied on polyclonal serum raised against 

porcine circovirus type II (Abadie et al., 2001). However, IHC based on PiCV specific 

antibody is not available for the diagnosis of pigeon circovirus infection from formalin-

fixed, paraffin-embedded tissue. Since there is no laboratory protocol for culturing the 

PiCV (Duchatel et al., 2011; Santos et al., 2020), therefore recombinant Cap expression 
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and purification represent a promising strategy to produce polyclonal antibody in sheep to 

facilitate in immunohistochemistry assays. 

Attempts for in vitro culture of PiCV in numerous cell lines have been unsuccessful and 

therefore recombinant production of PiCV proteins represent a potential strategy to study 

these proteins in detail. Escherichia coli has been one of the most popular platforms for the 

production of recombinant proteins for its unparalleled fast growth kinetics (Sezonov et al., 

2007) and for the wealth of the optimised molecular tools and protocols for the high‐level 

production of heterologous proteins such as a vast catalog of expression plasmids, 

engineered strains and many cultivation strategies (Rosano & Ceccarelli, 2014). In recent 

years, a prokaryotic expression system in E. coli has gained popularity to produce large 

amount of Cap and self-assembled virus-like particles (VLP) (Huang et al., 2017a; 

Rohovie et al., 2017). In a recent study, a mammalian expression system (transfected 

human embryonic kidney-293 cells) has been used to express the PiCV Cap, to obtain self-

assembled VLPs (Huang et al., 2021). But this system is tedious, requires specialised 

equipment’s and generally produces lower yields than E. coli-based expression systems. 

On the other hand, recombinant expression of Cap in E. coli is feasible for large-scale 

production of PiCV VLPs, which could potentially be used for structural studies, antibody 

and vaccine production. 

Antibodies have an essential role in the diagnosis and treatment of biological molecules. 

Polyclonal antibodies are a set of diverse immunoglobulin molecules that secreted by 

different B cell lineages against the specific antigen within the body. Polyclonal B cell 

response is a natural mode of immune response shown by the adaptive immune system of 

mammals (Stavitsky, 1954; Knör et al., 2007). Polyclonal antibodies have been used for 

detection of the beak and feather disease virus in formalin-fixed, paraffin-embedded tissue, 

or in western- or dot-blots (Latimer et al., 1990; Raidal & Cross, 1995; Johne et al., 2004). 
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A polyclonal antibody to purified PCV2 was produced in rabbits for developing 

immunohistochemistry (Sorden et al., 1999). Moreover, polyclonal antibody against PCV2 

recombinant Cap were produced in rabbit and specificity of antibody has been 

characterised by Western blot and indirect immunofluorescent assays (Chen et al., 2014). 

Later, monoclonal antibodies to recombinant Cap have been developed for the diagnosis of 

PCV2 and BFDV in formalin-fixed, paraffin-embedded tissue using IHC protocol (Shearer 

et al., 2008; Morandi et al., 2010). However, production of polyclonal antibody to a 

recombinant PiCV Cap for the development of immunohistochemistry has not been studied 

yet. 

Cell culture of virus is important to study the viral biology, understand host response 

during virus infection and develop vaccines. Among the diverse species of circoviruses, 

only PCV2 has been studied for virion attachment, internalization, cellular and nuclear 

transport since in vitro propagation system has not been established for other circoviruses 

(Vincent et al., 2003; Misinzo et al., 2005; Vincent et al., 2005; Misinzo et al., 2006).  

Porcine Kidney (PK15) cell lines has been widely used for isolation and propagation of 

PCV1, PCV2 and PCV3 (Tischer et al., 1982; Wellenberg et al., 2000; Zhu et al., 2007; Oh 

& Chae, 2020). Laboratory protocol for avian circovirus culturing has not been developed 

yet, which is why there is no possibility of performing an experimental challenge with 

BFDV and PiCV. But recombinant Cap of circovirus can be alternative to native virus 

because they assemble spontaneously to form VLPs that mimic the virus morphology and 

devoid of viral nucleic acids (Hou et al., 2009; Wu et al., 2012; Sarker et al., 2016b; Wu et 

al., 2016). Since the cellular tropism of native virus depends on the interaction between 

structural proteins of virus and cellular machineries without the involvement of the viral 

genome, it is rational to use VLP to study the virus uptake process (Nasir et al., 2015). 

Subcellular localization of BFDV, PCV2 and PCV3 Cap has been reported previously (Liu 
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et al., 2001; Heath et al., 2006; Mou et al., 2019). To date, only insect cells and chicken 

embryo fibroblast cells have been used to study the cellular tropism of BFDV Cap in vitro 

(Heath et al., 2006; Chen et al., 2020). In insect cells, co‐expression of BFDV Cap with 

replicase (Rep) protein resulted localization of Rep within nucleus while expression of Rep 

alone only found in cytoplasm suggesting a potential Cap‐Rep interaction facilitating 

movement of Rep into the nucleus initiating replication (Heath et al., 2006). However, 

cellular tropism of PiCV has not been studied yet due to lack of established cell lines. Here 

a pigeon embryo fibroblast (PEF) primary cell line was prepared and demonstrated cellular 

uptake of PiCV and BFDV recombinant Cap into the PEF cells and HEP2 cells. 

This study describes an optimised method for the recombinant expression and purification 

of PiCV Cap at high concentration and purity. Crystallisation trials were unsuccessful 

limiting the potential of X‐ray crystallography in resolving the atomic structure. In 

addition, initial results from negative staining electron micrographs demonstrated that 

heterogenous particles of PiCV Cap was not suitable for structural determination of the 

entire protein. However, immunogenicity of the recombinant PiCV Cap was determined by 

immunizing sheep and antibody responses were evaluated by western blot for the potential 

application of the anti-Capsid polyclonal antibody for developing immunohistochemistry 

assay. In addition, biological functionality of capsids was demonstrated by imaging of 

cellular tropism. 
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2.3 Materials and Methods 

2.3.1 Circovirus capsid gene synthesis 

Cap gene sequences from pigeon circovirus were obtained from the complete genomes 

deposited in NIH GenBank and sourced from published peer reviewed article. Cap 

sequences were obtained from the pigeon derived pigeon circovirus species specific 

genotype from GenBank accession number DQ915959 (Todd et al., 2008). Codon 

optimisation and gene synthesis was conducted by GenScript (Hong Kong). In addition, 

Cap from beak and feather disease virus (BFDV), finch circovirus (FiCV) and canine 

circovirus (CaCV) were also used for recombinant expression and purification (see 

Appendix 1, Figure 7.1). 

2.3.2 Transformation of competent E. coli cells 

Transformation of competent E. coli [One Shot® BL21Star™ (DE3)] (invitrogen, USA) 

cells were achieved through the heat shock method. One microlitre (1 μL) of plasmid 

vector (pMCSG21 containing PiCV Cap gene) was added to 20 μL of competent cells and 

incubated on ice for 30 min. Cells were then placed in a heat block at 42ºC for 45 s, to 

achieve heat shock, and returned to ice for a further 2 min. Two hundred and twenty-five 

microlitres (225 μL) of room temperature Luria-Bertani (LB) media was added to the cells 

and this suspension was incubated 1 h at 37ºC and 220 rpm. After recovery, 80 μL of 

transformed cells were selectively cultured on LB agar containing the spectinomycin that 

complemented the resistance of the plasmid vector. Agar plates were then incubated 

overnight at 37ºC.  
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2.3.3 Recombinant protein expression 

To produce the large amount of protein isopropyl-β-D-thiogalactopyranoside (IPTG) 

induction methods of protein expression procedures were utilised. To perform large scale 

expression, high cell densities in the log growth phase are required to be inoculated into 

expression media in large, baffled flasks. High cell numbers were achieved by starter 

culture that was prepared using single colony from transformation plates. Isolated colonies 

were extracted from the transformation plate by touching with a pipette tip. This tip was 

then placed in a 50 mL falcon tube containing 5 mL LB broth containing the appropriate 

antibiotic. This starter solution was grown overnight at 37ºC at 220 rpm. The following 

morning, 1 ml of the spectinomycin stock (100 μg/ml) was added to each 1 L sterile 

baffled flask. To which 60 mL of NaCl (5 g/30 ml) and 1 litre of LB expression media 

were also added. The flasks were covered with sterile foil and incubated on a platform 

orbital at 37ºC and 115 rpm until the content reached an OD600 between 0.6 and 0.8. 

Protein expression was then induced by addition of 0.5 mM IPTG. This is an inducer that 

binds the lac repressor and enables the T7 polymerase to being protein expression. Induced 

cells were incubated at room temperature and 115 rpm overnight. Following expression, 

the cells were then harvested via centrifugation at 16ºC and 6000 rpm for 30 min and the 

cell pellet is resuspended in either HIS Buffer A (50 mM phosphate buffer, 300 mM NaCl 

and 20 mM imidazole; pH 8.0). Resuspended cells were placed in a 50 mL Falcon, so that 

each falcon tube contained cells resuspended from 4 L of expression media and stored in -

20ºC freezer. 
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2.3.4 Purification of expressed Cap protein targets 

Freeze/thawing of bacterial cells were not undertaken due to the addition of FastBreak Cell 

Lysis Buffer (1X; Promega). Following addition of 1 mL FastBreak Cell Lysis Buffer (1X; 

Promega), for every 10 mL cell suspension, 1 mL of lysozyme (20 mg/mL) was added to 

lyse the cell wall, followed by the addition of 10 μL DNase (500 μg/mL). Cell lysates were 

incubated on ice for 30 min and the cellular debris cleared via centrifugation in a J2-21 

M/E Centrifuge (Beckman) at 15,000 rpm for 30 min at 16ºC, and passage through a 0.45 

µm low protein-binding filter (Millipore). The resulting supernatant was then injected onto 

a 5 mL Ni2+ column (HisTrap HP, GE Healthcare) on an AKTA purifier FPLC in HIS 

buffer A & B. Washing of the column with 10 column volumes of buffer A removed 

unbound proteins which was then eluted with by applying a gradient elution of His buffer 

B containing 500 mM imidazole. Fractions of eluted protein were combined into a 50 mL 

Falcon tube. Size exclusion chromatography was undertaken to further purify sample. This 

was achieved with AKTA FPLC using Superdex 200 column (GE healthcare). To achieve 

appropriate sensitivity a sample of no more than 12 mL was loaded using a superloop. This 

was done onto a pre-equilibrated column in GST A Buffer, at a flow rate of 2.5 mL/min. 

The peak fractions containing protein were pooled and concentrated using an Amicon 

ultrafiltration device (Millipore). The purity of the Cap at all stages were assessed by SDS-

PAGE and stored at -80 ◦C. 

2.3.5 SDS-PAGE analysis 

Protein samples were electrophoresed using Bolt™ Mini Gel in 1 × 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) for 10 min at 37ºC with gentle shaking and de-stained in a solution containing 



Chapter 2:  Recombinant PiCV capsid protein expression  
 

44 

10% ethanol and 10% glacial acetic acid for 30 min at 37ºC with gentle shaking (Fairbanks 

et al., 1971). 

2.3.6 Negative stain electron microscopy 

Analysis of PiCV CP particle assembly was done using negative stain electron microscopy. 

For negative staining, samples were applied to glow‐discharged carbon‐coated grids and 

stained with 2% aqueous uranyl acetate. Air dried grids were washed thoroughly by 

dipping the grid in distilled water then allowed to dry on clean filter paper. Images were 

recorded on a 1 k Gatan CCD camera in a Tecnai 12 FEI microscope operated at 120 kV. 

2.3.7 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 such as Crystal Screen 1 and 2, PEG/Ion and PEG/Ion2 (Hampton Research), 

ProPlex MD1‐38, MD1‐29‐ CF PACT (Molecular Dimensions). 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. 

2.3.8 Homology modelling of the full length PiCV Cap 

Homology modelling of the full length PiCV Cap was conducted using the Swiss model 

server (Waterhouse et al., 2018) in the intensive mode. Empirical PDB templates from 

closely related BFDV capsid structures (5J36) were selected as they resulted higher‐

confidence (E‐value) value for reliable structure prediction. The resulted 3D model was 

visualised using Pymol v 1.8.1 and the protein secondary folds were analysed using 

PDBsum (Laskowski, 2001). 
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2.3.9 Production of polyclonal antibodies in sheep 

A polyclonal antibody to PiCV Cap was obtained by injection of purified Cap to a sheep. 

This polyclonal serum was used for immunohistochemical examination on formalin fixed 

bursal tissue of pigeons showing evidence of circovirus infection (presence of 

characteristic intracytoplasmic viral inclusions). An animal ethics approval was approved 

by and in accordance with the Charles Sturt University Animal Care and Ethics Committee 

for the project ‘Cirovirus antibody production in sheep’ for the period 30 August 2018 to 1 

April 2021. The protocol number issued with respect to this project was A18068. Sheep 

were purchased from Charles Sturt University farm and immunised subcutaneously at two 

sites of neck with 5 mL of recombinant PiCV Cap containing 5 mg/ml of the Cap VLP 

with Montanide-70 VG (Seppic France) and they were later boosted twice every three 

weeks with the same preparation of Montanide-Antigen mixture. Before each 

immunization, blood was drawn by jugular vein puncture and allowed to clot for 2 to 3 hrs 

at room temperature prior to preparation of sera. Purification of polyclonal antibody was 

conducted using Sheep IgG Purification kit (LigaTrap Technologies) and confirmed by dot 

blot and western blot. Preimmune withdrawn blood was used as a negative control. No 

local reaction or any abnormalities were observed at the site of injection during the test. 

2.3.10 Western blot and dot blot analysis 

Following SDS-PAGE, western blot was performed for the confirmation of antigenicity of 

the purified recombinant PiCV Cap according to the methods described by (Patterson et al., 

2013) with slight modification. Briefly, purified protein from SDS-PAGE was transferred 

onto nitrocellulose membrane (Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-

Rad, Australia) at 150 V for 7 min. The membrane was blocked for 1 h at room 

temperature in Tris-buffered saline solution with 0.05% Tween 20 (TBST) (Dako, USA) 
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containing 5% skim milk while gently rocking. The solution was discarded, and the 

membrane was washed three times for 5 min with TBST. Sheep polyclonal antibody that 

has been produced in the present study was diluted 1:1000 in 5% skim milk TBST and 

incubated with the nitrocellulose membrane for one hours at room temperature with gently 

rocking. The antibody solution was discarded, and the membrane was washed three times 

for 5 min with TBST. Horseradish peroxidase (HRP) conjugated rabbit anti-sheep IgG 

(Sigma Aldrich, USA) was diluted 1:1000 in 5% skim milk TBST and incubated with the 

membrane for 1 h at room temperature while gently rocking. The solution was discarded, 

and the membrane was washed three times for 5 min with TBST. Chemiluminescence 

signals were developed using Clarity Western ECL Substrate (Bio-Rad, Australia). Finally, 

the result of western blotting was visualised by the ChemiDoc MP Imaging System (Bio-

Rad, Australia). Western dot blot was also performed to identify the antigen-antibody 

reaction. In this case purified capsid protein of bat circovirus, canine circovirus and pigeon 

circovirus were diluted in GST A buffer and about 4 mg/mL of each was poured on 

polyvinylidene difluoride (PVDF) membrane and allowed to dry in room temperature. 

Lysozyme (1 mg/mL) and pre-immune sera of sheep has been used as a negative control in 

the dot blot assay. Thereafter, the membrane was blocked with 5% skim milk for 1 h at 

room temperature and the subsequent steps were preceded following aforementioned 

protocol. 

2.3.11 Immunohistochemistry 

Immunohistochemistry was performed as previously described for detection of beak and 

feather disease virus (Portas et al., 2017) with the following modifications. Different 

tissues (liver, bursa of Fabricius, intestine, kidney, lungs, gizzard, brain and tympanic 

membrane) of four dead pigeons were fixed in 10% neutral buffered formalin (Australian 
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Biostain) and processed overnight (Tissue-tek 5 VIP Jr) for immunostaining. Tissue pieces 

were then embedded in paraffin, trimmed, and sectioned with microtome (Leica) at 4 μM 

thickness and embedded on positively charged slides (Apex, Leica). After incubation at 

60°C for several hours, tissue sections that required antigen retrieval were placed in PT 

link for antigen retrieval at 95°C for 20mins using Dako Envision FLEX High pH Buffer 

(K8004), followed by immunohistochemistry (IHC) using automated IHC stainer (Dako 

Autostainer plus). Tissue that did not require antigen retrieval were dewaxed through a 

series of xylene and alcohol using Leica Autostainer XL followed by IHC. Briefly, 

endogenous peroxidases were blocked with 0.3% hydrogen peroxide, followed by serum 

free protein block (Dako X0909) before addition of anti-PiCV polyclonal antibody (1:200). 

Different dilutions of primary antibody (1:1000; 1:500 and 1:200) and secondary antibody 

(1:2000; 1:1500 and 1:1000) were used for optimization of immunostaining. After 4 hours 

of incubation in primary antibody, tissue sections were treated with secondary antibody 

(Rabbit anti-sheep HRP conjugate antibody) at 1:1000 dilution for 1 hour and visualised 

with DAB chromagen (Dako K3468). Following counterstaining with Harris haematoxylin 

(Leica), sections were dehydrated through alcohol and xylene before finally mounting with 

a coverslip.  

2.3.12 Preparation of pigeon embryo fibroblast cells 

Pigeon eggs were used for preparation of fibroblast cell cultures at 9, 10, or 11 days of 

incubation. They were disinfected with 70 % alcohol, and the shells were cut around the 

air-sac region. The embryos were removed carefully and placed in a sterile petridish 

containing 10 mL phosphate buffered saline (PBS), pH 7.2. They were washed twice with 

PBS and transferred to another sterile petridish containing fresh PBS. Unwanted tissues 

were dissected off and remaining tissues were chopped finely with scalpels to about 2 mm 
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diameter. Tissues were transferred by pipette to a 15 ml sterile centrifuge tube and allowed 

the pieces to settle. About 5 ml of 0.25 % trypsin (Difco, Detroit, Michigan) was added 

into the tube and placed into an orbital shaker at about 120 rpm for 1 hour at 37C. The 

dispersed cells were filtered through cell strainer and collected into sterile 15 mL falcon 

tube. The cells were resuspended in 10 mL of minimal essential medium (1X MEM) 

supplemented with 5 % bovine calf serum, 100 U penicillin, and 100 pg streptomycin per 

ml and centrifuged for 10 min at 1000 rpm. The pellet was resuspended in 10 mL medium 

with serum and cells were counted by hemocytometer. The cells were diluted to 106 per ml 

on growth medium and seeded in P16 Linbro tissue culture flasks (Flow Laboratories, 

Hamden, Connecticut), 10 mL per flask. The cultures were incubated at 37°C. Unattached 

cells were removed by changing the medium after 12 hr of seeding or the following day. 

Confluent monolayer cells were formed 1 or 2 days after seeding. Cell types were 

identified after staining with hematoxylin and eosin (H&E) or without staining by 

examining the cell sheet with a microscope. Cells grown in Linbro flasks were subcultured 

by dividing the monolayer culture 2-to-3-fold. 

2.3.13 Immunocytochemistry 

To study cellular tropism of PiCV and BFDV capsid VLPs, HEP2 and pigeon embryo 

fibroblast (PEF) cells were seeded on poly-L-lysine-coated 12-mm glass coverslips placed 

in a 24-well plate at a density of 3 × 104 cells/well in DMEM 10% FCS and allowed to 

adhere overnight. Then, capsid VLPs (100 µg/ml) were added separately and incubated for 

2 h. Following three washes with PBS, cells were fixed with 3% paraformaldehyde for 

15 min at room temperature. The cells were then permeabilised with 0.1% Triton X-100 in 

PBS buffer for 5 min. Afterwards, the permeabilised cells were blocked in Protein block 

(Dako) for 15 min at room temperature. The cells were incubated with anti-PiCV capsid 



Chapter 2:  Recombinant PiCV capsid protein expression  
 

49 

polyclonal antibodies (1:1000) or anti BFDV capsid monoclonal antibody (1:400) for 2 h at 

room temperature; followed by incubation with the HRP conjugate secondary antibody 

(Rabbit anti-sheep IgG or Rabbit anti-Mouse IgG, Thermo Fisher Scientific (1:2000)) for 

1 h at room temperature. After three washes in PBS, the cells were stained with 

Hematoxylin and Eosin (H&E) for 5 min at room temperature. Coverslips were then 

mounted on glass slides with mounting medium (Mowiol-DABCO) and cells were imaged 

on a Leica compound microscope. 

2.4 Results 

2.4.1 Selection of novel capsid protein for recombinant expression  

The capsid protein from four different circovirus species which infect avian and 

mammalian hosts were selected for recombinant expression and structural analyses. The 

circoviruses were selected based on their evolutionary relationships and sequence diversity 

with previously resolved circovirus Cap structures such as BFDV (Sarker et al., 2016b) 

and PCV 2 (Khayat et al., 2011) (See Appendix 1, Figure 7.1, Table 7.1). Cap from canine 

circovirus (CaCV) had low sequence homology with PCV2 (18%) whereas circovirus 

species from avian hosts such as finch (FiCV), raven (RCV) and pigeon (PiCV) shared 38 

to 44 % sequence identify with BFDV isolated from Major Mitchell's cockatoo (BFDV‐

MMC) (see Appendix 1, Table 7.1). The ARM domain in the N termini of the Cap was a 

conserved feature among all the circoviruses despite relative variation in sequence and 

length. For experimental robustness and consistency, all Cap constructs were designed to 

include the ARM and Jelly roll domain in each circovirus species. 
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2.4.2 Evaluation of the protein expression and purification 

Recombinant expression of the Cap was performed using the optimised expression vector 

(pMCSG21), E. coli BL21 (DE3‐Star) cell, and two different expression media (IPTG and 

auto induction). Analyses of the expressed cell lysates by SDS PAGE showed that Cap‐

construct was over‐expressed in IPTG induction media whereas no expression was 

visualised for PiCV capsid under auto induction (Figure 2.1). Likewise, examination of the 

expressed cell lysates by SDS PAGE displayed that Cap‐construct of BFDV, FiCV and 

CaCV were over‐expressed in IPTG induction media whereas no expression was visualised 

under auto induction (see Appendix 1, Figure 7.2). Since the PiCV Cap overexpression 

was greatest in IPTG induction media, all subsequent expression experiments were 

conducted in this media. The expressed PiCV Cap was purified by a two‐step purification 

process (Ni‐affinity chromatography and size exclusion chromatography), resulting in clear 

separation of the Cap from non‐specific bacterial proteins as visualised by SDS‐PAGE 

analysis (Figure 2.2). Results showed that solubility can be attained with purification in 

His buffer at pH 8.0 resulting in stable recombinant PiCV Cap in high concentrations up to 

25 mg/mL. Similarly Cap of BFDV, FiCV and CaCV were purified by two‐step 

purification process and proteins were visualised by SDS‐PAGE analysis (see Appendix 1, 

Figure 7.3, 7.4 & 7.5). 
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Figure 2.1: SDS‐PAGE image showing small scale expression of the PiCV Cap‐constructs in E. coli BL21 
(DE3 Star) cell lines in 2 different expression media (auto, IPTG). In each lane one volume of cell lysate was 
resuspended in nine volumes of SDS (bolt) buffer and subjected to electrophoresis. MW denotes a precision 
plus molecular weight marker (Bio‐Rad, USA). Over expressed bands of the His tagged target PiCV Cap 
visualised at about 32 kDa (red box). 

 

 

Figure 2.2: Protein purification profiles and SDS‐PAGE of recombinant Cap from pigeon circovirus (PiCV), 
Panel A and B shows the affinity and size exclusion chromatographic purification, respectively while SDS‐
PAGE showing whole E. coli cell lysate in lane 1; cell lysate after adding fast break and lysozyme in lane 2; 
soluble protein fraction from the E. coli cell lysate in lane 3; flow‐through from the affinity column in lane 4; 
affinity elution in lane 5; affinity elution after adding TEV protease overnight in lane 6 and size exclusion 
chromatography elution in lane 7.  MW denotes a precision plus molecular weight marker (Bio‐Rad, USA). 

 

2.4.3 Crystallographic trials 

Following purification of PiCV Cap protein, the sample was concentrated for 

crystallography and cryo‐EM trials. To determine appropriate conditions that could induce 

protein crystallisation, initially 384 conditions from 8 different crystallization screens 

(PEG/Ion, PEG/Ion 2, Crystal Screen and Crystal Screen 2, ProPlex MD1‐38 and MD1‐29‐

CF PACT) were set up for the PiCV Cap at 10‐15 mg/ml concentration. However, none 
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produced suitable crystals for X‐ray diffraction. At the point of writing this thesis, Dr. 

Daniel Luque Buzo from electron microscopy at “Unidad de Microscopía Electrónica y 

Confocal, Edificio Centro Nacional de Microbiología - ISCIII” in Spain was trying to get 

the cryo‐EM data from the full length PiCV. 

2.4.4 Negative staining electron micrograph for evaluating capsid 

assembly 

Recombinantly expressed PiCV Cap from 8 (eight) litres of IPTG expression media was 

concentrated to 20 mg/mL. The stability and assembly of each Cap were analysed using 

negative stain (2% uranyl acetate) electron microscopy at “Unidad de Microscopía 

Electrónica y Confocal, Edificio Centro Nacional de Microbiología - ISCIII” in Spain 

under the collaboration with Dr. Daniel Luque Buzo. PiCV capsid particles were visualised 

as heterogenous assemblies with background aggregates most likely the result of 

degradation of the protein during transportation at room temperature (Figure 2.3). Very 

few particles favoured self-assembly to VLP of about 17 to 20 nm in diameter. 
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Figure 2.3: Negative staining electron micrograph of PiCV capsid particles. Purified capsid proteins were 
applied on glow‐discharged carbon‐coated grids and stained with 2% aqueous uranyl acetate and visualised 
by a transmission election microscope (TEM). Under the negative staining micrograph, some capsid 
appeared as heterogeneous assemblies (arrow), and they also present heterogeneous aggregates in the 
background. Images were captured and kindly provided by Dr. Daniel Luque Buzo. Scale bar, 100 nm. 

 

2.4.5 Homology modelling of the full length PiCV Cap 

PiCV capsid monomers were comprised of canonical viral jelly roll built up from 3 sheets, 

11 β-strands, 2 β-hairpins and 3 helices (Figure 2.4A). Sheet 1 was comprised of β-strands 

1,3,4,7,11; sheet 2 comprised of β-strands 2,5,6,10, and sheet 3 comprised of β-strands 8,9 

(Figure 2.4B). Strands 1,4, and 11 were much longer (9-14 residues in length) than β-
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strands 2,3,5,6,7,8,9,10 (3-6 residues in length) (Figure 2.4B). First α‐helix comprising 6 

residues (LSVDLT) is located between strand β2 and β3. Second α‐helix comprising 6 

residues (ARLTTF) is located between strand β5 and β6. Third α‐helix comprising 3 

residues (TRN) is located between strand β9 and β10 (Figure 2.4C). The jelly roll domains 

of PiCV Cap packed tightly into a pentameric arrangement, which then associate into an 

icosahedral structure containing 60 Cap molecules (Figure 2.5). Three‐dimensional surface 

map reconstruction of PiCV capsid exhibited the icosahedral 5‐fold pentameric subunits 

corresponding to a true T=1 particle (Figure 2.6). 

  



Chapter 2:  Recombinant PiCV capsid protein expression  
 

55 

 

 

Figure 2.4: Panels represent secondary structure motifs of full length PiCV Cap predicted by homology 
modelling, (A) ribbon view of PiCV capsid monomer where beta strands coloured as yellow sheet, helices 
depicted as red barrels and loops as blue lines, (B) The topological map of capsid shown with chain 
directions and (C) amino acid sequence with motif annotations. 
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Figure 2.5: (A) Ribbon diagram of the homology model of PiCV Cap monomer comprising with one 5‐
stranded antiparallel β‐sheets, one 4 stranded antiparallel β‐sheets and one 2-stranded antiparallel β‐sheets 
forming the jelly roll domain, (B) stereo ribbon 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 2.6: Three‐dimensional surface map reconstruction of PiCV capsid as determined by Homology 
modelling (A) whole 60-mer VLP (B) after removal of one pentamer from the top. 
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2.4.6 Recognition of antigenicity of recombinant PiCV Cap 
 

In order to examine the antigenicity of the PiCV recombinant Cap, western blot was 

performed with the polyclonal antibody developed in the present study. Western blot was 

performed using purified recombinant PiCV Cap as bound antigen, confirming a strong 

antigenic reaction against anti-PiCV polyclonal antibody (Figure 2.7A, 2.7B). In dot blot 

assay, not only PiCV Cap but also bat circovirus and canine circovirus Cap showed 

antigenic cross reactivity against the tested antibody (Figure 2.7C, 2.7D). 

 

Figure 2.7: Panel A and B is the picture of SDS PAGE and Western blot, respectively showing purified 500 
μg/mL and 50 μg/mL recombinant PiCV Cap in lane 1 and 2 respectively while lane 3 indicates the His tag 
Sox-30 purified protein as negative control. Panel C and D is showing the Dot Blot assay of to check the 
antigen-antibody binding where B, C and P indicates Cap of Bat circovirus, canine circovirus, pigeon 
circovirus respectively and L stand for lysozyme. 

 

2.4.7 Immunogenic cross reactivity of PiCV Cap 

Considering structural similarity, Cap from four different circoviruses that were 

recombinantly expressed in our lab were assessed against the polyclonal antibody raised 

against the PiCV Cap using western immunoblotting. This polyclonal antibody was 
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developed in the present study against the PiCV Cap for further application in 

immunohistochemistry assay of PiCV. As expected, PiCV Cap was positive, however 

surprisingly, capsid protein from BFDV, finch circovirus and canine circovirus showed a 

positive reaction against the anti‐PiCV antibody when used in higher concentration (500 

μg) while finch circovirus and BFDV capsid did not appear to be recognised by the 

antibody when used in low concentration (50 μg). But canine circovirus capsid showed 

positive reaction in lower concentration (50 μg) (Figure 2.8). As expected, E. coli 

expressed purified His tagged Sox-30 protein does not show any cross reaction with our 

antibody (Figure 2.8). 

 

Figure 2.8: Panel A and B is the picture of SDS-PAGE and western blot (WB) respectively to detect cross 
reactivity among different circovirus species (recombinantly expressed capsid protein) using anti-PiCV 
polyclonal antibody. MW is a precision plus pre-stained molecular weight marker (Bio‐Rad, USA). About 
500 μg and 50 μg of purified capsid protein of pigeon circovirus, beak and feather disease virus, finch 
circovirus, canine circovirus was used in lane 1 & 2, lane 3 & 4, lane 5 & 6 and lane 7 & 8 respectively while 
lane 9 indicates the His tagged Sox-30 purified protein as negative control. In WB, a positive reaction was 
observed for all tested circovirus capsid when used in higher concentration (500 μg) while CaCV and PiCV 
capsid shows positive reaction in lower concentration (50 μg). 
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2.4.8 Indirect immunohistochemistry 

The polyclonal antibody against the PiCV capsid protein can detect the antigen in the PiCV 

infected tissues of pigeon that was PCR positive for PiCV. The optimal dilution of 

polyclonal antibody for use in indirect IHC was determined to be 1:200. The optimised 

IHC demonstrated PiCV antigen in the macrophages of bursa of Fabricius and intestines of 

PiCV infected pigeons (Figure 2.9). Antigen retrieval increased the amount of specific 

positive staining and decreased the endogenous peroxidase activity of erythrocytes. 

 

Figure 2.9: Indirect IHC using anti-PiCV polyclonal antibody on a section of (A) bursa of Fabricius & (B) 
Intestine from a pigeon infected with PiCV (arrow). The primary polyclonal antibody used at 1:200 with 
antigen retrieval and secondary rabbit anti-sheep HRP conjugate antibody used at 1:1000. 

 

2.4.9 Cellular tropism of Capsid VLPs 

Pigeon embryo fibroblast (PEF) cells and HEP2 cells were used to evaluate cellular 

tropism and thereby biological activity of PiCV and BFDV capsid VLPs. In this 

experiment, cells were incubated with recombinant capsid VLPs, fixed, permeabilised and 

the primary antibody as well as a HRP conjugate secondary antibody were added for 

detection with microscopy (Figure 2.10, 2.11). No signal was seen in the buffer control 

treated with the detection antibody. PiCV Capsid VLPs were widely distributed in the 

cytoplasm of HEP2 and PEF cells after 2 hours incubation (Figure 2.10C, 2.10F). 
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Similarly, BFDV capsid were also internalise into the cytoplasm after 2 hours incubation 

(Figure 2.11C, 2.11F).  This result indicates that both PiCV and BFDV capsid VLPs are 

biologically active and can localised into cells. 

 

Figure 2.10: Cellular uptake of PiCV capsid VLP in HEP2 cells (Top row) and PEF cells (Bottom row); (A) 
only HEP2 cells (B) HEP2 cells treated with both primary and secondary antibodies (C) HEP2 cells 
incubated 2 hours with PiCV capsid and treated with both primary and secondary antibodies, (E) PEF cells 
(F) PEF cells treated with antibodies alone (G) PEF cells incubated 2 hours with PiCV capsid and treated 
with both primary and secondary antibodies. 

 

Figure 2.11: Cellular tropism of BFDV capsid VLP in HEP2 cells (Top row) and PEF cells (Bottom row); 
(A) HEP2 cells (B) HEP2 cells treated with antibodies alone (C) HEP2 cells incubated 2 hours with BFDV 
capsid and treated with both primary monoclonal antibody and HRP conjugate secondary antibody (E) PEF 
cells (F) PEF cells treated with antibodies alone (G) PEF cells incubated 2 hours with BFDV capsid and 
treated with both primary and secondary antibodies. 
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2.5 Discussion 

Pigeon circovirus (PiCV) is the most often diagnosed virus in pigeons and is implicated in  

one of the causal agents of a complicated disease called the young pigeon disease 

syndrome (YPDS). Viral capsid is the main structural protein which provide valuable 

insights into the mechanism of virion assembly, antibody recognition site and identification 

of regions for virus receptor attachment, host specificity and immunogenicity. The aim of 

this study was to develop an efficient method for recombinant expression and purification 

of PiCV as potential vaccine candidate and for diagnostic purposes as well as structural 

studies. Polyhistidine tag vectors were constructed targeting Cap from PiCV genotypes and 

were expressed in E. coli BL21 (DE3) cell line using two different induction media. 

Overexpression was successful particularly by IPTG‐induction protocol. The full-length 

PiCV Cap was purified using a two‐step purification process at high concentration and 

solubility suitable for structure determination and antibody production. Purified PiCV Cap 

protein demonstrated antigenicity after injecting to sheep which was confirmed by the 

western blot and dot blot experiments. The sheep polyclonal serum to recombinant PiCV 

Cap was used for the development of IHC to diagnose PiCV infection in clinical sample. 

Moreover, cellular uptake of PiCV and BFDV capsid has been demonstrated using 

immunocytochemistry. 

Due to the lack of an established laboratory protocol for PiCV cultivation, recombinant 

expression and purification of capsid protein represent a promising strategy for the 

development of effective vaccines and standard diagnostic assays (Stenzel et al., 2018). 

The entire PiCV capsid nucleotide sequence was optimised for E. coli codon usage and a 

pMCSG21 expression system. The pMCSG21 expression system has high-efficiency 

translation and is one of the most used systems for cloning and in vivo expression of 



Chapter 2:  Recombinant PiCV capsid protein expression  
 

62 

recombinant proteins in E. coli. His tagged PiCV Cap has been successfully overexpressed 

in E. coli BL21 (DE3) Star cell using both IPTG and auto induction methods; however, 

comparatively IPTG induction expressed more protein from the same volume of 

expression media (Figure 2.1). This result was not surprising because lactose serves as 

both carbon source and inducer in auto induction media, therefore when it is consumed as a 

substrate it may decrease the ability as inducer. On the other hand, IPTG is a synthetic 

product and structural analogue of allolactose which can be utilised as a substrate but do 

not get metabolised allowing it to remain in the culture in constant concentration during 

recombinant protein expression. Moreover, IPTG enters the cell by passive diffusion and 

acts as an inductor regardless of the carbon source in the culture medium, while the income 

of lactose and the induction can be inhibited by the presence of other sugars in the media 

(Rosano & Ceccarelli, 2014). Advantages to this system are that it is easy to maintain, 

simple to scale-up and less expensive to use a bacterial expression system to express 

recombinant proteins than eukaryotic expression systems (Yin et al., 2010). The 

recombinant Cap proteins self-assembled into VLPs that could be simply separated from 

unrelated bacterial proteins by size exclusion chromatography using a HiLoad 26/600 

Superdex 200 pg column. This two-step affinity and gel filtration chromatography method 

is convenient and suitable for obtaining significant quantities of recombinant Cap protein 

at high concentration and purity. The main problem with the E. coli system to produce 

PiCV Cap protein has been poor protein expression and lower solubility. Full length and 

truncated form of PiCV recombinant Cap protein has been shown to express successfully 

in E. coli (Daum et al., 2009; Lai et al., 2014; Stenzel et al., 2017), but the concentration of 

this protein was lower compared to our protein expressed in E. coli. In a previous study, 

highest protein expression level of GST tagged recombinant PiCV Cap obtained was 

0.394.27 ± 26.1 mg/mL using the E. coli strain BL21(DE3)-pLysS (Lai et al., 2014). The 
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results from our present study indicate that IPTG induction is effective in E. coli BL21 

(DE3) cell lines (Star), with the highest total capsid protein concentration of about 25 

mg/mL obtainable using Rosetta 2 cells and pMCGS21 vector (Figure 2.2). There are few 

possible explanations for the highest yield of capsid protein in the present study. Firstly, 

BL21(DE3)-Star cells has been used instead of BL21(DE3)-pLysS for transformation of 

plasmid. Secondly, His tag instead of GST tag has been used during construction of 

plasmid and finally, pMCSG21 vector was used which has high efficiency translation for 

cloning and in vivo expression of recombinant proteins in E. coli. 

Capsid protein sequences from different host specific circovirus species are highly diverse 

(Mankertz et al., 2000; Bassami et al., 2001; Larochelle et al., 2002; Khalesi et al., 2005; 

Kondiah et al., 2006; Zhang et al., 2011; Ge et al., 2012), evolve at faster rate than other 

major proteins (Kundu et al., 2012; Sarker et al., 2014b) and therefore, structural alteration 

may be anticipated. Crystallization screens of PiCV capsid failed to produce crystals in the 

present study thus, limiting the prospect of producing an atomic resolution structure by X‐

ray crystallography. Moreover, negative stain (2% uranyl acetate) electron microscopy 

analyses of PiCV Cap showed heterogenous capsid particles with background aggregates 

that is not suitable for cryo-EM studies. Very few particles were found to be self-

assembled into VLP of about 17 to 20 nm in diameter. PiCV Cap shipment to Spain in 

ambient temperature might be responsible for the protein degradation. Affinity purification 

of PiCV capsid protein in His buffer (pH: 8.0) can be another factor for degradation of 

capsid protein during long shipment in room temperature. Variables for macromolecular 

crystal growth for any protein are extensive and largely empirical in nature (McPherson & 

Gavira, 2014). Full-length proteins are difficult to be expressed in E. coli and mostly they 

get aggregated. Therefore, High homogeneity and purity of the protein are crucial for the 

crystallization to be successful and in general single domain protein tend to crystallise 
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more preferably than the multiple domain proteins (Abdalla et al., 2016). Moreover, 

success rate of crystal formation depends on the oligomeric state and molecular weight of 

target proteins. Different strategies such as Isoelectric point, pH, domain organization, 

peptide signal, stability, prediction of secondary structure, a hydrophobic composition of 

protein, and salt concentration should be considered to accomplish the goal of effective 

protein purification and crystallization (Bhat et al., 2018). Presence of the probable mix of 

homodimer or heterodimer in the purified PiCV capsid as shown by SDS‐PAGE might 

have impaired its ability to crystallise.  

Homology model of PiCV capsid demonstrated a similar basic morphology and assembly 

to that of PCV2 and BFDV (Khayat et al., 2011; Sarker et al., 2016b) comprising 12 

pentameric morphological units to form a 60‐mer VLP with T=1 icosahedral symmetry. 

However, homology model of PiCV Cap should be interpreted with caution, as current 

technology of homology modelling has limitations for properly orienting multi‐domain 

proteins in absence of mutual overlapping templates (Kelley et al., 2015). Therefore, high 

resolution cryo‐EM structure of PiCV Cap should be pursued for better understanding of 

the capsid constraints of many hosts adapted circovirus species. Several biophysical tools 

are available for characterizing and determining atomic resolution structure such as X‐ray 

crystallography, NMR and cryo‐EM, however all these techniques necessitate viral protein 

with high purity in appropriate concentration (Egli, 2010). Porcine circovirus 2 (PCV2) 

was the first circovirus capsid structure to be solved at atomic resolution using X-ray 

crystallography. The structure revealed an assembly comprising 60 monomeric subunits to 

form virus-like particles. Each Cap monomer harbours a canonical viral jelly roll domain 

composed of two, four-stranded antiparallel β-sheets (Khayat et al., 2011). Crystal 

structures of two distinct macromolecular assemblies from BFDV Cap were also resolved 

at high resolution. In these structures, the exposure of the N-terminal arginine-rich motif, 
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responsible for DNA binding and nuclear localization is reversed (Sarker et al., 2016b). 

Moreover, capsid protein of BCV and CCV was expressed and structurally resolved using 

X‐ray crystallography and cryo‐EM confirmed a similar basic morphology and assembly to 

that of PCV2 and BFDV (Das, 2018) comprising 12 pentameric morphological units to 

form a 60‐mer VLP with T=1 icosahedral symmetry. However, capsid surface architecture 

varied considerably among the different circoviruses (Das, 2018). 

PiCV capsid protein is the major antigenic determinant of the virus. So, a specific antibody 

against capsid protein of PiCV are essential for developing standard diagnostic assay for 

PiCV. In the present study, recombinant PiCV capsid protein has been proved to be 

antigenic against anti-PiCV polyclonal antibody as shown by western blot and dot blot 

assay (Figure 2.7). Previous study showed that recombinant BFDV capsid protein 

produced in the E. coli was antigenic against anti-BFDV monoclonal antibody in western 

blot (Sarker et al., 2015b). Recombinant PiCV capsid protein has also been proved to be 

antigenic and able to recognise by PiCV specific antibodies in pigeon sera (Daum et al., 

2009; Duchatel et al., 2011; Stenzel et al., 2017). Capsid protein contains surface epitopes 

inducing neutralizing antibodies in PiCV infected pigeons, as it has been shown for the 

Cap protein of beak and feather disease virus (BFDV) in psittacine birds, goose circovirus 

in geese and PCV2 in swine (Johne et al., 2004; Scott et al., 2006; Trible et al., 2011). 

Recently, PiCV capsid VLP’s have been examined as to their utility as immunogens for 

developing subunit vaccines (Stenzel et al., 2018; Gai et al., 2020; Huang et al., 2021). 

Antigenic cross reactivity was identified among PiCV, BFDV, Finch CV and Canine CV 

capsid against anti‐PiCV polyclonal antibody in dot blot and western blot (Figure 2.7D & 

2.8B). In previous study antigenic cross reactivity was also identified between BFDV and 

BCV Cap against anti‐BFDV monoclonal antibody which was surprising considering large 

sequence diversity in the most protruded residues (Das, 2018). Structural constraints and 
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surface plasticity of circovirus capsid protein are responsible for the cross reactivity among 

different circovirus capsid protein (Das, 2018). 

The anti-PiCV polyclonal antibody has been used to develop Immunohistochemistry (IHC) 

to detect circovirus infection in pigeons. Histopathological examination of the bursa, skin 

and intestine showed basophilic botryoid intracytoplasmic inclusion bodies (Fig 2.9). IHC 

has been performed on bursa, intestine, liver, skin tissues from the affected pigeons. IHC 

demonstrated widespread PiCV antigen within macrophages and other cells of the intestine 

and bursa of Fabricius of pigeons that were PiCV positive by PCR (Figure 2.9). Only bursa 

and intestine were positive for IHC. So, IHC images of other tissues were not provided in 

the thesis. However, anti-PiCV capsid polyclonal antibody was also tested in IHC for the 

BFDV infected tissues which was non-reactive. Immunohistochemical assay using the 

hyperimmune serum to porcine circovirus type 2 showed that pigeon circovirus appears to 

be distinct from type 2 porcine circovirus with respect to antigenicity (Abadie et al., 2001). 

A monoclonal antibody specific to the recombinant BFDV capsid protein was produced 

and applied for the development of western blotting, immunohistochemistry, ELISA and 

haemagglutination-inhibition (HI) assay (Shearer et al., 2008). But it is necessary to test 

more samples to optimise the IHC assay for diagnosis of PiCV from histopathological 

samples. 

PiCV replication considered to occur in fast proliferating cells (epithelial cells) and 

immune system cells (lymphocytes and macrophages), and in this respect, it is similar to 

the psittacine circovirus (beak and feather disease virus, BFDV) (Raidal et al., 2015). 

BFDV replicates in numerous tissues, including skin, liver, gastrointestinal tract, bursa of 

Fabricus (Wylie & Pass, 1987; Raidal & Cross, 1995) while Cap antigen found in the 

spleen, thymus, thyroid, parathyroid and bone marrow (Latimer et al., 1990). However, the 

discrepancy between viral entry and replication in a host cell is unclear in absence of 



Chapter 2:  Recombinant PiCV capsid protein expression  
 

67 

confirmation from cell culture. Viral attachment and entry into the host cells may not 

inevitably lead to viral replication, and therefore, all cells containing viral particles may 

not contribute to the disease development. For example, PCV2 replication occur in the 

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

replicating virus (Sanchez et al., 2001; Saha et al., 2010), while in vitro replication in 

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

(Misinzo et al., 2005; Nauwynck et al., 2012). The N termini of the Cap accommodate 

bipartite nuclear localization signals (NLSs) for binding of the ssDNA genome and help 

transport of the genome to the host cell nucleus (Liu et al., 2001; Heath et al., 2006). In the 

present study, a protocol has been developed for the preparation of primary PEF cells from 

pigeon embryos. Recombinant capsid protein of PiCV and BFDV has been localised to the 

cytoplasm of HEP2 and PEF cells (Figure 2.10 & 2.11). However, nuclear localization of 

capsid was not demonstrated due to lack of confocal microscopy. In a previous study, 

capsid protein of BFDV was actively localised to the nucleus when it was co-expressed 

with Rep protein in insect cells (Heath et al., 2006). The NLS of the Cap protein of BFDV 

was identified in DF-1 cells, which are chicken fibroblast cell lines that are the 

spontaneously immortalised via both plasmid expression and VLP uptake (Chen et al., 

2020). Nuclear entry of BFDV and PCV2 capsid is mediated by one or more of three 

bipartite nuclear localization signals located at the N terminus of the protein (Liu et al., 

2001; Yu et al., 2018). The subcellular localization of truncated capsid protein of PCV3 

indicated that the 38 N-terminal amino acids were responsible for the nuclear localization 

of capsid protein (Mou et al., 2019). Like porcine circovirus (PCV), beak and feather 

disease virus (BFDV) and chicken anemia virus (CAV), PiCV is also rich in basic amino 

acid residues close to the N-terminus of the capsid protein (Lai et al., 2014). So, nuclear 

localization of the full length and truncated PiCV capsid protein can be demonstrated by 
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immunofluorescence assay and confocal microscopy in future studies. Moreover, PEF cells 

will be used for propagation of avian circovirus in vitro which will help to understand the 

circovirus biology and cellular tropism. This study presents an efficient production method 

for recombinant full-length Cap of PiCV suitable as potential vaccine candidate and for 

diagnostic applications. The PiCV Cap has been overproduced to significant concentration 

appropriate for antibody production and IHC development. Further studies will be required 

to resolve the high-resolution structure, in vitro assembly mechanisms and nuclear 

localization of PiCV Cap.
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Chapter 3. Development and applications of a TaqMan based 

quantitative PCR for the rapid detection of pigeon circovirus 

(PiCV) 

3.1 Summary 

TaqMan probe based quantitative polymerase reaction (TaqMan qPCR) is a robust and 

reliable technique for detecting and quantifying target DNA copies. Quantitative molecular 

diagnosis of genetically diverse single stranded DNA (ssDNA) virus such as pigeon 

circovirus (PiCV) can be challenging owing to difficulties in primer binding or low 

abundance of template DNA copies in clinical specimens. Several methods have been 

described for the detection of PiCV, being qPCR the most simple and reliable. As far as is 

known, two qPCR systems described until now are based on SYBR green. This study 

reports development and validation of a highly sensitive TaqMan qPCR targeted to Rep for 

the detection of highly diverse PiCV in pigeon samples with excellent reproducibility, 

specificity, and sensitivity. Standard curves, Ct threshold and automated estimation of the 

viral DNA copies were optimised using serial fold dilutions of pMCSG21 plasmid 

containing PiCV genomic insert. The limit of detection was determined as low as 2 (two) 

plasmid copies. Estimations of 100% specificity and 100% sensitivity were obtained based 

on the qPCR results with panel of 60 pigeon samples (known PiCV positive, n=30; known 

PiCV negative, n=20; samples positive to beak and feather disease virus (BFDV), n=5 and 

samples positive to canine circovirus, n=5). Co-efficient of variation (CV) for Ct values 

ranged between 0.27% to 0.78% in the same assay and 1.84% to 2.87% in different assays. 

Using this newly developed qPCR, detection of PiCV DNA improved by 16% over that 

obtained by established conventional PCR. 
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3.2 Introduction 

Quantitative real-time polymerase chain reaction or qPCR is a well-established method for 

measuring target DNA copy number with a vast diversity of applications in diagnostic 

microbiology. qPCR offers an effective way to detect target fragments specifically, rapidly, 

and quantitatively. Therefore, qPCR has been developed quickly and has become the main 

method for pathogen detection (Linssen et al., 2000). Several modulations of qPCR have 

been established over the years including sequence-unspecific DNA labelling dyes (SYBR 

green), primer-based technologies (Ampli-Fluor, Plexor, Lux primers), and techniques 

involving double-labelled probes such as hybridization (molecular beacon) and hydrolysis 

(TaqMan, CPT, LNA, and MGB) (Buh Gašparič et al., 2010). However, SYBR green and 

TaqMan probe-based methods have risen in popularity in most diagnostic laboratories 

(Černíková et al., 2017). SYBR Green based qPCR is relatively inexpensive and does not 

require any additional fluorescence-labelled oligonucleotide probe (Bustin, 2000; Klein et 

al., 2001), however non-specific binding and primer-dimers may lead to high background 

noise and even false positive results (Wilhelm et al., 2003). On the contrary, TaqMan 

qPCR enable high-throughput screening and template quantification with high sensitivity 

(< 5 copies) and precision (< 2% standard deviation) (Bustin, 2000). Therefore, many 

clinical laboratories rely on TaqMan qPCR for rapid detection of viral infection including 

circovirus in animals and birds (Zhao et al., 2010; Černíková et al., 2017; Henriques et al., 

2018). 

Pigeon circovirus (PiCV) of family Circoviridae (genus Circovirus) is one of the most 

important viral pathogen of domestic and feral pigeon population with global distribution 

(Mankertz et al., 2000; Stenzel & Koncicki, 2017b). Affected birds suffer from marked 

immunosuppression characterised by B lymphocyte apoptosis and render non-specific 
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clinical manifestation including depression, lethargy, anorexia, poor racing performance, 

diarrhoea, a fluid-filled crop (Raue et al., 2005; Freick et al., 2008; Stenzel et al., 2020). 

PiCV induced immunosuppression increase the likelihood of concurrent infections 

resulting enormous losses in pigeon flocks (Todd, 2004). Several research groups have 

pursued rapid quantitative diagnosis for PiCV using variety of molecular detection 

methods, including in situ hybridization, dot blot hybridization, PCR, qPCR and ddPCR 

(Smyth et al., 2001; Soike et al., 2001; Todd et al., 2002; Roy et al., 2003; Duchatel et al., 

2009; Loiko et al., 2018; Stenzel et al., 2020), which can detect very small amounts of viral 

DNA. However, qPCR assays allow the rapid and sensitive quantitation of genetic material 

and are in widespread use in studies of gene expression and the detection of infectious 

agents (Mackay, 2004; Wong & Medrano, 2005; Nolan et al., 2006). 

Developing qPCR require robust and conserved genomic domain to acquire maximum 

sensitivity.  PiCV is a small non-enveloped single-stranded circular DNA virus with 

approximately 2030 base pairs (bp) ambisense genome (Todd et al., 2001). Like other 

circoviruses, PiCV genome contains at least two major open reading frames (ORFs). The 

largest ORF, V1, which is located on the virion sense strand, encodes a protein responsible 

for viral replication (Rep protein), and the second largest ORF, C1, which is located on the 

complementary sense strand, encodes the viral capsid protein (Cap protein, CP) (Mankertz 

et al., 2000; Todd et al., 2001). A number of PCR tests have been developed based on 

conserved rep region of the PiCV genome (Stenzel & Koncicki, 2017b). 

Monitoring of the pigeon circovirus load may indicate an active infection and represent a 

good predictive indicator for young pigeon sickness (Duchatel et al., 2009). A real-time 

polymerase chain reaction (PCR) based on SYBR Green chemistry developed for the 

quantification of pigeon circovirus (PiCV) DNA in various samples (Duchatel et al., 2009). 

But, specificity is the most important concern with the practice of SYBR Green based 
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qPCR compared to TaqMan methods (Tajadini et al., 2014). Like other avian circoviruses, 

PiCV is genetically diverse, therefore, a robust and sensitive qPCR assay is required to 

detect and quantify the virus from various samples. So far, there have been no reports on 

the development of a TaqMan based qPCR for the detection and quantification of PiCV 

from clinical samples. Therefore, the aim of this study was to develop a TaqMan probe-

based qPCR based on the Rep and to measure the viral copy number. The sensitivity and 

specificity of this technique was also evaluated for diagnosis of PiCV in clinical 

specimens. 

3.3 Materials and methods 

3.3.1 Design of primers and probe 

The primer and TaqMan probe were designed based on all available PiCV complete 

genome sequences from NCBI GenBank and utilising design tools in Geneious Prime 

v2021.1.1 package. Selected fragments of replication associated protein coding gene (Rep) 

of PiCV was amplified for qPCR assay as summarised in Table 3.1. 

Table 3.1: Details of primers and probes used in this study 

 

Primer/Probe 

name 

Target 

gene 

Sequence (5´- 3´) Amplicon 

size (bp) 

Reference 

FWD CV-s Rep AGAGGTGGGTCTTCACNHTBAAYAA 139 

 

Sarker et al. (2015a) 

REV CV-as Rep AAGGCAGCCACCCRTARAARTCRTC 

PiCV SD-F Rep GTGAAAGCCGGAAGAGCAATG  This study 

PiCV SD-R Rep GTGATGACGATGACTTCCGTTTTGAAG 

PiCV-probe Rep 6 FAM-CGAGACTTCAGTGAGATATACGTCAA-BHQ 1  This study 

 



Chapter 3:  Development and application of PiCV qPCR  
 

73 

3.3.2 Sample collection, DNA extraction and PCR assay 

A total of 50 opportunistic pigeon samples were targeted during the development of the 

qPCR assay to represent diversity of pigeons from various locations of Australia. All of the 

samples had been previously examined for PiCV infection using established PCR methods 

(Sarker et al., 2019). Moreover, clinical and pathological factors were also considered 

before selecting true negatives and positive samples for the determination of qPCR 

specificity. Total genomic DNA was extracted from the samples using a commercial DNA 

extraction kit (DNeasy® Blood & Tissue Kit, Qiagen Group, Doncaster, Victoria, 

Australia) following the manufacturer’s protocol. PCR reaction mix contained 2 μL of 

template genomic DNA, 25 pM of each primer (Sigma-Aldrich, USA), 1.5 mM MgCl2, 

1.25 mM of each dNTP, 1× GoTaq® Green Flexi Reaction Buffer, 1 U of Go Taq DNA 

polymerase (Promega Corporation, USA) and nuclease free H2O (Invitrogen, USA) to 

make up 25 uL for each reaction. Conventional PCR was carried out in an C1000TM 

thermal cycler (Bio-Rad) under the following conditions: denaturation at 95°C for 5 min 

followed by 40 cycles of 95°C for 30 s, 57°C for 45 s and 72°C for 2 min, and a final 

extension step of 5 min at 72 °C. Synthetic plasmid construct (pMCGS-21) containing 

inserts of Rep selected fragments was used as positive control for the test, while nuclease 

free sterile water used as negative control. PCR amplicons were visualised in 1.5% agarose 

gel stained with Gel Red (Biotium, CA) against 1000bp molecular mass marker (Sigma). 

3.3.3 Quantitative PCR (qPCR) 

qPCR was performed using synthetic plasmid construct with target inserts as positive 

control while sterile water and specific pathogen free template DNA as negative control. A 

ten-fold dilution of plasmid ranging between 2.5 × 109 and 1 copies/μL was used for assay 

optimization and performance evaluation (described below). The optimised protocol of 
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qPCR was the following: 1× GoTaq® colourless Flexi Reaction Buffer, 10 pM of each 

primer (Sigma-Aldrich, USA), 10 pM of qPCR probe probe, 1.5 mM MgCl2, 1.25 mM of 

each dNTP, 1 U of Go Taq DNA polymerase (Promega Corporation, USA) and 2 μL of 

extracted genomic DNA. DEPC distilled water (Invitrogen, USA) was added up to a final 

volume of 25 μL. Reactions were carried out in a Rotor Gene Q 6000 thermocycler 

(Qiagen, Victoria, Australia) and following thermal protocol was used: denaturation at 

95°C for 5 min followed by 40 cycles of 95°C for 30 s, 54°C for 45 s. A plasmid-based 

standard curve, created with the optimised protocol, was used for viral genome copy 

number quantification of the clinical samples, expressed as viral genome copy number for 

μL of extracted DNA (viral genome copy number/μL DNA). The CT values of the known-

copy-number standards were graphed against time to construct a standard curve using the 

software supplied with the Rotor-Gene. The CT of each of the samples was then compared 

against the graph to give an estimate of viral load/μL extracted DNA. 

3.3.4 Construction of standard plasmids  

A 201-bp fragment of PiCV genome (nucleotide 450 to nucleotide 650) (Gene bank 

accession no. MF136692) was cloned into the plasmid pMCSG21 (Genscript, Piscataway, 

NJ). The recombinant plasmid was transformed in TOP 10 Chemically Competent E. coli 

(Invitrogen) and DNA plasmid was isolated with QIAprep® Spin Miniprep Kit (QIAgen) 

according to the instructions of the manufacturer. The DNA was quantified by measuring 

the OD260 using a spectrophotometer (NanoDrop; Thermo Scientific). The concentration 

of the stock solution was 64 ng/μL. Ten-fold serial dilutions were prepared, starting with 

2.5 × 109 plasmid copies (6.4 ng/μL), until one plasmid copy per reaction was present. The 

qPCR assay was performed with duplicates for each concentration to establish the limit of 

detection of the assay. The dilutions were stored at -20°C, while the plasmids were stored 

at -70°C. 
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3.3.5 Sensitivity, specificity and assay precision of qPCR 

Sensitivity, specificity and assay precision of the qPCR were evaluated by the methods 

described by Henriques et al. (2018). The sensitivity of the method was evaluated by 

testing 30 DNA samples confirmed PiCV positive by established PCR method in our lab 

(Sarker et al., 2019). To evaluate the specificity of the test, 20 samples confirmed PiCV 

negative by PCR method were assayed. The higher order specificity was also evaluated by 

testing 5 samples positive for beak and feather disease virus (BFDV) and 5 positive 

samples of canine circovirus. To verify if the differences obtained between the Ct values of 

positive and negative samples were statistically significant, a statistical analysis was 

performed using the unpaired t test with GraphPad Prism 9.2.0 Demo software. For the 

statistical analysis, the Ct (cycle threshold) value of the negative sample was considered to 

be Ct 40. Since the unpaired t-test cannot be performed in a set of equal values, one of the 

negative Ct values was assumed to be Ct 40.0001. 

The variation of a set of results was determined to evaluate the repeatability of the qPCR 

test. Both intra-assay and inter-assay variabilities were investigated through the analysis of 

the results obtained with a set of given samples tested in replicates and in independent 

assays, respectively. To determine intra-assay variability, three replicates of three positive 

samples with different Ct (cycle threshold) values (low, medium, and high Ct values) were 

tested in the same assay. On the other hand, inter-assay variability was evaluated by testing 

the three samples in three independent assays. In both cases, the coefficient of variation (% 

CV) was determined by dividing the standard deviation by the average of the Ct values 

obtained. 
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3.4 Results 

3.4.1 Primers and probe design 

For the in-silico analysis, primers and probe sequences were aligned with 21 highly diverse 

PiCV sequences available in GeneBank. From the 21 sequences containing the region 

complement and reverse complement to our developed primer set (PiCV SD-F & PiCV 

SD-R), all sequences amplified (see Appendix 2, Figure 8.1). In silico analysis showed that 

PiCV probe can also bind with the aligned PiCV sequences. On the other hand, higher 

variability was observed within circovirus degenerative primer set (FWD CV-s & REV 

CV-as) complement and reverse complement sequences (see Appendix 2, Figure 8.1). In 

addition, alignment of 13 reference circovirus full genome confirmed that the primer was 

specific to PiCV genome (see Appendix 2, Figure 8.2). 

3.4.2 Comparative detection of PiCV in PCR and qPCR 

The results of the PCR and qPCR tests on the clinical samples are shown in Table 3.2. 

PiCV positive rates in the clinical samples of conventional PCR detection and qPCR 

detection were 80% and 96%, respectively. The qPCR approach increased the detection of 

PiCV samples by 16% over that achieved by conventional PCR. 

Table 3.2: Comparison PCR and qPCR for the detection of PiCV in clinical samples 

Sample Type PCR qPCR 

Positive Negative Positive Negative 

Cloacal swab (n=40) 30 10 38 2 

Tissue (n=10) 10 0 10 0 

Total 40 10 48 2 

Positive detection rate (%)  80 96 
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3.4.3 Determination of the limit of detection 

The limit of detection is defined as the smallest amount of plasmid copies detectable in the 

assay. For the determination of this limit, a plasmid containing the fragment to be 

amplified in the PCR reaction and with known concentration is tested in serial dilutions. 

The limit of detection corresponds to the minimum number of copies that can be detected 

in the reaction. The pMCSG21 vector containing the target fragment of PiCV was tested in 

the real-time PCR method in eleven ten-fold serial dilutions, starting at 2.5 × 109 plasmid 

copies and until one plasmid copy was expected to be present (Table 3.3). The assay was 

performed in duplicate, and the Ct values obtained were registered. The only concentration 

at which no DNA amplification was achieved was one plasmid copy, and therefore the 

limit of detection determined was two plasmid copies, since it was the smallest 

concentration at which DNA was still detected. A calibration line was obtained by the 

representation of the Ct values as a function of the logarithm of the copy number (Figure 

3.1). A correlation coefficient of 0.993 was obtained and since Ct increases with 

decreasing number of plasmid copies, the slope is negative. For ten-fold serial dilutions the 

slope is – 3.33 when E = 100%, considering that a perfect doubling of the number of DNA 

molecules occurs (Svec et al., 2015). In this case an acceptable slope of -2.624, 

corresponding to a PCR efficiency of 140% (Given by the expression E = (10-(1/slope) – 1) * 

100) was obtained. 
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Table 3.3: Ct values obtained in the qPCR for the determination of the limit of detection of 
plasmid 

Number of plasmid copies/µL Ct values 

Replicate 1 Replicate 2 

2500000000 13.23 13.46 

250000000 15.65 16.16 

25000000 18.28 18.90 

2500000 21.01 20.71 

250000 23.82 24.57 

25000 27.21 27.48 

2500 30.00 30.38 

250 33.67 32.71 

25 37.10 37.12 

2 39.07 38.05 

1 No Ct No Ct 

 

 

 

Figure 3.1: Standard curve obtained between Ct value and log10 copy number of PiCV 
plasmid DNA 

  



Chapter 3:  Development and application of PiCV qPCR  
 

79 

3.4.4 Sensitivity and specificity of qPCR 

The sensitivity of the test reported here was evaluated by measuring the proportion of 

positive samples correctly identified by the qPCR. For this purpose, 30 pigeon DNA 

samples testing PiCV positive by established PCR method were assayed. Since all the 

samples tested positive in this qPCR, the overall results reveal a sensitivity of 100%. 

Specificity corresponds to the proportion of negative samples which are correctly 

identified by the test. To assess the specificity of the PCR, 20 PiCV negative samples of 

pigeon were assayed, all testing negatives. The specificity of the test was also evaluated by 

its capacity to generate negative results with samples positive for another circovirus like 

beak and feather disease virus and canine circovirus in the qPCR demonstrating 100% 

specificity of the test. Ct values obtained in the PCR test for positive (n = 30) and negative 

(n = 20) DNA samples were demonstrated in the figure 3.2. The p value was lower than 

0.0001 (P< 0.0001), confirming that the two groups were statistically different. 

 

 

Figure 3.2: Representation of Ct values obtained in the qPCR test for positive (n = 30) and negative (n = 20) 
DNA samples. The averages of Ct values as well as the standard deviation are represented. For negative 
samples, the Ct value was considered to be Ct = 40, but since the unpaired t-test cannot be performed in a set 
of equal values, one of the negative Ct values was assumed to be Ct = 40.0001. The averages of Ct values as 
well as the standard deviation are represented. Means and respective standard errors (SEM) were 19.38 ± 
1.12 (n = 30) for positive samples and 40 ± 0.000 (n = 20) for negative DNA samples. 
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3.4.5 Assay precision 

The intra and inter plate precisions were evaluated by testing three positive DNA samples 

with different viral charges in three replicates in the same assay or in three independent 

assays, respectively. In both cases, precision was expressed as a percentage of the 

coefficient of variation (CV) of the Ct values obtained.  The coefficient of variation 

obtained from the samples used in the intra and inter plate precisions were presented in 

Table 3.4. The intra plate variability determined with DNA samples of three different viral 

charges was very low for each sample tested. DNA sample of medium viral charge 

originated % CV lower (CV = 0.27%) than the other two DNA samples (CV = 0.78% and 

CV = 0.85%), but still lower than 1. As expected, the inter plate variability or 

reproducibility observed with each of the samples tested was higher than the intra plate 

variability, since more factors can vary between each assay. In this case, the DNA sample 

of medium viral charge originated a lower %CV (CV = 1.84%) than the other two samples 

(CV = 2.00% and CV = 2.87%). The results obtained indicate that the qPCR is highly 

reproducible. 

Table 3.4: Inter and intra plate precision evaluations based on the coefficients of 

variability (CV) obtained with one sample in three independent assays or with three 

samples of different viral charges in the same assay (3 replicates) 

Sample Intra-plate variability Inter-plate variability 

Sample 2 Sample 3 Sample 7 Sample 2 Sample 3 Sample 7 

Replicate 1 18.18 8.14 32.24 18.31 8.67 29.49 

Replicate 2 18.12 8.25 31.81 18.82 8.45 27.85 

Replicate 3 18.09 8.27 32.25 18.18 8.33 28.52 

Average 18.13 8.22 32.10 18.44 8.48 28.62 

Standard deviation 0.05 0.07 0.25 0.34 0.17 0.82 

CV (%) 0.27 0.85 0.78 1.84 2.00 2.87 
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3.4.6 Viral load of PiCV in clinical samples 

Viral copy no./µL of extracted DNA from the swabs and tissues are summarised in Table 

8.1 (see Appendix 2). High viral loads were obtained in the tissues ranged from 2.62 × 107 

copies/μL to 2.38 × 1011 copies/μL. Viral loads were higher in liver samples (2.38 × 1011 

copies/μL) compared to bursa of Fabricius (2.10 x 109 copies/μL). Of the cloacal swab 

samples tested viral loads were higher in affected bird (8.98 × 108 copies/μL) compared to 

clinically healthy bird. Viral loads were found in the range of 1 copies/μL to 8.26 x 104 

copies/μL in the swabs of clinically healthy bird. 

3.5 Discussion 

Pigeon circovirus is an important viral pathogen of columbid birds with noticeable 

immunosuppression and B lymphocyte depletion (Abadie et al., 2001; Raue et al., 2005; 

Stenzel et al., 2020). PiCV infections are very common all around the world and 

prevalence of PiCV in pigeon is estimated about 70% (Smyth & Carroll, 1995; Freick et 

al., 2008; Zhang et al., 2011; Cságola et al., 2012; Stenzel et al., 2014b; Zhang et al., 

2015b). In a previous study, clinically normal rock dove was screened in regional New 

South wales, Australia and demonstrated a high prevalence (76%) of PiCV infection 

(Sarker et al., 2019). Seroprevalence of PiCV in PCR positive and PCR negative birds 

were 73.78% and 71.92% respectively (Stenzel & Koncicki, 2017a). Due to risk of vertical 

transmission, PiCV infection can only be controlled by screening breeding flocks and 

eliminating infected pigeons (Duchatel et al., 2005; Duchatel et al., 2006). So, a robust and 

quantitative diagnostic assay for PiCV detection method is necessary to minimise the 

economic loss caused by PiCV infection in pigeons. Unlike many other tests, PCR tests 

can find evidence of disease in the earliest stages of infection. Other tests may miss early 

signs of disease because there aren't enough pathogens in the sample, or host hasn't had 
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enough time to develop an antibody response. Antibodies are proteins made by the host 

immune system to attack foreign substances, such as viruses and bacteria. PCR tests can 

detect disease when there is only a very small number of pathogens in the host. During a 

PCR test, a small amount of genetic material in a sample is copied multiple times. The 

copying process is known as amplification. If there are pathogens in the sample, 

amplification will make them much easier to see. Moreover, quantification of viral copy 

number is required to monitor the active PiCV infection and other concurrent infections in 

the pigeons. This study presents a highly sensitive TaqMan qPCR for PiCV with excellent 

sensitivity, specificity and repeatability compared to previously established PCR for PiCV 

(Sarker et al., 2019). Moreover, this assay showed a very low limit of detection and can be 

used to quantify the amount of PiCV present in the clinical samples of pigeons. 

Circoviruses are genetically diverse due to high mutation rate in their replication cycle 

(Duffy & Holmes, 2008; Sarker et al., 2014a).  Moreover, recombination plays a pivotal 

role in generation of genetic diversity in ssDNA viruses as well as in their long term 

evolutionary process (Martin et al., 2011). Therefore, sensitivity of PCR test is the 

important concern for the detection of circovirus alongside high background noise of 

primer. qPCR based on SYBR green and TaqMan probe has widely been used for the 

detection and quantification of circovirus DNA in the clinical samples (Duchatel et al., 

2009; Shearer et al., 2009). However, SYBR Green qPCR method might have high 

background noise and specificity of the SYBR Green method is lesser than Positive 

oligonucleotide method such as TaqMan (Mackay, 2004; Tajadini et al., 2014). Our 

TaqMan qPCR targeted a PiCV Rep gene to overcome the above-mentioned problems. 

Conserved Rep was chosen for developing probe and primer in the present study because 

Cap gene has been evolving more rapidly than the Rep and therefore, demonstrates high 
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level of sequence divergence (Harkins et al., 2014; Sarker et al., 2014a; Sarker et al., 

2014b). A variety of PCR methods has been developed for the diagnosis of PiCV based on 

Rep (Freick et al., 2008; Halami et al., 2008). However, qPCR developed in the present 

study can detect highly diverse PiCV as shown by sequence alignment of PiCV (see 

Appendix 2, Figure 8.1). In addition, sequence alignment of all reference circovirus 

genome demonstrated that newly developed Rep based primer was specifically bind to 

PiCV genome (see Appendix 2, Figure 8.2). Blast analysis of PiCV partial Rep (139 bp) 

sequenced in the present study confirmed 83 to 98% nucleotide identity with other PiCV 

full genome around the world (see Appendix 2, Table 8.2). Similarly, a previous study 

showed >81% genome-wide pairwise similarity to other complete PiCV genomes available 

in GenBank from various parts of the world (Sarker et al., 2019). 

The qPCR assay showed detection limit of 2 (two) copies of plasmid DNA which was 

lower than the previously described SYBR Green based qPCR for PiCV (Duchatel et al., 

2009). The qPCR was more sensitive than the established PCR for routine diagnosis of the 

PiCV in clinical samples (Table 3.2). This assay possessed the optimal capacity to 

differentiate a positive from a negative sample even when low viral copies are present. 

This qPCR assay was found to be in the 10-log10 dynamic ranges with excellent linearity 

(Figure 3.1). This compares favourably with other qPCR methods described previously for 

porcine circovirus 2 whose ranges are generally limited to 5 to 9-log10 (Chung et al., 2005; 

Zhao et al., 2010; Henriques et al., 2018). The detection of PiCV over such a wide range of 

concentrations allowed us to measure viral loads in pigeons with various levels of infection 

without further sample concentration or dilution. This method was highly specific as it 

produced negative results with the samples PCR negative for PiCV. In addition, this assay 

generated negative results with beak and feather disease virus and canine circovirus PCR 

positive samples representing 100% specificity of the test. Intra and inter assay CVs for Ct 
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values obtained with PiCV DNA samples of three different viral charges indicated that 

qPCR assay was reproducible (Table 3.4). 

PiCV copy number quantified from clinical samples of pigeons demonstrated that PiCV 

load in affected pigeons is particularly high in liver (ranging from 1.82 × 109 to 2.38 × 1011 

copies genome/μL) and bursa of Fabricius (ranging from 5.05× 107 to 2.10 × 109 copies 

genome/μL). Similar results were recorded for PiCV infection that has been quantified by 

SYBR Green based qPCR (Duchatel et al., 2009). High viral loads were also detected in 

the oropharynx (2.84 × 109 copies genome/μL) and mandible (1.33 × 108 copies 

genome/μL) that might be a potential source of infection to squab during feeding the 

pigeon milk by their parents. Further examination of oral and cloacal swabs from affected 

pigeons showed the presence of very large amounts of virus (ranging from 1.74 × 105 to 

8.98 × 108 copies/μL) that are consistent with the previous findings (Duchatel et al., 2009). 

These findings confirmed that the excretion of PiCV in the droppings and explained the 

possible way of virus infection is spread in the young pigeons not only inside the dovecote 

(Duchatel et al., 2005) but also between different dovecotes during racing or flight 

competitions. The newly developed qPCR system might not only provide an effective way 

to detect PiCV rapidly and sensitively but might also be useful for future research in 

evaluating vaccine efficacy. The specific detection method can also provide an alternative 

approach for detection of PiCV from clinical specimens. The viral copy number 

quantification using qPCR may prove to be an important means for understanding PiCV 

epidemiology and for diagnosing in vivo young pigeon disease syndrome (YPDS) 

outbreaks. However, more pigeons will need to be screened to determine whether there is a 

correlation between PiCV viral load and the occurrence of YPDS. 
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Chapter 4. Investigation on natural infection of pigeon 

circovirus in Australasia 

4.1 Summary 

Pigeon circovirus (PiCV) is considered to be genetically diverse with a relatively small 

circular single-stranded DNA genome of 2 kb that encodes for a capsid protein (Cap) and a 

replication initiator protein (Rep). Australasia is known to be the origin of diverse species 

of pigeon, but limited PiCV genome sequence data in this area has hindered 

phylogeographic studies in this species. So, PiCV from diverse range of hosts were 

screened in various geographical location of Australia including Papua New Guinea. A 

total of fourteen (14) partial PiCV Rep sequences and 1 (one) complete PiCV genome 

sequence was recovered from reservoir and aberrant hosts. Phylogenetic analyses revealed 

that PiCV circulating in Australasia distributed unevenly without genetic population 

structure. However, PiCV Rep sequences from diverse species of pigeon of Papua New 

Guinea (PNG) resided with PiCV genomes from Australia, USA and Japan. In addition, 

partial PiCV Rep sequences obtained from plumed whistling duck, blue billed duck and 

Australian magpie demonstrated interorder spillover of PiCV unveiled host generalist 

characteristics of the pigeon circovirus. Furthermore, a natural outbreak of columbid 

herpesvirus-1 (CoHV-1) in a flock of racing pigeons (Columba livia) coinfected with PiCV 

was also investigated using quantitative polymerase chain reaction (qPCR). Gross and 

histopathological changes in four fatal cases that occurred within two weeks of clinical 

onset included suppurative stomatitis, pharyngitis, cloacitis, meningitis, otitis externa, otitis 

media and tympanitis with eosinophilic intranuclear inclusions consistent with herpesvirus 

infection which further confirmed by qPCR and DNA sequencing. Furthermore, a large 

number of amphophilic, botryoid intracytoplasmic inclusions has been observed in the 
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skin, oral mucosa and bursa of Fabricius indicative of circovirus infection further 

confirmed by immunohistochemistry. Concurrent high viral copies of CoHV-1 (29-2.7x106 

copies/µL, highest in oropharynx) and PiCV (2.6x107-2.4x1011 copies/µL, highest in liver) 

detected in several visceral organs. Additional testing of oro-cloacal swabs detected PiCV 

in 44 out of 46 (95.6%) birds, PiCV alone in 23 of 46 (50%) and coinfection with CoHV-1 

in 21 of 46 birds (45.6%) tested. Interestingly, pigeon with only CoHV-1 was not detected 

regardless of clinical status. Data suggests that the viral copy numbers were significantly 

higher (p < 0.0001) for both virus in clinically affected pigeons compared to asymptomatic 

qPCR positive birds and CoHV-1 induced pathology might have been exacerbated by 

concomitant PiCV infection. 

4.2 Introduction 

Circoviruses have co-evolved in specified host niches for millennia including several 

diverse avian species, ground dwelling mammals, fish and even crustaceans (Niagro et al., 

1998; Johne et al., 2006; Lorincz et al., 2011; Lőrincz et al., 2012; Pham et al., 2014; 

Raidal et al., 2015). Among these many causes chronic degenerative or 

immunosuppressive diseases in the reservoir host while sustaining the ability to spillover in 

to naïve or aberrant hosts  (Sarker et al., 2014b; Sarker et al., 2016a). This is very true for 

pigeon circovirus (PiCV), which is among the most significant infectious agents found in 

pigeons with global distribution (Stenzel & Koncicki, 2017b; Stenzel et al., 2019). 

Although many studies highlighted the immunosuppressive effect of PiCV in the natural 

hosts and aligned this as an aetiology for young pigeon disease syndrome (YPDS), no clear 

association is drawn from these reports (Todd, 2000; Abadie et al., 2001; Stenzel et al., 

2020). Another aspect of PiCV research so far is exploring the genetic diversity which 

mostly focused on Europe and China (Cságola et al., 2012; Stenzel & Pestka, 2014; Zhang 
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et al., 2015b; Wang et al., 2022) not in Australasia where the pigeon might have originally 

evolved. Some reports from Australia suggest high nucleotide diversity of PiCV among 

different species groups of pigeon, hinting towards a deep host specified divergence 

(Sarker et al., 2019), however there is not enough data to from Australia spanning diverse 

groups of Pigeon. Spillover has been most prominent in avian circovirus such as BFDV 

with recent records of fatal diseases among distant host, ranging across even distant orders 

(Sarker et al., 2014b; Sarker et al., 2015c). Spillover infection among distantly related 

orders highlights a deeper host-codivergence with recycling of evolutionary memory via 

frequent spill over and host jumps over millennia (Das et al., 2016b). Intraorder and 

interoder spillover events was well documented in BFDV, however not so many reports 

found in PiCV although deep genetic recombination is noted within the extant PiCV 

alignment (Sarker et al., 2019; Wang et al., 2022). On the other hand, Natural PiCV 

infection in reservoir host provides an opportunity to explore the pathobiology of 

infectious agents, such that host ecology and concurrent infections play a pivotal role in the 

disease outcome (Abadie et al., 2001; Cságola et al., 2012; Stenzel et al., 2014a). 

Pigeon circovirus (PiCV) or columbid circovirus (CoCV) belongs to the genus Circovirus 

of the family Circoviridae comprising of small non-enveloped viruses with single stranded 

circular DNA genomes of 1.7–2.5 kilobases (kb) (Mankertz et al., 2000). Its two main 

genes are bidirectionally transcribed from a double-stranded replicative intermediate, with 

the virion sense gene (rep, ORF V1) encoding a replication-associated protein (Rep) and 

the complementary sense gene (cap, ORF C1) encoding a capsid protein (Cap) (Mankertz 

et al., 2000; Todd et al., 2001; Todd et al., 2008). PiCV is considered a contributing agent 

to YPDS a multifactorial condition characterised by lethargy, weight loss, respiratory 

distress, diarrhoea and poor performance in young racing pigeons 1 to 4 months age 

(Stenzel & Pestka, 2014; Stenzel et al., 2020). Over the past 20 years, PiCV infections 
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have been documented in many different parts of the world in feral, racing, ornamental and 

meat pigeons of all ages (Paré et al., 1999; Coletti et al., 2000; Abadie et al., 2001; Raue et 

al., 2005; Duchatel et al., 2006; Cságola et al., 2012; Stenzel et al., 2012; Sarker et al., 

2019). The virus is transmitted mainly horizontally through ingestion or inhalation of 

virus-contaminated faecal material and feather dust (Franciosini et al., 2005). However, the 

detection of viral DNA in tissues from embryos ovaries and testes of some birds suggests 

that PiCV is transmitted vertically as well (Duchatel et al., 2006). In addition to lymphoid 

organs, PiCV-infected cells were also detected by PCR in the liver, kidney, trachea, lung, 

brain, crop, intestine, spleen, bone marrow and heart of birds (Smyth et al., 2001). 

Avian circovirus such as beak and feather disease virus (BFDV) occupies an entangled 

multispecies ecological niche, but high degree of contemporary host-switching amongst all 

available host lineages can be explained by deep and ancient intra-lineage host phylogeny 

(Das et al., 2016b). Avian circovirus speciation to have occurred in Australasia following 

the Triassic divergence of primordial Neoaves into passerine, columbid and larid host 

circoviruses deeply separated from those in anatids, corresponds with the Neoaves-

Galloanserae divergence (Das et al., 2016b). The evolution of PiCV in pigeons and doves 

might have taken a similar pathway to BFDV in parrots and cockatoos. Pigeons form a 

monophyletic order of birds (Columbiformes) thought to have originated in Gondwanaland 

during the late Cretaceous (Pereira et al., 2007), and are genetically and ecologically 

diverse, with 301 extant species occupying most terrestrial habitats from desert and 

rainforest to high alpine snowfields (Baptista et al., 1997). Recent study has demonstrated 

that PiCV from Australian rock pigeons had wide recombination with other PiCV and 

displayed a potential genetic admixture with passerine circoviruses (Sarker et al., 2019). A 

higher range PiCV genome sequence data is essential from the native species of 
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Columbiformes that inhabit Australasia to better understand the genetic diversity of PiCV 

(Sarker et al., 2019). 

Circoviruses retain ability to infect a broader range of host species, as demonstrated by 

frequent spillover events recovered over many years. Recent research exploring circoviral 

ecology and evolution and therefore predicting disease emergence has been focus on 

reporting these spillover events of beak and feather disease virus (BFDV) one of the 

ubiquitous pathogens of Australian avifauna in naïve population that evidently pushing 

extinction of naïve or already endangered species (Das et al., 2019b). BFDV is a 

pathogenic host-generalist capable of flexible host-switching amongst Psittaciformes, with 

Australian BFDV genetic clades representing a diverse host species mosaic (Sarker et al., 

2014a; Raidal et al., 2015; Sarker et al., 2015a). However, other than BFDV not such large 

host jump reported previously in another ecological interfaces (Sarker et al., 2015c). 

Evidence of such events will consolidate the cryptic host generalist nature pivotal for better 

understanding of the biology of the circoviruses. PiCV is a well-established host specificist 

among order Columbiformes with evidence of intra order recombination. Although PiCV 

was mostly detected in the pigeon species of Columba livia domestica, virus genetic 

material was also found in collared doves and Senegal doves (Kubíček & Taras, 2005; 

Todd et al., 2008). Recent evidence of PiCV infection in Columbiformes, Gruiformes, 

Anseriformes, and Galliformes bird highlights a potential aspect of PiCV carriers or 

transmitters (Chen et al., 2021). Serendipitous observation of clinical disease in distantly 

related host necessitates investigation of spillover events to explore such phenomenon. 

Pigeons immunosuppressed by PiCV infection are predisposed to concomitant infections 

with other viruses (columbid herpesvirus) or bacteria, like Escherichia coli and Chlamydia 

psittaci (Raue et al., 2005; Stenzel et al., 2014a; Chen et al., 2021). While the mechanism 

of immunosuppression induced by PiCV infection has not been thoroughly elucidated, 
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marked apoptosis of bursal lymphocytes might be responsible (Raue et al., 2005; Stenzel et 

al., 2020). However, several studies have been unable to definitively demonstrate PiCV 

infection as a primary cause of immunosuppression (Tavernier et al., 2000) with 

asymptomatic infection most seen especially in older birds (Raue et al., 2005; Duchatel et 

al., 2006; Schmidt et al., 2008; Stenzel et al., 2020). Experimental inoculation of PiCV 

alone could not induce YPDS (Schmidt et al., 2008). Concurrent infections with a diverse 

range of viral, bacterial and parasitic agents have been proposed in syndromes like YPDS 

(Abadie et al., 2001; Raue et al., 2005; Duchatel et al., 2009). However, pathology and 

viral loads associated with a naturally occurring outbreak of PiCV coinfection with 

columbid alphaherpesvirus-1 (CoHV-1) in a racing pigeon flock has not been studied yet.  

Like other avian circovirus species, pigeon circovirus (PiCV) is known to be genetically 

diverse and prone to genetic recombination (Stenzel & Pestka, 2014; Wang et al., 2017). 

Recent paleoviral evidence hints towards a probable Gondwanan origin of avian 

circoviruses which parallels the evolution of their hosts (Cui et al., 2014; Das et al., 

2016b). Australasia is the biogeographical origin of a rich diversity of avian host species 

including the Passeriformes, Psittaciformes and Columbiformes all of which have their 

own avian circovirus species. Natural PiCV infection of Senegal dove was reported in 

Western Australia (Pass & Perry, 1984; Raidal & Riddoch, 1997). In a recent study 

clinically normal rock dove has been screened in New South Wales to assess the genetic 

diversity of the pigeon circovirus in Australian feral pigeons (Sarker et al., 2019). 

However, genetic diversity of natural PiCV infection in different host and geographic 

location of Australia has not been reported yet. In the present study PiCV genomes were 

analysed from a range of host species primarily to appreciate host and geographically 

based divergence as well as probable spillover events. Our aim was to evaluate the 

phylogenetic and biogeographic relationships of PiCV genomes comparing 1 complete and 
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14 partial genomes with other selected PiCV genomes from GenBank. In this chapter, 

neither geographic nor host based PiCV stratification was detected across the Australian 

landscape. However, analysis for host‐virus cophylogeny highlighted inter order spillover 

of PiCV infection in the current distribution of PiCV. Furthermore, a naturally occurring 

coinfection of PiCV and CoHV in a racing pigeon flock suggest that high PiCV load 

alongside herpesvirus associated pathology might be one pathway for disease severity of 

CoHV-1 in its reservoir host. 

4.3 Materials and methods 

4.3.1 Sample collection 

As part of routine diagnostic investigation for morbidity and mortality, diverse group of 

pigeons, doves and ducks originated from different geographical location of Australia were 

tested for pigeon circovirus in the Veterinary Diagnostic Laboratory, Charles Sturt 

University, Wagga Wagga, NSW, Australia. Moreover, dried blood spots from archived 

pigeon samples of Papua New Guinea (PNG) were also used in this study for PiCV 

diagnosis. A PiCV positive sample CS20-1270 (GenBank accession no. OM470912) 

sourced from a racing pigeon of Australia in 2020, was selected as a control for PCR 

diagnosis. 

4.3.2 Gross pathology, histopathology and immunohistochemistry 

Four racing pigeons from a racing loft in southern NSW, Australia was referred to the 

Veterinary Diagnostic Laboratory, Charles Sturt University, Wagga Wagga, NSW, 

Australia in mid-2021. At necropsy visceral organs including oropharynx, trachea, liver, 

lung, brain, kidney, intestine, pre-cloacal skin, vent and bursa of Fabricius were examined 

for gross pathology, subsampled for histopathology in 10% neutrally buffered formalin and 
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stored at -80°C for molecular diagnosis.  Histopathology of tissue specimens were 

performed using standard protocols and H&E staining.  Immunohistochemistry of selected 

paraffinised histological sections was conducted using optimised dilution (1:200) of anti-

PiCV polyclonal antibody raised in sheep and commercially available rabbit anti-sheep 

secondary antibody (BioRad) following reported protocol (Portas et al., 2017). 

4.3.3 DNA extraction and PCR 

Total genomic DNA extracted from dried blood spots, tissues, feathers, and cloacal swabs 

using protocols described elsewhere (Bonne et al., 2009; Das et al., 2017). PCR primers 

and qPCR probes for PiCV and CoHV-1 were designed based on all available complete 

genome sequences from NCBI GenBank and utilising design tools in Geneious Prime v 

2021.1.1 package. Selected fragments of replication associated protein coding gene (Rep) 

for PiCV and DNA-dependent DNA polymerase gene (DDDP) for CoHV-1 was amplified 

for PCR and qPCR assay as summarised in Table 4.1. In both cases, PCR reaction mix 

contained 2 μL of template genomic DNA, 25 pM of each primer (Sigma-Aldrich, USA), 

1.5 mM MgCl2, 1.25 mM of each dNTP, 1× GoTaq® Green Flexi Reaction Buffer, 1 U of 

Go Taq DNA polymerase (Promega Corporation, USA) and nuclease free H2O 

(Invitrogen, USA) to make up 25 uL for each reaction. For PiCV conventional PCR was 

carried out in an C1000TM thermal cycler (Bio-Rad) under the following conditions: 

denaturation at 95°C for 5 min followed by 40 cycles of 95°C for 30 s, 57°C for 45 s and 

72°C for 2 min, and a final extension step of 5 min at 72 °C.  Two steps amplification 

(Nested PCR) approach undertaken for CoHV-1 where the reported first primer set (CoHV 

Phalen F-R) amplified 480bp DDDP fragment and subsequent second primer set (CoHV-

SD-F-R) using 1 μL amplicon as template to generated final 100bp amplicon. In both 

steps, thermal profile included a single melting cycle of 95°C for 5 min followed by 40 
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cycles of 95°C for 30 s, 54°C for 45 s and 72°C for 2 min, and a final extension step of 5 

min at 72 °C. A synthetic plasmid construct (pMCGS-21) containing inserts of Rep and 

DDDP selected fragments was used as a positive control for the test, while nuclease free 

sterile water was used as a negative control. PCR amplicons were visualised in 1.5% 

agarose gel stained with Gel Red (Biotium, CA) against 1000bp molecular mass marker 

(Sigma). Furthermore, 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 sequenced in Australian Genome Research Facility 

Ltd (AGFT-Sydney node) using a Sanger dideoxy sequencer AB 3730xl (Applied 

Biosystems). Obtained raw data were trimmed, edited, and deposited in GenBank (see 

Appendix 3, Table 9.1). 

Table 4.1: Details of primers and probes used in this study 

Organism 
Target 

gene 
Primer/Probe  Sequence (5´- 3´) 

Amplicon 

size (bp) 
Reference 

PiCV Rep 

PiCV SD-F GTGAAAGCCGGAAGAGCAATG 

139 This study 

PiCV SD-R GTGATGACGATGACTTCCGTTTTGAAG 

CoHV-1 DDDP 

CoHV-1 SD-F GCTTTTCGCATAGCCAGC 

100 This study 

CoHV-1 SD-R CAGATCAACGTGAACGG 

PiCV Rep PiCV-probe 6 FAM-CGAGACTTCAGTGAGATATACGTCAA-BHQ 1  This study 

CoHV-1 DDDP CoHV-1-probe 6 HEX-CTGTACTTTGTGAAAAAGCACGTTC-BHQ 1  This study 

BFDV Rep 

BFDV-P2 AACCCTACAGACGGCGAG 

717 
Ypelaar et 

al. (1999) 
BFDV-P4 GTCACAGTCCTCCTTGTACC  

C. psittaci pmp  Cpsi-A ATGAAACATCCAGTCTACTGG 

~300 
Piasecki et 

al. (2012) 
  Cpsi-B TTGTGTAGTAATATTATCAAA 
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4.3.4 Phylogenetic reconstruction 
 

Bayesian phylogenetic tree was used to determine the genealogical relatedness of the PiCV 

with previously reported genotypes/strains in public database. Selected individual 

sequences were annotated with accession number, country/region of circulation, and 

collection year. A global alignment of all full-length genomes was generated in Geneious 

with MAFFT v7.017 (Research Institute for Microbial diseases, Osaka, Japan) alignment 

algorithm implemented in the Geneious package using the G-INS-i (gap open penalty 1.53; 

offset value 0.123). PiCV alignment jModelTest 2.1.3 favoured a general-time-reversible 

model with gamma distribution rate variation and a proportion of invariable sites (GTR + 

G+I) for phylogeny. Bayesian phylogenetic tree was inferred using the program Beast 

v1.10.4 (Suchard et al., 2018). In the MrBayes analysis, two independent Monte Carlo-

Markov chains were implemented for 100 million generations each with trees sampled 

every 5000 generations. The Bayesian skyline coalescent demographic prior was chosen 

because it allows temporal changes in population size (Drummond et al., 2005). Each 

analysis was checked to ensure that a reasonable effective sample size (ESS > 200) had 

been reached for all parameters. Final tree was visualised and edited in Fig tree 1.4 

(Andrew, 2010). In addition, avian host tree was pruned using the BirdTree service 

(https://birdtree.org) to generate the phylogeny subsets. During pruning the tree Ericson all 

species: a set of 10000 trees with 9993 OTUs each was selected as source of trees to 

generate a set of 5000 trees (Jetz et al., 2012). Consensus tree was obtained using 

consensus Tree Builder using Geneious Prime software (V.2022.1.1) with 98% Threshold 

support and 5% burn-in trees from a set of 5000 trees. Finally, the consensus tree was 

visualised and edited using FigTree V1.4.4 software. The tree was rooted at midpoint and 

the branches were proportionally transformed.  
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4.3.5 Quantitative PCR (qPCR) 

Two separate TaqMan based qPCR protocol was developed and validated for PiCV and 

CoHV-1 using primers and probes mentioned in Table 4.1. Sensitivity, specificity, and 

limits of detection of the tests were calculated using synthetic plasmid construct with target 

inserts as positive control while sterile water and specific pathogen free template DNA as 

negative control. A ten-fold dilution ranging between 2.5× 109 and 1 copies/μL was used 

for assay optimization and performance evaluation. The optimised protocol, allowing the 

detection of up to 2 copies/μL for each virus, was the following: 1× GoTaq® colourless 

Flexi Reaction Buffer, 10 pM of each primer (Sigma-Aldrich, USA), 10 pM of qPCR 

probe probe, 1.5 mM MgCl2, 1.25 mM of each dNTP, 1 U of Go Taq DNA polymerase 

(Promega Corporation, USA) and 2 μL of extracted genomic DNA. DEPC distilled water 

(Invitrogen, USA) was added up to a final volume of 25 μL. Reactions were carried out in 

a Rotor Gene Q 6000 thermocycler (Qiagen, Victoria, Australia) and following thermal 

protocol was used: denaturation at 95°C for 5 min followed by 40 cycles of 95°C for 30 s, 

54°C for 45 s. A plasmid-based standard curve, created with the optimised protocol, was 

used for viral genome copy number quantification of the analysed samples, expressed as 

viral genome copy number for μL of extracted DNA (viral genome copy number/μL 

DNA). The CT values of the known-copy-number standards were graphed against time to 

construct a standard curve using the software supplied with the Rotor-Gene. The CT of 

each of the samples was then compared against the graph to give an estimate of viral 

load/μL extracted DNA. 
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4.3.6 Statistical analysis 

Association between clinical disease and viral genome copy number/DNA μL was 

assessed using the unpaired t test with GraphPad Prism 9.2.0 software package. The 

statistical significance level was set at p < 0.05. 

4.4 Results 

4.4.1 Bayesian phylogeny of extant PiCV in Australasia 

A total of 15 new partial Rep gene sequences of PiCV were obtained from spotted dove 

(n=1), rock pigeon (n=2), racing pigeon (n=2), pied imperial pigeon (n=3), bar-shouldered 

dove (n=1), Scheepmaker's crowned pigeon (n=1), plumed whistling duck (n=2), blue 

billed duck (n=1), magpie (n=1) from various geographical locations of Australia and 

deposited in GenBank (Accession nos. ON063537- ON063542, OM470912, OM470913, 

ON086796, ON086797) (Figure 4.1). In addition, 1 (one) new complete genome sequences 

of PiCV were also attained from Senegal dove from Perth, Western Australia and 

deposited in GenBank (Accession no. MZ447864) (see Appendix 3, Table 9.1). The 15 

Australasian PiCV genomes showed >90% genome-wide pairwise similarity to one 

another, and >81% similarity to the 64 other complete PiCV genomes available in 

GenBank which have been sampled from various other parts of the world, including 

Poland, Australia, United Kingdom, Belgium, China, Japan, North America and South 

Africa. 
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Figure 4.1: Distribution of location in Australasia at which described columbid species samples were 
obtained. Number of individuals and diversity of species at each site are illustrated and species’ names are 
depicted in the parenthesis. 

 

Global phylogenetic reconstruction attempted with 14 short and 1 complete PiCV 

sequences from Australia along with selected PiCV genome sequences publicly available 

on GenBank. A Bayesian phylogenetic tree of PiCV circulating in reservoir as well as 

aberrant hosts demonstrated absence of genetic population structure (Figure 4.2). PiCV 

sequenced from similar hosts did not form a phylogenetic clade rather distributed unevenly 

without consistent genetic structure. The phylogenetic tree showed that 1 (one) entire 

genome of PiCV from Senegal dove (GenBank accession no. MZ447864) and 1 (one) 

partial Rep sequence of PiCV from plumed whistling duck clustered together which 

demonstrated the strongest clade support (100%) with Australian PiCV genotypes from 

Senegal dove (GenBank accession no. DQ915959) and rock dove (GenBank accession no. 
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MF136689) (Figure 4.2). PiCV sequences isolated from diverse and old pigeon species of 

PNG (ON063537- ON063542) produced a basal clade (63% clade support) with PiCV 

isolated from Australia (MF13689, DQ915959), USA (EU840176) and Japan (LC035390). 

On the other hand, PiCV isolated from racing pigeon (OM470912-13), spotted dove 

(ON086796) and blue billed duck (MZ430509) of Australia formed a separate clade (67% 

clade support) with PiCV sequences from Australia (MF136681, MF136685, MF136688, 

MF136690), Poland (KF738867, KF738844), Belgium (DQ915956), Italy (DQ915950) 

and China (KX108781, KX108790) indicated susceptibility to different genotypes. 
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Figure 4.2: Bayesian phylogenetic inference of phylogenetic relationships amongst 14 partial Rep gene and 1 
complete genome of PiCV isolated in the present study with 64 other selected PiCV and CoCV sequences 
available in the GenBank. A maximum clade credibility tree was automatically rooted in Beast v1.10.4 (GTR 
+ I+G4 substitution model, an uncorrelated relaxed lognormal clock model, and coalescent Bayesian skyline 
prior). FigTree v1.4.2 was used to generate the consensus tree. Labels at branch tips refer to GenBank 
accession number. Clade posterior probability values are shown at tree nodes. Blue taxa highlight the PiCV 
sequences isolated from diverse pigeon species geographically located in Australia. The isolates are marked 
as follows: accession number/virus name/host/country or region/year (with abbreviations WA: Western 
Australia; NSW: New South Wales; QLD: Queensland; PNG: Papua New Guinea). 
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4.4.2 PiCV spillover infection in aberrant hosts 

Two plumed whistling duck, 1 (one) blue billed duck, 1 (one) magpie and 1 (one) Senegal 

dove were positive for PiCV by PCR (see Appendix 3, Table 9.1). Both blood and feather 

sample were PCR positive from the plumed whistling ducks (CS 20-4427 and CS19-1809) 

whereas only the blood sample was PCR positive for blue billed duck (CS 20-3773). In 

addition, feather sample was PCR positive in both magpie (CS 21-0553) and Senegal dove 

(CS19-1715). PCR results were verified at least twice during the initial testing period. 

Partial PiCV Rep sequences obtained from plumed whistling duck (GenBank accession 

nos. MZ430510 and MZ430512), blue billed duck (GenBank accession no. MZ430509) 

and Australian magpie (GenBank accession no. MZ430511) represented interorder 

spillover of PiCV even in the distantly related host indicates the host generalist 

characteristics of the circovirus whereas 1 (one) entire genome of PiCV from Senegal dove 

(GenBank accession no. MZ447864) and 1 (one) partial Rep sequence of PiCV from 

spotted dove (ON086796) displayed intraorder spillover between closely related host 

(Figure 4.3). Moreover, Host virus co-phylogeny demonstrated potential spillover of the 

avian circoviruses in different host (Figure 4.4).  
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Figure 4.3: Patterns of avian circovirus spill over across the host phylogeny. Column A shows the extant 
circovirus in respective hosts where column B represents spill over of different circoviruses among the hosts. 
The node belongs to Psittaciformes hosts has been collapsed in the phylogenetic tree (see Appendix 3, Figure 
9.1 & 9.2 for original bootstraps support.). The coloured shapes in the tree representing different circoviruses 
are described in the legend.   
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Figure 4.4: Tanglegram depicting the potential spillover events of circoviruses to different avian hosts. Host 
tree pruned from the BirdTree service (https://birdtree.org) to generate the host phylogeny. Consensus tree 
was obtained using consensus Tree Builder using Geneious Prime software (V.2022.1.1) with 98% Threshold 
support and 5% burn-in trees from a set of 5000 trees. Maximum likelihood trees were reconstructed from 
Rep sequences for circoviruses. Each tree was rooted at midpoint and the branches were proportionally 
transformed. Eight different colour indicates eight avian circoviruses mentioned in the parenthesis. 

 

4.4.3 Pathology of PiCV and CoHV co-infection in reservoir hosts 

Clinical signs in affected birds included post-weaning progressive fading, a reluctance to 

fly, slow sluggish flight, emaciation, greenish diarrhoea, anorexia, fluid-filled crops, 

vomiting, puffed-up feathers, polyuria, sneezing and death. Grossly, four affected birds had 

diffusely thickened diphtheritic membranes in the oral cavity, tongue and pharynx (Figure 

4.5). There was also chemosis and hyperaemia of the conjunctiva with diffuse oedema of 

facial skin. Some birds also had pericloacal skin thickening with surface crust and matted 
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feathers. Wet preparations of oral and crop fluid from the deceased birds were negative for 

Trichomonas spp. There was moderate to marked hepatomegaly but otherwise the airsacs, 

intestine and kidneys appeared relatively normal. Similarly, no evidence of endoparasites 

were seen grossly or by wet preparation of duodenal or colonic contents. 

  

Figure 4.5: Clinical signs in affected young pigeons (C. livia) (A) Diffuse conjunctivitis; (B) Severe diffuse 
facial subcutaneous oedema; (C) Pericloacal hyperkeratosis and crust formation; (D) Pericloacal 
hyperkeratosis; (E) Severe diphtheritic stomatitis; (F) Fibrinosuppurative pharyngitis. 
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4.4.4 Histopathological lesions of co-infected bird 

Sections of cloaca and bursa of Fabricius demonstrated massive numbers of amphophilic, 

botryoid intracytoplasmic inclusions in the bursa as well as foci of suppurative 

inflammation in the cloacal lips (Figure 4.6). In the pharynx, oral cavity, and laryngeal 

mucosa there was severe diffuse infiltration of heterophils and formation of thick 

serocellular crusts comprising aggregates of bacteria and yeasts (likely secondary 

infections) (Figure 4.6A, 4.6B). In all carcasses, spleen parenchyma demonstrated marked 

lymphoid depletion with reticuloendothelial proliferation (see Appendix 3, supplementary 

link 1). There was marked diffuse ballooning degeneration of the keratinocytes with 

eosinophilic intranuclear inclusions in the periclocal skin and feather follicular 

infundibulum. Suppurative inflammation noted in the cloacal lips with multifocal 

subcorneal vesicles filled with cellular debris and heterophils, diffuse mixed inflammatory 

cellular infiltration detected in dermis (Figure 4.6C, 4.6D, 4.6E). Sections of bursa of 

Fabricius demonstrated massive numbers of amphophilic, botryoid intracytoplasmic 

inclusions within B lymphocytes and macrophages (Figure 4.6F). In all affected birds, 

there were bilateral diffuse mixed inflammatory cellular infiltration, dominated by 

macrophages and heterophils into the epithelium of the external ear canal, tympanic 

membrane and inner ear which extended to the meninges (Figure 4.7A, 4.7B, also see 

Appendix 3, supplementary link 2). Immunohistochemistry demonstrated widespread 

PiCV antigen in the macrophages of bursa of Fabricius and small intestine (Figure 4.8A, 

4.8B). 
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Figure 4.6: Histopathological findings (A) Oropharynx, oesophagus and trachea (T) with severe diffuse 
thickening of the oral mucosa (arrow) (B) Laryngeal mucosa demonstrating thick serocellular exudation with 
heterophils (arrow) and disruption of epithelium (C) Pericloacal skin and feather follicle infundibulum with 
diffuse ballooning degeneration of keratinocytes (*) and mixed inflammatory cells in the dermis (D) Vesicle 
formation in peri-cloacal skin demonstrating subcorneal pustule (*) containing degenerate heterophils (E) 
Pericloacal skin with foci of intense heterophilic inflammatory cellular response (F) Bursa of Fabricius with 
basophilic botryoid intracytoplasmic inclusions (arrow) indicative of PiCV infection. Please also see 
Appendix 3, supplementary link 1. 
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Figure 4.7: Histopathological findings (A) External ear canal and tympanic membrane demonstrating layers 
of serocellular exudate in the lumen as well as focal to diffuse thickening and infiltration of the tympanic 
membrane with heterophils (arrow) and macrophages (insert) (B) Brain demonstrating severe thickening of 
the meninges with oedema, haemorrhage and a diffuse infiltration with macrophages and heterophils (*). 
Please also see Appendix 3, supplementary link 2. 
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Figure 4.8: Pigeon circovirus immunohistochemistry using polyclonal anti-PiCV capsid protein antibody (A) 
widespread PiCV antigen in the bursa of Fabricius (arrow) (B) Macrophages throughout the lamina propria 
of the small intestine with PiCV antigen (arrow). 
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4.4.5 Circovirus and herpesvirus DNA in pooled sample and sequence 

analyses 

Conventional PCR on tissue homogenates from pool-1 (oropharynx) and pool-2 (liver-

spleen-bursa of Fabricius) combining all four deceased birds were positive for PiCV and 

CoHV-1 DNA material, however negative for Chlamydia spp., pigeon paramyxovirus 

(PPMV-1) and beak and feather disease virus (BFDV) infection. Sanger based sequencing 

and BLAST search revealed the PiCV amplicons were 137 bp Rep gene fragment with 99 

% (135/137) nucleotide identity with full genome PiCV sequenced (MF136686-

MF136691) from clinically normal rock doves (Columba livia) in Australia. On the other 

hand, from CoHV-1 amplicon, 935bp and 597bp DNA dependent DNA polymerase 

(DNDP) gene sequence obtained pool1 and 2 receptively, both had 100% sequence identity 

with reported CoHV-1 genome sequenced in feral pigeon (KX589235 and KJ995972), and 

falcon (KJ668231). 

4.4.6 Distribution of viral genetic material in tissue samples 

Visceral tissues of the deceased pigeon demonstrated substantial variation in viral copy 

numbers (see Appendix 3, Table 9.2). PiCV viral load was much higher than CoHV-1 in 

all organs where highest copies detected in liver (2.38 × 1011 copies/uL) and oropharynx 

(2.84 × 109 copies/uL). On the contrary, highest number of viral copies for CoHV-1 

detected in oropharynx (2.68 × 106). 
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4.4.7 qPCR assay and comparative viral load of PiCV and CoHV-1 in 

oro-cloacal swabs 

Out of 46 live pigeons tested 44 (95.6%) were PiCV positive, while 23 (50%) birds 

positive for PiCV alone and co-infection with CoHV-1 detected in 21 (45.6%) birds.  

Interestingly, CoHV-1 infection was not detected alone and always coupled with PiCV 

infection. Viral copy no./µL of extracted DNA from the oro-cloacal swabs are summarised 

in (see Appendix 3, Table 9.2). Co-infection detected in both clinically healthy (n = 39) as 

well as diseased (n = 7) pigeon (see Appendix 3, Table 9.2), however, in both cases PiCV 

viral copy numbers were significantly higher (P < 0.0001) compared to CoHV-1 (Figure 

4.9).  In diseased birds with clinical signs, viral load of CoHV-1 and PiCV genome copy 

numbers were much higher (P < 0.0001) compared to the healthy pigeons, asymptomatic 

carrier or clinically recovered birds (Figure 4.9). 

Table 4.2: Presence of the pigeon circovirus (PiCV) and columbid herpesvirus-1 (CoHV-1) 

genetic materials in qPCR 

Description PiCV CoHV-1 PiCV Alone CoHV-1 Alone Co-infection 

Cloacal swab of live 

birds (n=46) 
44 21 23 0 21 

% Frequency 95.6 45.6 50 0 45.6 

Copy No./ µL DNA 1.75×105-8.98×108 3-1.86×105 1-2.8×108 0 
PiCV=18-8.98×108 

CoHV-1=3-1.86×105 
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Figure 4.9: Association between PiCV and CoHV-1 copy numbers (A) Comparison of viral loads in oral-
cloacal swabs from healthy birds and clinically affected birds (B) Viral loads in liver and bursa of Fabricius 
from birds collected at necropsy (C) Comparison of viral loads in oropharyngeal swab collected from 4 dead 
birds collected at necropsy with combined oral-cloacal swabs collected from healthy and affected birds. 



Chapter 4:  Investigation of natural PiCV infection  
 

111 

4.5 Discussion 

Columbiformes are present on all continents with Rock doves native to Europe, North 

Africa, the Middle East, and Asia, where they were domesticated and subsequently spread 

to different regions of the world. Australasia is home to a significant proportion of the 

world’s columbid fauna regardless of unremarkable number of species for its land area, 

mainland Australia has an exceptional, behavioural and ecological diversity amongst its 

twenty‐two species of native pigeons and doves (Goodwin, 1967; Frith, 1982). Pigeon 

circovirus (PiCV) is one of the important pathogens of pigeons and is thought to be one of 

the causative factors of a complex disease called the young pigeon disease syndrome 

(YPDS) (Abadie et al., 2001; Stenzel et al., 2018). Several studies have been conducted on 

PiCV in domestic and feral pigeons across the world to draw a plausible phylogenetic 

relationship among the existing genotypes (Stenzel et al., 2014b; Wang et al., 2017; Loiko 

et al., 2018; Sarker et al., 2019; Wang et al., 2022). These phylogenetic and recombination 

analyses demonstrated that PiCV is highly genetically diverse and prone to recombination. 

However, these studies could not identify any population genetic structure in the PiCV 

phylogeny because of only rock dove was included in the study. Circoviruses appear to be 

widespread infections across the tree of life occupying highly specific host niches over 

millennia with high evolutionary speed (Das et al., 2016b) and genetic recycling through 

recombination. Host specific sympatric speciation has already been discovered in another 

avian circovirus like BFDV in Australia (Das et al., 2016b). So, it can be expected that 

genetic population structure of PiCV might follow a similar pathway to BFDV in parrots 

and cockatoos. Like the Psittaciformes, the order Columbiformes includes diverse group of 

birds with 310 recognised species across the globe with the greatest diversity present in 

Australasia. So far only one study on feral pigeons in Australia demonstrated high degree 

of PiCV genetic diversity with potential greater admixture between avian circoviruses 
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within Australia (Sarker et al., 2019). In this context, the study presented in chapter 4 was 

conducted to better understand the PiCV genetic diversity in a variety of avian host form 

different geographical locations of Australia. A total 118 opportunistic samples of different 

birds throughout Australia were investigated for PiCV using PCR and sanger sequencing 

(Figure 4.1). The PiCV sequences obtained from reservoir and aberrant hosts showed 

>90% genome-wide pairwise similarity to one another, and >81% similarity to all the 64 

other complete genomes of PiCV available in GenBank. Global phylogenetic 

reconstruction of PiCV rep short sequences obtained in the present study with selected 

PiCV complete genome publicly available on GenBank demonstrated absence of consistent 

genetic population structure (Figure 4.2). The PiCV sequences identified in different avian 

hosts are distributed throughout the phylogenetic tree, clearly highlighting diverse PiCVs 

circulating in Australasia lack of host adapted population structure. This is possibly due to 

small number of sequences from diverse group of pigeons and lack of complete genome of 

PiCV from the present study. However, global phylogenetic analyses demonstrated that the 

PiCV genomes circulating in Australasia formed two clades. One clade resided alongside 

PiCV genomes from various European countries, and China, and the other basal clade was 

more closely related to PiCV genomes from USA and Japan. PiCV complete genome of 

Senegal dove from western Australia, PiCV rep short sequence of plumed whistling duck 

from western Australia and PiCV rep short sequences of pied imperial pigeon, bar 

shouldered dove and Scheepmaker’s crowned pigeon from the PNG formed a basal clade 

with PiCV isolate from Japan and USA. It has been suggested that PiCV sequences from 

old pigeon species of PNG should appear as basal clade in phylogram as they might have 

not possessed any recombination. But recombination analysis has not been performed in 

this study due to lack of complete genome. In future, a large number of PiCV complete 
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genome from the pigeon of PNG would be essential to draw a clear phylogeographic 

relationship of PiCV in the diverse pigeon species of Australasia. 

During PCR analysis, dried blood spot has been used for DNA extraction from the 

archived samples of PNG which might be the reason for not obtaining complete viral 

genome. Circovirus mostly replicates in epithelial cell and immune organs cells 

(lymphocytes and macrophages) although viral genetic material has been found in different 

organs such as liver, kidney, intestines, brain and skin (Ledwoń et al., 2011; Stenzel & 

Pestka, 2014; Dolka et al., 2016). However, presence of substantial amounts of PiCV in 

cloacal swabs of clinically affected pigeons confirmed the importance of the excretion of 

PiCV in the droppings and detection of PiCV DNA in semen samples of pigeons 

confirmed that vertical transmission may be important (Duchatel et al., 2009). On the other 

hand, detection of high quantities of PiCV DNA in the sera or blood of some young 

healthy pigeons indicated that the viral load in this sample type might not be useful as 

predictive indicator of disease (Duchatel et al., 2009). Pigeon circovirus infection was also 

claimed to lead to the apoptosis of B lymphocytes and suppression of humoral immunity 

(Stenzel et al., 2020). So, it is highly possible to obtain the replicating virus from bursa of 

Fabricius through sampling of cloacal swabs. 

Genetic diversity of PiCV did not display any biogeographic or host adapted structures in 

the present study although previous studies demonstrated a strong host specific and 

biogeographic clustering of BFDV genomes in Australia (Varsani et al., 2011; Sarker et 

al., 2014b; Das et al., 2016b). The global phylogeny of PiCV genome did not show any 

clear geographic or host adapted structuring (Stenzel et al., 2014b; Wang et al., 2017), but 

all the PiCV variants were not widely distributed. In previous phylogenetic studies, five 

genotypic clades, termed A to E, identified based on differences in the sequence of the 

PiCV genome whereas clade A included European and, American and Asian isolates, clade 
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B, C, D consists of European, South American and Asian isolates, clade E is composed of 

the most genetically distant strains isolated from the domestic pigeon in the USA, the 

Senegal dove (Streptopelia senegalensis) in Australia and racing pigeon in Japan (Cságola 

et al., 2012; Stenzel et al., 2014b; Yamamoto et al., 2015; Loiko et al., 2018). On the other 

hand, a Bayesian phylogenetic tree of PiCV genomes sequenced in Australia, formed three 

strongly supported monophyletic clades whereas one clade clustered with PiCV isolated 

from Poland and Belgium, second clade formed a geographic clustering with other PiCV 

isolated globally indicated susceptibility to different genotypes and third clade produce a 

cluster with the only other Australian PiCV genome (DQ915959) obtained from a feral 

Senegal dove (Streptopelia senegalensis) in Western Australia (Sarker et al., 2019). Recent 

phylogenetic studies based on cap and full genome demonstrated that PiCV strains could 

be further divided into seven clades and some of the PiCV sequences similar to worldwide 

strains from different types of pigeons (Khalifeh et al., 2021; Wang et al., 2022).  

Pigeon circovirus has a broad host range and is widespread in Columba livia, but in several 

cases, PiCV genetic material was also detected in Senegal doves (Streptopelia 

senegalensis), collared dove (Streptopelia decaocto) (Kubíček & Taras, 2005; Todd et al., 

2008). Spillover events are more common in avian circovirus particularly in BFDV with 

recent evidence of lethal diseases in distantly related aberrant host. Spillover infection 

among distantly related host suggested a deeper host-codivergence with recycling of 

evolutionary memory through frequent spill over and host jumps over millennia (Das et al., 

2016b). While spillover events were well documented in BFDV, no such study found in 

PiCV, but deep genetic recombination has been noted within the sequence alignment of 

extant PiCV. Natural spillover infection of PiCV into distantly related hosts has been 

documented in the present study. PiCV DNA was also detected from Senegal dove, pied 

imperial pigeon bar-shouldered dove, Scheepmaker's crowned pigeon and spotted dove 
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suggestive of intra-order natural spillover of PiCV which expose the cryptic host generalist 

criteria of pigeon circovirus. In a previous study, insignificant geographic but strong host 

based BFDV stratum was detected across the Australian landscape suggested forces of 

cryptic host adaptation could be a major driver for establishing new BFDV infections in 

orange bellied parrot (Das et al., 2019b). Analysis for host‐virus cophylogeny highlighted 

the competing forces of co‐divergence and cross‐species transmissions in the current 

distribution of BFDV genetic population (Das et al., 2019b). Australasia is the rich source 

of biogeographical diversity of avian host species including the Passeriformes, 

Psittaciformes, Columbiformes and Anseriformes which are natural host of avian 

circovirus species (Sarker et al., 2019). Like other circovirus species, PiCV is highly 

diverse and prone to genetic recombination (Stenzel & Koncicki, 2017b; Loiko et al., 

2018; Sarker et al., 2019; Wang et al., 2022) which might be the potential source of cross 

species transmission. Wild pigeons might act as the reservoirs of multiple viral pathogens 

and / or a likely example for cross-species transmission (Phan et al., 2013; Sarker et al., 

2019). Regardless of PiCV sequence that was obtained in the present study, it is very 

difficult to explain the case without conducting ethically debatable experimental virus-

transmission experiments. Duck and magpie that does not intimately share any ecological 

niche with pigeon. The PiCV genotypes detected currently infecting ducks are likely to be 

the result of spillover through contact with dove or pigeon in the zoo premises, because the 

species is known to forage in mixed flocks. Circovirus is profusely shed in faeces and 

feather dust from infected birds (Raidal et al., 2015; Sarker et al., 2016a), with feather 

dander from circovirus-affected birds containing as many as one billion virus particles per 

microlitre (Raidal et al., 2015). Transmission occurs by direct contact, ingestion, inhalation 

of contaminated aerosols or via infected fomites (Hulbert et al., 2015). Like other 

circoviruses, PiCV is resilient and can readily withstand temperatures of 80–85°C which 
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may lead to the long-term contamination of dove cote, perhaps for many years. The oral or 

cloacal transmission and environmental persistence of PiCV as well as the close contact of 

duck and pigeon in the premises facilitating spillover, allowing pigeon to act as reservoirs 

for circovirus infection in the domestic and wild duck. In future more aberrant host will be 

tested for detection of PiCV spillover infection in Australia. 

Another important finding of the present study was the naturally occurring outbreak of 

CoHV-1 associated disease in a flock of racing pigeons (Columba livia) coinfected with 

PiCV. Lesions in clinically affected birds included suppurative stomatitis, pharyngitis, 

vesicular dermatitis, cloacitis, otitis externa, tympanitis, otitis media and diffuse  

granulomatous meningitis. Histopathological findings revealed multifocal ballooning 

degeneration of buccal, pharyngeal, and laryngeal mucosa with eosinophilic intranuclear 

inclusions consistent with herpesvirus infection later confirmed by quantitative PCR and 

DNA sequencing. Large numbers of amphophilic, botryoid intracytoplasmic inclusions 

indicative of PiCV infection were also demonstrated in the dermis of the pericloacal skin, 

oral mucosa and bursa of Fabricius of affected birds. Immunohistochemistry confirmed the 

presence of PiCV antigen within macrophages of the intestine and bursa of Fabricius. 

Other potentially infectious agents that could cause similar lesions in pigeons, such as 

Trichomonas gallinae, C. psittaci or avian paramyxovirus infection were not present as 

potential confounding factors. 

The clinical signs and histopathological lesions indicate a tropism of CoHV for 

transitioning epithelium with herpes virus inclusions in the pericloacal skin, oral-

respiratory and middle ear-meningeal transition zones. Given that CoHV-1 most likely 

shares the morphology and physio-chemical properties with other alphaherpesvirus, 

tropism for epithelial cells and nerve tissue is not surprising. Previous studies also noted 

the oral cavity, oesophagus, salivary gland, nasal passages, and trachea as primary 
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predilection site for CoHV-1 infection and results in respiratory diseases, rhinitis, and 

conjunctivitis in young pigeon (Callinan et al., 1979; Freick et al., 2008). Apart from the 

aforesaid epithelial lesions some reports suggested multifocal to diffuse necrosis of the 

pancreas, spleen, liver, and kidneys with eosinophilic intra-nuclear inclusions in infected 

birds (Boyle & Binnington, 1973; Surman et al., 1975; Zhao et al., 2015). However, 

hepatic lesions were not observed in the present study. Despite high viral copies/DNA 

being found in the liver, no paracrystalline arrays or inclusion bodies were formed in the 

liver that is unusual. Possible explanation is as follows: Firstly, we have tested 4 (four) 

liver tissues from (four) 4 naturally affected pigeons and no challenge test has been 

performed. Secondly, liver is a soft organ with high blood circulation which may not the 

replication site for the PiCV. Thirdly, IHC can only detect the encapsidated protein of 

PiCV because the polyclonal antibody was against the PiCV capsid protein. However, 

qPCR can detect the low copies of viral DNA in all tissues infected with virus. Gross and 

microscopic changes in liver are not always consistent and may present only in young 

naïve pigeon lacking maternal immunity or in aberrant hosts who have preyed upon 

infected pigeons (Callinan et al., 1979; Phalen et al., 2011; Rose et al., 2012). 

Concurrent infection was widespread in visceral organs of the deceased birds with highest 

concentration detected in oropharynx and in liver samples for CoHV-1 and PiCV 

respectively. Additionally, qPCR assay could detect variable quantities of both viral DNA 

in oro-cloacal swabs of the live birds. This is consistent with previous observations that 

demonstrated high sensitivity of molecular tools for screening CoHV-1 infection in oral 

swabs (Stenzel et al., 2012; Phalen et al., 2017).  Interestingly, in every sample including 

visceral organs of the deceased birds, the viral load of PiCV was significantly higher than 

CoHV-1. This is probably due to the fundamental biological difference such as the genome 

size, replication strategy and the length of replication cycle of these two distantly related 
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viruses. Mechanistically, the large (~200kb) dsDNA genome of herpesviruses utilises high-

fidelity DNA polymerase and energy expensive error-correcting mechanisms culminating 

much slower replication cycle and low mutation rate in the range of 1x10-7-1x10- 

subs/site/year (Drake & Hwang, 2005). On the contrary, circovirus possess a far simpler 

compact ssDNA (~2kb) genome that mutates much faster (3.41×10−3 subs/site/year) and 

likely adapted a fast but error prone replication mechanism like that of RNA viruses 

(Sarker et al., 2014a; Das et al., 2016b). With short genomes and large burst sizes, a faster 

replicator such as PiCV could produce more copies of progeny viruses per replication 

cycle, thereby might have a substantial copy number advantage in concurrent infection 

with CoHV-1 as seen in this case. 

The viral load of both coinfecting viruses were significantly higher in diseased birds that 

demonstrated external gross pathology and clinical signs compared to asymptomatic but 

PCR positive pigeons. Interestingly, in this flock, single infection with CoHV-1 was not 

detected and was always accompanied with high viral load of PiCV. This suggests that the 

clinical presentation of CoHV-1 might have been exacerbated by concomitant PiCV 

infection. Although the effect of coinfection in increased or decreased disease severity for 

any given natural infection is difficult to assess, clinical records of increased severity by 

coinfecting viral pathogen are not uncommon (Díaz-Muñoz, 2017; Díaz-Muñoz et al., 

2017). Exacerbation of disease in concurrent infections of two or more viral pathogens in 

mammalian and avian species (Erny et al., 1991; McFerran & Smyth, 2000) highlighted 

the role of decreasing host immunity elicited during concomitant infection of viral 

pathogens (Niczyporuk et al., 2021). An earlier cell infection study highlighted that 

experimental inoculation of CoHV-1 can spread either by tissue contiguity, even in the 

presence of specific antibodies or by viraemia, if the flock is immunosuppressed 

(Vindevogel & Pastoret, 1981). This might be highly relevant in this case, since all 
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clinically affected pigeons had high viral load of PiCV, a pathogen widely documented for 

its immunosuppressive role (Coletti et al., 2000; Abadie et al., 2001; Stenzel et al., 2012). 

It was not possible to determine whether the flock has been latently infected with CoHV-1 

and PiCV was introduced later or vice versa, concurrently high PiCV load alongside 

herpesvirus associated pathology suggests a scenario of augmented disease severity of 

COHV-1 in its reservoir host. 

The study presented in this chapter provided an excellent opportunity to disclose the 

phylogenetic relationship of PiCV among diverse species of pigeon widespread in 

Australasia highlighted host generalist characteristics of PiCV and reveal the CoHV-1 

induced pathology in the racing pigeons of Australia coinfected with PiCV. Absence of 

complete genome of PiCV for phylogenetic reconstruction, opportunistic sampling and 

small number of pigeon samples from the various geographical locations of Australia are 

the major limitations of our study. A greater number of PiCV will be sequenced from 

Australasia to better understand the phylogeographic niches of PiCV in pigeons. These 

molecular epidemiological information on PiCV would facilitate the control and 

prevention of PiCV infection among domestic and wild pigeons in Australia. 
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Chapter 5. Novel structural insights of replication associated 

protein of avian circovirus 

5.1 Summary 

Circoviruses are ubiquitous and can infect a wide range of mammal and avian hosts. The 

replication associated protein (Rep) from these viruses is responsible for initiating genome 

replication using the rolling circle replication (RCR) mechanism. Rep carries out this 

function through its two functional domains, an endonuclease domain, and a helicase 

domain, responsible for nicking and ligating ssDNA and unwinding double-stranded DNA 

(dsDNA). The aim of this Chapter was to recombinantly express Beak and feather disease 

virus (BFDV) Rep in E. coli and solve the high-resolution structure of Rep through cryo-

EM. The structure demonstrates full-length Rep assembles in a hexameric ring similar to 

that of the viral helicases from the superfamily 3 (SF3) of ATPases Associated with 

diverse cellular Activities (AAA+). Further 3D classification and refinement has allowed 

two conformations of the complex to be resolved at 3.4 and 3.7 Å resolution and a model 

for the full Rep complex. Analysis of the structure has shown the presence of an 

oligonucleotide loaded on the helicase domain and allowed the identification of three 

residues implicated in this interaction. The significance of these residues has been tested by 

the production and purification of point mutants to further probe its capacity for ssDNA 

binding and replication. Furthermore, it was demonstrated that Rep and Rep K252D 

exhibits substantial nicking and helicase activity. 

5.2 Introduction 

Circovirus are the smallest and simplest of viruses both in terms of particle and genome 

size that can autonomously replicate in animal cells (Allan & Ellis, 2000). These viruses 
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are ubiquitous and can infect a wide range of hosts. Porcine circovirus (PCV) and Beak 

and feather disease virus (BFDV) are thus far the most studied circoviruses, likely due to 

their significant impact in agricultural and ecological systems, respectively (Alarcon et al., 

2013; Fogell et al., 2016). Circovirus genomes are typically small single-stranded circular 

DNA of 1.7–2.0 kb in length, encapsidated within a nonenveloped, icosahedral virion 

ranging from 12 to 32 nm in diameter (Adams et al., 2017). The genomes encode two 

multifunctional proteins, a replication associated protein (Rep) and capsid protein (Cap) 

(Todd, 2000). Recombinant expression and purification BFDV Capsid have been 

established in bacterial and insect expression systems (Stewart et al., 2007; Patterson et al., 

2013; Sarker et al., 2015b), enabling the discovery and characterisation of its roles in viral 

assembly (Sarker et al., 2016b), DNA binding, tropism and nuclear co‐localisation of Cap 

with Rep (Heath et al., 2006). Moreover, the molecular structure and assembly of the 

BFDV capsid has been resolved at atomic resolution by X‐ ray crystallography and cryo‐

EM reconstruction (Sarker et al., 2016b). In contrast, empirical knowledge for BFDV Rep 

is very limited. 

Circoviruses replicate within the host cell using a rolling circle replication (RCR) strategy 

(Ilyina & Koonin, 1992; Mankertz et al., 1998; Cheung, 2012). The functional motifs of 

Rep start RCR from the replication origin of ssDNA (Gibbs et al., 2006; Vega-Rocha et al., 

2007). Cirocovirus RCR starts after conversion of the ssDNA to double-stranded DNA 

(dsDNA). Rep binds to a sequence-specific origin of replication (ori) to unwind the 

genome and generate a stem loop structure-a process that is possibly accompanied with 

ATP hydrolysis by Rep. Rep nicks the (+) strand of the stem loop at a sequence-specific 

site to generate a free 3´-OH end for leading-strand DNA synthesis, and itself becomes 

covalently attached to the 5´-PO4 of the (+) strand. Replication continues to produce a 

complete (+) strand with several nucleotides beyond the start site. A second round of 
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cleavage by Rep liberates the 3´-OH of the same strand. Rep then ligates the ssDNA 5´-

PO4 attached to itself to the recently generated 3´-OH of the same strand to generate a 

circular ssDNA (Wawrzyniak et al., 2017). DNA polymerization is accomplished by either 

cellular or viral/phage-encoded DNA polymerase. DNA strand separation is accomplished 

by either cellular or viral/phage helicases (Rep). 

 

The circovirus Rep has two putative domains, a replicase initiator domain with 

endonuclease property and a P‐loop helicase domain that exhibits dual ATPase and 

GTPase activity in the presence of divalent metal ions (Niagro et al., 1998; Steinfeldt et al., 

2006; Cheung, 2012; Huang et al., 2016). Functional analysis of multiple domains was 

documented for regulating binding specificity to a range of substrates and carry out 

enzymatic activity (Steinfeldt et al., 2007; Huang et al., 2016).  In PCV2, the endonuclease 

domain and the direct motifs responsible for endonuclease activity were confirmed using 

NMR spectroscopy (Vega-Rocha et al., 2007) which showed a high proportion of tyrosine 

or serine residues in these motifs serving for metal ion activation, DNA binding and 

ssDNA cleavage. Moreover, Crystal structure of an N-terminal portions of Rep identify 

this domain to be an HUH (His-hydrophobic-His motif) endonuclease domain (ED) (Luo 

et al., 2018). More recently, a cryo-EM structure of PCV2 Rep in complex with ADP and 

ss/dsDNA demonstrate Reps to be an SF3 member of the AAA (+) superfamily. This 

structure of PCV2 Rep identify three domains, endonuclease domain (ED) at the N 

terminus that is responsible for ssDNA nicking and ligation, an oligomerization domain 

(OD) at the centre responsible for hexamerization and an ATPase domain (AD) at the C 

terminus responsible for ssDNA/dsDNA interaction and translocation (Tarasova et al., 

2021). However, the atomic structure of the full-length BFDV Rep is yet to be resolved, 

and therefore how similar BFDV Rep is to PCV2, or how well the Rep proteins are 

structurally conserved within the circovirus family, remains unknown. 
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Attempts for in vitro culture of BFDV in different cell lines have been unsuccessful and 

therefore recombinant production of BFDV proteins could be a potential strategy to study 

these proteins in detail. Escherichia coli has been one of the most popular platforms for the 

production of recombinant proteins for its unparalleled fast growth kinetics (Sezonov et al., 

2007) and for the wealth of the optimised molecular tools and protocols for the high‐level 

production of heterologous proteins such as a vast catalogue of expression plasmids, 

engineered strains and many cultivation strategies (Rosano & Ceccarelli, 2014). The 

endonuclease domain of PCV2 Rep was previously expressed and purified from E. coli 

expression system (Steinfeldt et al., 2006; Vega-Rocha et al., 2007; Tarasova et al., 2021) 

for structural and functional study. In a previous structural and functional study, ATPase 

and helicase activity of PCV2 Rep was assessed (Luo et al., 2018). Moreover, ATPase, 

GTPase and endonuclease activity of BFDV Rep was also demonstrated (Huang et al., 

2016; Chen et al., 2019). However, helicase assay of BFDV Rep is not reported yet. 

Therefore, recombinant expression and purification of BFDV Rep protein in E. coli 

provides an opportunity to further study of its function. 

Production of highly pure soluble protein is essential for undertaking structural or 

biochemical studies. Since no structural information of BFDV Rep is available, an E. coli 

based recombinant expression and purification technique was developed and optimised. 

Expression of full-length BFDV Rep protein (~36 kDa) generated higher order oligomers, 

consistent with that of a hexamer. This study describes a high resolution cryo-EM structure 

of full-length BFDV Rep assembled in a hexameric ring similar to that of the viral 

helicases from the SF3 superfamily. Further 3D classification and refinement allowed two 

conformations of the complex to be resolved at 3.4 and 3.7 Å resolution and a model for 

the full Rep complex. Analysis of the structure showed the presence of an oligonucleotide 

loaded on the helicase domain and allowed the identification of three residues implicated 
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in this interaction. The significance of these residues for ssDNA binding and helicase 

activity were examined through site directed mutagenesis approaches. It was further 

demonstrated that BFDV Rep exhibits nicking and helicase activity. 

 

5.3 Materials and Methods 

5.3.1 Selection of plasmids for Rep protein expression 

Rep gene encoding endonuclease domain of Rep protein (Rep LR1) was introduced into 

the pMCSG21 (Stols et al., 2007) expression vector (Table 5.1). Full length wild type Rep 

and three full length Rep mutants containing point mutations in the ssDNA binding sites 

have been incorporated into the pET-30a (+) expression vector (Table 5.1). The expression 

plasmids encode an N-terminal 6x polyhistidine (His) tag and a TEV cleavage site 

(ENLYFQS), for expression in E. coli and synthesised by Genscript (Piscataway, NJ). The 

constructs were cloned into a single BamH1 site within vector for efficient binding of the 

expressed protein with the nickel affinity column. 

Table 5.1: BFDV Rep constructs expressed and purified in this study 

Rep Constructs BFDV Genotype Amino acid position MW (KDa) Expression vector 

Rep LN wild type 

 

Lorikeet (KM887941) 

 

1-290 

 

33.3 
pET-30a (+) 

Rep LN K252 to D 

Rep LN W190 to D 

Rep LN K228 to D 

Rep LR1 Lorikeet (KM887941) 10-100 10.5 pMCSG21 
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5.3.2 Protein expression 

Expression plasmids were transformed into E. coli BL21 (DE3) Rosetta 2 cells (Novagen, 

USA) for recombinant expression. For transformation, 1.0 µL of purified plasmid DNA 

was added to 20 µL of chemically competent cells, incubated on ice for 30 min, heat‐

shocked at 42°C for 45 s, followed by incubation on ice for 2 min. The cells were 

recovered by incubation at 37°C for 1.5 h in an orbital shaker at 225 rpm, and then plated 

onto a LB agar plate containing 25 µg/mL of spectinomycin. Colonies were selected from 

the LB agar plate and cultured overnight in 5 mL of LB‐broth containing 100 µg/mL of 

spectinomycin at 37°C in an orbital shaker at 225 rpm. The following morning, 1 mL of 

the E. coli BL21 starter culture was used to inoculate 1L of either auto‐induction media 

(Studier, 2005; Sarker et al., 2015b) containing 100 µg/mL spectinomycin grown at 25°C 

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 7500 x g for 30 min and the cell pellet resuspended in 

His buffer A containing 50 mM phosphate buffer, 300 mM NaCl, and 20 mM imidazole at 

pH 8. Later, three Rep mutants and Rep LR1 was recombinantly expressed using the 

above-mentioned protocol. 

5.3.3 Purification of expressed Rep protein targets 

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 
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(Beckman) at 15,000 rpm for 30 min at 4ºC, and passage through a 0.45 µm 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 His buffer A 

containing 50 mM phosphate buffer, 300 mM NaCl, and 20 mM imidazole at pH 8.0. 

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 glutathione S‐transferase (GST) buffer A, containing 50 

mM Tris and 125 mM NaCl at pH 8.0. The peak fractions containing protein were pooled 

and concentrated using an Amicon ultrafiltration device (Millipore). The purity of the 

protein at all stages were assessed by SDS‐PAGE and stored at ‐80⁰C. Later, three Rep 

mutants and Rep LR1 was purified using the above-mentioned protocol. 

5.3.4 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. 
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5.3.5 Crystallisation trials 

Crystallisation trials were undertaken via the sparse‐matrix hanging‐drop vapour‐diffusion 

method in 48‐well plates across a number of commercially available screens including 

Crystal Screen 1 and 2, PEG/Ion and PEG/Ion2 (Hampton Research), ProPlex MD1‐38, 

MD1‐29‐ CF PACT (Molecular Dimensions). Each drop contained 1.5 µL of the protein 

mixed with equal volumes of reservoir solution, and suspended over 300 µL of reservoir at 

296 K. 

5.3.6 Negative stain electron microscopy 

For negative staining, the protein sample was applied to glow‐discharged carbon‐coated 

grids and stained with 2% aqueous uranyl acetate. Air dried grids were washed thoroughly 

by dipping the grid in distilled water then allowed to dry on clean filter paper. Images were 

recorded on a 1 k Gatan CCD camera in a Tecnai 12 FEI microscope operated at 120 kV. 

5.3.7 Cryo-electron microscopy 

Five microlitres of sample was applied to a glow‐discharged holey carbon grid (Quantifoil 

R1.2/1.3) for preparing frozen‐hydrated specimen using a Vitrobot Mark IV (FEI) with a 3 

s blotting time at 100% humidity. Grids were transferred under liquid nitrogen to a Titan 

Krios transmission EM (FEI) operated at 300 kV and set for parallel illumination. One 

second exposures with a calibrated magnification were automatically recorded on a Falcon 

2 camera (FEI) in movie mode using a dose rate of 45 electrons per second controlled by 

data acquisition software EPU (FEI). 
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5.3.8 EM Image processing 

Movies were integrated in EMAN 2 (Tang et al., 2007) by averaging all seven frames. 

RELION 1.4 (Scheres, 2012) was used as wrapper for CTF estimation with CTFFIND3 

(Mindell & Grigorieff, 2003) and for evaluating integrated images for astigmatism and 

drift. Automatically selected particles from a small subset of the remaining images using 

the swarm tool of the e2boxer.py program of EMAN2. Two-dimensional classification of 

this initial data set in RELION 1.4 provided class averages that served as templates for 

particle selection across all retained images using the autopick function in RELION 1.4. 

Particles were extracted with a box size of 400 × 400 pixels and subjected to another round 

of 2D classification in RELION 1.4 yielding high‐quality class averages. Representative 

classes were subjected to the e2initialmodel.py program in EMAN2 for generating an 

initial model. The initial model was low pass filtered to 60 Å and provided to 3D 

classification in RELION 1.4 for disentangling the full data set into homogenous subsets. 

Particles assigned to the best 3D class were further refined using the ‘gold‐standard’ 

approach in RELION 1.4. Beam‐induced movements were corrected by movie processing 

and particle polishing only extracting frames of the movies and without a shifting particles 

average. Resolution of the final reconstructions was determined using the gold‐ standard 

Fourier Shell Correlation (FSC) criterion. 

5.3.9 Electrophoretic mobility shift assay (EMSA) 

Oligonucleotides (2.5 µM) corresponding to the ori site of BFDV genome were mixed with 

protein (5 mg/ml) in 1:1 ratio and electrophoresed through a 1 % agarose gel in TB Buffer 

(45 mM boric acid, 45 mM Tris base, pH 8.0) for 1.5 h at 70 V. Oligonucleotides alone and 

Rep alone were used as controls. The gel was first imaged using a Gel Doc XR + system 
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before being stained using Coomassie brilliant blue. After 15 min gel was destained in 

destain buffer overnight before imaging in gel doc. 

5.3.10 Helicase assay 

Helicase assay was performed using the unprime fork substrate that has 25nt overhangs 

and 19nt duplex segment (Table 5.2). Reactions contained 20 nM DNA fork substrate and 

the addition of indicated amount of purified recombinant Rep protein in 1x HE Buffer (20 

mM Tris 7.5, 5 mM MgCl2, 4mM DTT, 0.1 mg/mL BSA, 10% glycerol). Reactions were 

initiated by the addition of 3 mM CTP and 200 nM trap DNA (unlabelled for oligo). 

Reactions were conducted at 37°C for 30 min and analysed by native polyacrylamide gel 

electrophoresis. 

Table 5.2: Constructs used for helicase and nicking assay 

Assay Construct 

Helicase 
Forward: ACTTGAATGCGGCTTAGTATGCATTGTAAAACGACGGCCAGTGC 

Reverse: GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG 

Nicking 
Stem loop: Cy5-GTTAGAGGTGCCCCACAGGCGGCGGTTAGTATTACCCGCCGCCTGGGGCACCGGGGCACC 

+/- Flanking template: GGTGCCCCGGTGCCCTGGGGCACCTCTAAC 

 

5.3.11 Nicking assay 

DNA nicking assay were performed using either stem loop alone or annealed to a template 

complementary only to flanking fragments (Table 5.2). In the reaction, 20 nM Cy5 5´-end-

labeled DNA substrate was incubated with 100 nM of purified recombinant Rep WT 

protein or with the negative control in 1x nick buffer (10 mM Tris 8.0, 10 mM MgCl2, 50 

mM NaCl, 5 mM B-ME) in a total volume of 100 μL. Reactions are initiated by the 

addition of 3 mM CTP and conducted at 37°C for 30 min and analysed by native 

polyacrylamide gel electrophoresis. 



Chapter 5:  Circovirus Rep structure  
 

130 

5.4 Results 

5.4.1 Target selection for recombinant expression of BFDV Rep protein 

Rep from different genotypes of BFDV were computationally translated and aligned, 

revealing a very high (94‐100%) degree of sequence conservation in BFDV genotypes 

circulating among parrots and cockatoos while Rep from lorikeet associated BFDV were 

comparatively diverse (89% identity) from the others (Table 5.3). 

Table 5.3: Amino acid sequence identity of Rep from different BFDV genotypes isolated 

from diverse host species. GenBank accession number of the respective BFDV genome 

with the host species abbreviation are mentioned; MMC (Major Mitchell’s cockatoo), CCL 

(cockatiel), OBP (orange‐bellied parrot), BDF (budgerigar), AKP (Australian king parrot), 

GBC (green back cockatoo), HP (hooded Parrot), CRL (crimson rosella), RBL (rainbow 

lorikeet), SBL (scaly‐breasted lorikeet). Sequence (in bold) from scaly-breasted lorikeet 

was selected for recombinant expression. 
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KM887941-SBL 99 91 90 89 89 89 89 90 90 89 

KM978923-RBL 99  90 89 88 89 89 89 89 90 88 

KF688553-HP 91 90 96 95 96 96 94 96 96 95 

KF385408-GBC 90 89 96 97 95 95 94 96 96 96 

KY189066-CRL 89 88 95 97 94 94 94 94 94 94 

EF457975-CCL 89 89 96 95 94 100 98 97 97 96 

KF385406-MMC 89 89 96 95 94 100 98 97 97 96 

KF188691-OBP 89 89 94 94 94 98 98 96 95 94 

KM887951-BDG 90 89 96 96 94 97 97 96  98 98 

KY189071-AKP 90 90 96 96 94 97 97 95 98  98 

KT168346-OBP 89 88 95 96 94 96 96 94 98 98 

 

To gain insights into the structure and function of BFDV Rep, the full-length protein was 

expressed recombinantly, purified, and the structural and biochemical features studied 
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through crystallography, cryoEM, nicking assays, EMSA, mutagenesis and helicase assays. 

In addition, endonuclease domain of BFDV Rep was also expressed in this study (Figure 

5.1). 

 

Figure 5.1: Full length Rep of BFDV shown in scaled bar with two putative domains; endonuclease domain 
comprises amino acid position 10‐100 while helicase domain involve position 162‐245. The Rep constructs 
expressed in this study are shown in blue bars and not expressed constructs are shown in red bars. 

 

5.4.2 Evaluation of the protein expression 

To determine the optimal conditions for recombinant expression and purification of BFDV 

Rep, expression trials involved transformation of Rep construct into E. coli BL21 (DE3 

Rosetta 2) cells and induction using two expression media systems (auto‐induction and 

IPTG induction). The whole cell lysates of the entire suite of cell harvests were assessed by 

SDS‐ PAGE (Figure 5.2). BFDV Rep was expressed well, yielding a pronounced 37 kDa 

band, with comparative advantage of IPTG induction media over auto induction (Figure 

5.2). Since Rep expressed well using IPTG induction, all subsequent expression was 

performed in IPTG induction media. 
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Figure 5.2: SDS‐PAGE image showing expression of the full-length Rep (Rep LN) in E. coli BL21 (DE3 
Rosetta 2) cell lines in 2 different expression media (auto, IPTG). In each lane one volume of cell lysates 
resuspended in nine volumes of SDS (bolt) buffer and subjected to electrophoresis. MW denotes a precision 
plus molecular weight marker (Bio‐Rad, USA). Over expressed bands of the polyhistidine tagged full length 
Rep protein products are indicated by arrow. 

 

5.4.3 Purification trials and analysis by SDS‐PAGE 

Since the BFDV Rep protein exhibited significant overexpression in E. coli, solubility of 

the protein and feasibility for purification was further assessed by Ni‐affinity 

chromatography with His buffer A and His buffer B at pH 8.0 followed by SDS‐PAGE. 

Yields from 8 litres of IPTG induction medium was used for Rep protein purification, and 

no significant variation was observed between Rep and Rep mutants in terms of yield 

quality and solubility. The native full-length Rep was purified with high efficiency using a 

combination of affinity and size-exclusion chromatography (Figure 5.3). The full length 

BFDV Rep protein was first purified using Ni2+ affinity chromatography (Figure 5.3A), 

followed by size exclusion chromatography, with the later resulting in a peak at elution 

volume 160 mL (Figure 5.3B). This peak showed distinct band corresponding to the 

molecular weight (~36 kDa) of his tagged full-length Rep (Figure 5.3B). In addition, 

affinity purification profile of the Rep endonuclease domain (residues 10 to 100) construct 
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demonstrated that the protein was soluble, expressed and eluted as a single homogenous 

peak during affinity chromatography, (Figure 5.3C) and dominant band in SDS‐PAGE 

(Figure 5.3D). The single chromatography peak at approximately 260 mL elution volume 

in size exclusion chromatography column is indicative of monomeric units of Rep LR1 

protein target (Figure 5.3D). Although the chromatography peak was highly homogenous, 

surprisingly two distinct bands were observed in SDS‐PAGE. The lower band 

corresponded to the correct size of 6‐His tagged endonuclease domain (13.5 KDa) whereas 

the upper band was approximately 2 kDa larger than the correct size (Figure 5.3D). 

Similar to the full-length native BFDV Rep, the recombinantly expressed three full length 

mutant Rep proteins resulted in a good yield following two stages of purification (Figure 

5.4 A-F). In each case, the protein eluted from the size exclusion chromatography at an 

elution volume of 160 mL, which was collected, concentrated, and stored in the -80°C for 

further use. SDS PAGE showed distinct band corresponding to the molecular weight (~36 

KDa) of his tagged full-length Rep (Figure 5.4 B, D & F). Finally, full length wild type 

Rep (Rep LN), Rep LR1 and Rep mutants were successfully expressed and purified with 

high purity (>95%) and could be concentrated to about 15 mg/mL and in GST buffer (pH 

8.0). It is noteworthy to mention here that, further concentration above the aforementioned 

limit has resulted increased aggregation in room temperature. 
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Figure 5.3: SDS-PAGE and chromatography purification profiles of recombinant BFDV full length Rep (A 
& B) and endonuclease domain (C & D) expressed in E. coli BL21 Rosetta 2 cells. Panel A and C shows the 
affinity purification in His buffer A & B. Panel B and D shows the size exclusion chromatography in GST A 
buffer while SDS PAGE showing whole E. coli cell lysate in lane 1; soluble protein fraction E. coli cell 
lysate in lane 2; flow-through from the affinity column in lane 3; affinity elution in lane 4 and size exclusion 
chromatography elution in lane 5. MW denotes a precision plus molecular weight marker (Bio‐Rad, USA). 
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Figure 5.4: SDS-PAGE and chromatography purification profiles of recombinant BFDV full length Rep 
K252 to D (A & B); Rep W190 to D (C & D) and Rep K228 to D (E & F) expressed in E. coli BL21 Rosetta 
2 cells. Panel A, C & E shows the affinity purification in His buffer A & B. Panel B, D & F shows the size 
exclusion chromatography in GST A buffer while SDS PAGE showing whole E. coli cell lysate in lane 1; 
soluble protein fraction E. coli cell lysate in lane 2; flow-through from the affinity column in lane 3; affinity 
elution in lane 4 and size exclusion chromatography elution in lane 5. MW denotes a precision plus 
molecular weight marker (Bio‐Rad, USA). 
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5.4.4 Crystallization trials and transmission election microscopy 

To resolve the molecular structure of BFDV Rep at atomic resolution by X‐ray 

crystallography, the purified proteins were screened for conditions that could induce 

crystallisation. A total of the 384 conditions from 8 different commercially available 

screens were assessed for each construct. However, none produced suitable crystals for X‐

ray diffraction. Nevertheless, the oligomerisation properties of full-length Rep presented an 

opportunity to visualise Rep particles by electron microscopy and to resolve the molecular 

structure by cryo-EM reconstruction. An initial assay for the feasibility of cryo-EM was 

conducted by negative staining transmission election microscopy, demonstrating that the 

Rep oligomers were stable, homogenous and easily visible with approximately 15‐20 nm 

in size, making it a potential candidate for cryo-EM structural reconstruction (Figure 5.5). 

 

Figure 5.5: Electron microscopy analysis of BFDV Rep. (A) EM analysis of negative stained purified Rep 
complexes. (B) Cryo-EM analysis of vitrified Rep complexes. Scale bar is 100 nm. 

 

5.4.5 Cryo‐EM structure of full length BFDV Rep protein 

Data acquisition and model building of the BFDV Rep protein was undertaken under 

collaboration with Dr. Daniel Luque Buzo and Dr. Carlos Perez Mata. The structure of the 
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BFDV was resolved at 3.4 Å. The structure revealed that BFDV Rep forms hexamer, 

which is consistent with the size exclusion chromatography profile (Figure 5.6). The maps 

allowed modelling of both the endonuclease (1-105) and helicase domains (residues 106-

289) (Figure 5.7), while the endonuclease domain remained featureless and could not be 

modelled. This is presumably due to these regions being highly mobile and is consistent 

with the structure of the PCV2 Rep protein, where the endonuclease domain was also 

featureless (Tarasova et al., 2021). The oligomerisation domain is comprised of four alpha 

helices that interact with each other and neighbouring oligomerisation domains (describe 

both intra and inter molecular helical interactions within the oligomerisation domain). The 

hexamer forms a pore at the centre, and the pore is formed through residues connecting 

helices 3 and 4, RHGR140. Interestingly, despite a low sequence identity, these two Arg 

residues are conserved in the PCV2 structure. Sequence alignment suggests that Arg 145 

and Arg148 residues also conserved in the Rep protein of BFDV, Finch, Canine and Bat 

circovirus (Figure 5.8). 

Each OD domain was highly similar to other OD domains with the hexamer (rmsd ranging 

from 0.238 – 0.310), and rotation of the OD domains demonstrate that the OD formed clear 

C6 symmetry. The OD and HD are connected by a nine amino acid residue linker, 

GSHPRDFKT158 which is not conserved in the circovirus Rep as shown by sequence 

alignment (Figure 5.8). The HD domains also form a hexamer, with each monomer 

comprised of a five-stranded parallel b-sheet, with two alpha helices one side, and one 

helix on the other. In contrast to the highly similar OD domains, the HD domains exhibited 

greater variability, and didn’t follow such strict symmetry. Alignment of the HD domains 

alone revealed rmsd values ranging from the rmsd between the HD domains range between 

0.30-0.99. Moreover, rotational analysis highlighted a non-perfect symmetry. 
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Figure 5.6: Cryo-EM structure of BFDV Rep. Top (A, B) and side (C, D) views of 3.4 Å cryo-EM three-
dimensional reconstruction of BFDV full-length Rep complex (A, C) and the atomic model built from it (B, 
D). 

 

 

Figure 5.7: Cryo-EM structure of BFDV Rep: Full model considering a homology model predicted from 
BFDV Rep N terminal domain sequence (1- 105) plus our cryo-EM Cterm+hinge (helices) domains (residues 
106-289). 
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Figure 5.8: Sequence alignment of circovirus Rep. Sequence alignment generated by Geneious 
prime®2022.1.1. PCV2 Rep used as reference sequence where beta strands coloured in yellow, and helices 
depicted magenta barrels. The ED, OD and HD domain shown as long blue bar. Conserved replication 
associated motifs (motif i, ii and iii) are shown in blue box; Walker A (WA), Walker B (WB), WWDGY 
motif, motif b (mB), sensor 1 (S1), sensor 2 (S2) and sensor 3 (S3) are shown in black box. Red boxes show 
two conserved Arginine residues that forms central pore of Rep hexamer. 

 

5.4.6 Electrophoretic Mobility Shift Assay (EMSA) 

EMSA showed that BFDV full length Rep has ability to bind with the 20, 30, 60 mer 

ssDNA containing BFDV ori sequence (Figure 5.9A). Interestingly, all Rep mutants also 

bind with the 60 mer and 120 mer ssDNA containing BFDV ori sequence (Figure 5.9B & 

C). 

 

Figure 5.9: Electrophoretic Mobility Shift Assay. Comparison of electrophoretic mobility in native agarose 
electrophoresis of (A) different sizes ssDNA oligonucleotides containing BFDV Ori sequence complexed 
with purified Rep (B) 60 mer ssDNA oligonucleotides containing BFDV Ori sequence complexed with 
purified Rep LN, Rep LR1 and Rep mutants and (C) 120 mer ssDNA oligonucleotides containing BFDV Ori 
sequence complexed with purified Rep LN, Rep LR1 and Rep mutants. 
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5.4.7 Helicase and directionality assay 

Unwinding activity of Rep and Rep mutants were conducted using a fork substrate that has 

25nt overhangs and 19nt duplex segment. Significant unwinding activity was observed 

when CTP was added into the assay (Figure 5.10A). Directionality test demonstrated that 

Rep is predominantly 3´-5´ helicase (Figure 5.10B). However, 5´-3´ activity of Rep 

helicase was also observed which is the result of nicking and 3´-5´ unwinding activity.  

 

 

 

Figure 5.10: (A) Helicase assay of Rep WT using different nucleotides showing preference for the CTP (B) 
Directionality test of Rep LN showing predominant 3´-5´ helicase activity (C) Helicase assay of Rep and Rep 
mutants using the unprimed fork substrate. Unwinding of DNA fork substrate can be seen only for Rep WT 
and Rep mutant 2 (Rep K252D). 
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The abundance of the unwound product was not linear for the 5´-3´ activity which suggest 

that at high concentration the activity in two directions causes distinct enzymes to clash 

and inhibit the process (Figure 5.10B). Similar to Rep WT, Rep K252D showed the 

unwinding activity while other Rep mutants were inactive (Figure 5.10C). 

5.4.8 Nicking assay 

Nicking assay was conducted using the stem loop alone (Figure 5.11A) or annealed to a 

template complementary only to flanking fragments (Figure 5.11B). A slower migrating 

nicked loop was observed when DNA was incubated with Rep in the absence of 

nucleotide. However, addition of CTP initiates the unwinding and release of the nicked 

fragment, which appeared as a fast-migrating band. This assay confirmed that nicking was 

CTP independent and CTP-fueled unwinding follows nicking (in the 3´-5´ direction). In 

addition, observable nicking activity was also observed for all Rep mutants (Figure 5.11C). 

However, significant nicking and unwinding activity was observed in Rep K252D.  

 

Figure 5.11: Nicking activity of Rep WT using (A) stem loop alone (B) stem loop annealed to a template 
complementary only to flanking fragments. Incubation with the rep protein in the absence of nucleotide (-
CTP) results in the appearance of a new slower migrating species, which is consistent with a nicked loop. 
Addition of nucleotide (+CTP) initiates the unwinding and release of the nicked fragment, which appears as a 
fast-migrating species (C) Nicking activity of the Rep WT and Rep mutants showing Rep K252D nicked and 
unwound DNA effectively. 
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5.5 Discussion 

The viral replication proteins are advantaged antiviral targets and understanding of their 

structure and function are essential for the design of antiviral molecules with a high 

potential. Variety of biophysical tools are available for characterizing and determining 

structure at near atomic resolution such as X‐ray crystallography, NMR and cryo‐EM, 

however all these techniques require purified viral protein in sufficient concentration (Egli, 

2010). The objective of this study was to solve atomic resolution structure of BFDV 

replication associated protein. An E. coli based recombinant expression and purification 

method had been developed and optimised. Polyhistidine tag vectors were constructed 

targeting full length Rep, endonuclease domains of Rep and full-length Rep mutants from 

one BFDV genotypes and were expressed in E. coli BL21 (DE3) cell line using two 

different induction media. Overexpression was successful particularly by IPTG‐induction 

protocol. Rep proteins including mutants were purified using a two‐step purification 

process at high concentration. 

Our recent acquisition of a cryo-EM high resolution structure of the full-length Rep protein 

from the Beak and Feather Disease Virus (BFDV), highlights several structural and 

oligomeric features that were not captured using domain constructs. This study determined 

the interplay between these domains, and how they form a hexameric structure with 

potential positioning of the single strand nucleic acid. A more detailed view on the 

molecular mechanism of Rep when bound to ssDNA that is relevant to the virus (including 

the stem loop), was characterised by electrophoretic mobility shift analyses (EMSA) that it 

binds the ssDNA. Finally, the helicase and nicking activity of full-length Rep was 

assessed. 
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BFDV is a continuing threat particularly to the 85 psittacine bird species which are listed 

by the International Union for Conservation of Nature (IUCN) globally as critically 

endangered or vulnerable (Sarker et al., 2014a; Sarker et al., 2014b; Raidal et al., 2015). 

Like other circoviruses, replication of BFDV genome probably requires initiation from the 

viral Rep protein to carry out the host polymerase dependent de novo DNA synthesis 

following a RCR strategy (Meerts et al., 2005). Based on studies conducted in PCV as well 

as other ssDNA viruses from Geminiviridae and Nanoviridae the full length BFDV Rep 

has least two putative structural domains; the N terminal replicase domain (the replication 

initiation domain with alleged endonuclease activity and the putative helicase domain 

(which also carries a P‐loop that exhibits ATPase activity) (Niagro et al., 1998; Steinfeldt 

et al., 2006; Cheung, 2012). In a recent study, first cryo-EM structure of PCV2 Rep has 

been solved which composed of three domains: Endonuclease domain (ED) at the N 

terminus, an Oligomerization domain (OD) in the middle and an SF3 ATPase domain 

(AD) at the C terminus (Tarasova et al., 2021). However, until now there was no study 

designed for structural elucidation of BFDV full length Rep protein. Since in vitro 

culturing of BFDV in numerous cell culture systems have been frequently unsuccessful 

(Sarker et al., 2015b) there is considerable inducement to use E. coli expression system for 

fast production of recombinant Rep in a reasonable manner. 

Rep gene is comparatively conserved among BFDV genotypes in contrast to the capsid 

gene (Kundu et al., 2012; Harkins et al., 2014; Sarker et al., 2014a; Sarker et al., 2014b) 

which reflected by the high amino acid sequence identities of Rep protein in diverse host 

adapted genotypes ranging between 89 to 100% (Table 5.3). In the present study Rep 

targets from the Scaly-breasted Lorikeet (GenBank accession no. KM887941) were 

expressed and purified to demonstrate diversity from other genotypes. Rep was 

successfully overexpressed in both IPTG and auto induction methods; however, 
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comparatively IPTG induction expressed more protein from the same volume of 

expression media (Figure 5.2). The result was not surprising because lactose assists as both 

carbon source and inducer in auto induction expression method, therefore when it is 

consumed as a substrate it might reduce the ability as inducer. In contrast, synthetic 

product IPTG is a structural analogue of allolactose which can be utilised as a substrate but 

does not metabolise allowing it to persist in the culture in constant concentration during the 

expression experiment. Moreover, IPTG enters the cell by passive diffusion and acts as an 

inductor regardless of the carbon source in the culture medium, while the income of lactose 

and the induction can be inhibited by the presence of other sugars in the media (Rosano & 

Ceccarelli, 2014). 

This study has demonstrated that full length native BFDV Rep and endonuclease domain 

can be recombinantly expressed and purified at high concentration in conventional GST 

buffer (pH 8.0) without any issue of protein aggregation. However, crystallization screens 

failed to produce any detectable crystals from the full length BFDV Rep thus, limiting the 

prospect of producing a high‐resolution structure by X‐ray crystallography. Factors for 

macromolecular crystal growth for any protein are extensive and largely empirical in 

nature (McPherson & Gavira, 2014). To date, there is no available crystallization data for 

circovirus Rep protein and thus identifying the crystallization conditions is a difficult, 

multi‐parametric problem. High homogeneity and purity of the target protein are dynamic 

for the crystallization to be successful and in general single domain protein tend to 

crystallise more preferably than the multiple domain proteins (Abdalla et al., 2016). 

Presence of multi‐domain conformation of full-length Rep might have hampered 

nucleation to initiate crystal formation. In Cryo‐EM, protein does not need to be 

crystallised and interactions between biological molecules can be studied at their dynamic 

conformational states (Henderson, 1995; Merk et al., 2016). For the monomeric proteins 
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cryo‐EM is generally not the primary choice for structural biologists due to its limited 

resolution under 100 kDa (Henderson, 1995) although this threshold has been breached in 

recent years as a result of upgraded imaging technology generating various high-resolution 

structures of smaller proteins (Banerjee et al., 2016; Merk et al., 2016). Nevertheless, the 

theoretical molecular weight of BFDV Rep monomer is 33.6 KDa, far from ideal for cryo‐

EM reconstruction. But the oligomerisation property of full-length Rep protein generates 

higher order native macromolecules weighing ~140 KDa. Initial negative staining 

transmission electron micrograph have shown regularly arranged particle within 10‐15 nm 

size range which is suitable for cryo‐EM reconstruction. Since this target protein comprises 

both functional domains (replicase and helicase) in their active conformation, an atomic 

resolution cryo‐EM structure would be extremely informative for understanding the 

replication mechanism and overall biology of BFDV. 

Cryo-EM structure of the BFDV Rep was resolved at 3.4 Å resolution in the present study. 

The structure showed that Rep assembles in a hexamer like as viral helicases from the SF3 

superfamily. The maps allowed modelling of both the oligomerisation domain (OD) and 

helicase domains (HD) (residues 106-289), while the endonuclease domain (ED) remained 

featureless and could not be modelled. ED domain is highly mobile and is comparable with 

the structure of the PCV2 Rep protein, where the endonuclease regions were also 

featureless (Tarasova et al., 2021). The OD is comprised of four alpha helices that interact 

with each other and neighbouring domains. The hexamer forms a pore at the centre, and 

the pore is formed through residues connecting helices 3 and 4, RHGR140 which is 

consistent with the PCV2 Rep structure. In PCV 2 Rep structure, Six OD oligomerise to 

generate a torus with a pore diameter of 12 Å which is defined by the side chains of 

Arg145, Asn146, Phe147, and Arg148 (Tarasova et al., 2021). The HD structure is 



Chapter 5:  Circovirus Rep structure  
 

146 

homologous to the ATPase domains of PCV2 Rep, SV40 LTag, the BPV E1, the AAV2 

Rep 40, and the EV71 2C helicase proteins. 

The full length BFDV Rep helicase shows the presence of loops protruding into the central 

pore (Figure 5.6). In cryo-EM structure of Rep, different amino acid residues were 

identified that are responsible for the single stranded oligo binding. In the central pore of 

the Rep helicase, K228 and K252 side chain interacts with DNA backbone whereas W190 

stabilised the loop where K228 and G229 are located. G229 interacts through the N atom 

of the alpha chain and R140 side chain interacts with DNA backbone in the area close to 

the oligomerization domain. In PCV2 Rep structure, nucleotide binding sites were defined 

by WA (Lys180), WB (Asp216), mB (Lys240 and Gly241), mC or sensor 1 (Asn256), 

sensor 2 (Arg276), and sensor 3 (Arg228). PCV2 Rep subunits bind to ssDNA using three 

amino acids: the indole of Trp202, the amine of Lys240 and the amide of Gly241 

(Tarasova et al., 2021).  Structures of hexameric ring helicases reveal loops facing into the 

centre of the pore whose residues are involved in single-stranded DNA binding (Sawaya et 

al., 1999; Singleton et al., 2000; Niedenzu et al., 2001). Hexameric BFDV Rep has a 

central channel whose inner surface is strongly positively charged, indicating a possible 

function in binding DNA, which is similar to the DNA-binding channel of the SV40 LTag 

and AAV2 Rep40 (James et al., 2003; Li et al., 2003). Inspection of the electrostatic 

surface potential shows an electropositive groove at the interface between the N-terminal 

and helicase domains in AAV2 Rep 40. The groove varies in size due to the intrinsic 

mobility of the N-terminal domain but is large enough to put up single-stranded DNA 

(Laskowski, 2001). The structure of the minichromosome maintenance (MCM) complex 

from M. thermoautotrophicum showed that the use of β hairpin “fingers” comprising 

arginine/lysine residues for DNA binding may be a general feature of some helicases 

(Fletcher et al., 2003). 
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Later three Rep constructs were shown to possess point mutation in the ssDNA binding 

sites as observed in the cryo-EM structure of full-length native Rep. All mutants expressed 

well and purified using two step purification process at higher concentration (15 mg/mL) 

with no issues of aggregation. During writing the thesis protein has been sent to Spain to 

solve the cryo-EM structure of the Rep and Rep mutants complex with ssDNA and 

ATP/ADP. In the present study, electrophoretic mobility shift analysis (EMSA) revealed 

that full length BFDV Rep proteins can bind with the single stranded oligonucleotides 

containing the ori sequences from BFDV stem loop. Point mutation of the W190, K228 

and K252 residues did not influence on the ssDNA binding in EMSA assay (Figure 5.9). In 

a previous study, Adeno associated virus Rep 40 (AAV Rep 40) hexamer model shows the 

presence of β hairpin 1 loops protruding into the central pore revealed two lysine residues, 

K404 and K406, which can interact with ssDNA passing through the central channel. 

Several studies showed that K404 is conserved throughout the SF3 family (Hickman & 

Dyda, 2005). Mutation of K404 to Alanine in Rep68 results in loss of helicase activity but 

not the ability to hydrolyse ATP (Walker et al., 1997). This characteristic is similar to that 

of T7 DNA helicase, in which mutants of residues within the putative DNA binding loops 

abrogate DNA unwinding but retain some ATPase activity. Furthermore, the T7 mutants 

were later shown to indeed be deficient in binding single-stranded DNA (Sawaya et al., 

1999). But R589 to Alanine mutations in E1 protein of Papilloma virus resulting deficient 

in ATPase activity (Abbate et al., 2004). DNA binding assays of SV40 LTag showed that 

LTag251–627 can bind ssDNA and dsDNA (Li et al., 2003). 

In a recent study, Rep-dsDNA structure demonstrates that Rep is able to sense the second 

strand of dsDNA; thus, it is plausible that Rep loads onto ssDNA such that it is juxtaposed 

to the newly generated 3´-OH used for leading-strand synthesis (Tarasova et al., 2021). 

Both Rep and Rep' proteins of PCV1 bind to dsDNA fragments comprising the 3′ part of 
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the inverted repeats plus the two first hexanucleotide repeats (Steinfeldt et al., 2001). In 

addition to the interaction of the Rep endonuclease domain with ssDNA, containing the 

conserved nonanucleotide sequence that is cleaved during catalysis, Rep endonuclease 

domain also interacts with 22 mer dsDNA, including the nucleotide sequence of the right 

arm of the putative stem followed by the two hexanucleotide repeats (Vega-Rocha et al., 

2007). After infection, the viral ssDNA genome is converted into a double-stranded 

intermediate and serves as a template for viral replication. The origin of replication is 

located within the intergenic region between the two major open reading frames of Rep 

and Cap (Mankertz et al., 1998) and overlaps with the promoter of the Rep gene. The 

origin is the initial point of plus-strand synthesis and comprises characteristic sequence 

motifs. An inverted repeat forms a putative stem-loop structure with a nonamer (5'-

T/AAGTATTAC-3') in its apex, conserved in all circoviruses. Adjacent to this structure, 

hexamer repeats are found which act as minimal binding site (MBS) for the PCV 

replication proteins Rep and Rep' (Steinfeldt et al., 2001). It is recommended that 

recruitment of the Rep proteins for initiation of replication at the double-stranded origin is 

mediated by binding to the MBS. Rep is the sole viral protein essential for replication, 

binding, and cleaving the viral origin of replication in a strand-specific manner within the 

nonamer between nucleotides 7 and 8 (Laufs et al., 1995; Timchenko et al., 1999; 

Steinfeldt et al., 2006). While the Rep protein is covalently attached to the 5' end after 

cleavage (Laufs et al., 1995; Timchenko et al., 1999), unidirectional leading-strand 

synthesis is initiated at the generated 3´-hydroxyl group, probably by a host DNA 

polymerase. After one or more rounds of replication, the regenerated origin is recognised 

and cleaved again by Rep, thereby terminating the reaction, and releasing the newly 

synthesised single-stranded viral genome via a nucleotidyl transfer reaction (Laufs et al., 

1995). 
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This study has demonstrated nicking activity of full-length Rep using the stem loop alone 

or annealed to a template complementary only to flanking fragments. In this assay, 

addition of CTP initiates the unwinding and release of the nicked fragment which appears 

as a fast-migrating band. This assay demonstrated that nicking is CTP independent and 

CTP-fuelled unwinding follows nicking (in the 3´-5´ direction). A recent crystal structure 

of the PCV2 ED in complex with a 10-mer ssDNA derived from the viral ori provides the 

first image of how ED binds to the loop of the predicted ori stem-loop hairpin for the 

nicking activity (Tompkins et al., 2021). The nuclear magnetic resonance (NMR) and 

crystal structure of an N-terminal fragment of Rep identify this domain to be an HUH (His-

hydrophobic-His motif) endonuclease domain (ED) (Vega-Rocha et al., 2007; Luo et al., 

2018). Moreover, nicking and joining activities PCV1 Rep and Rep' protein using the 

synthetic oligonucleotides corresponding to the origin of replication has been demonstrated 

where both Rep proteins were able to cleave the viral strand between nucleotides 7 and 8 

within the conserved nonanucleotide motif (5'-TAGTATTAC-3') located at the apex of a 

putative stem-loop structure (Steinfeldt et al., 2006). The BFDV Rep protein was able to 

cleave and covalently bind 10-mer and 12-mer single stranded DNA as well as double 

stranded DNA containing the conserved nonamer sequence of BFDV ori site (Chen et al., 

2019). Endonuclease activity of the Rep protein of PCV1 was abrogated when the YCSK 

motif was mutated (Steinfeldt et al., 2007). Similar to PCV, several conserved motifs, 

including the 14FTLNN18 motif, 51HLQGY55 motif, 89YCSK92 motif, and 170GKS172 motif, 

are found in the Rep protein of BFDV that may be associated with the endonuclease 

activity of PCV and BFDV (Chen et al., 2019). In future, nicking activity of endonuclease 

domain of BFDV Rep will be assessed and motifs required for such activities will be 

identified. 
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Present study demonstrated unwinding of fork substrate by Rep and Rep variants. Rep WT 

and Rep mutant 2 (K252D) showed effective unwinding activity compared to other Rep 

mutants. On the other hand, unwinding efficiency of Rep was higher when CTP has been 

added into the assay. Directionality test of the Rep protein demonstrated that it is 

predominantly 3´-5´ helicase although it showed some 5´-3´ activity. It might be result of 

nicking and 3´-5´ unwinding activity of Rep. The abundance of the unwound product is not 

linear for the 5´-3´ helicase activity which may indicates that the activity in two directions 

causes distinct enzymes to clash and inhibit the process at higher concentration of protein. 

Helicase activities demonstrated for adeno-associated virus 2 (AAV2) Rep 40 and simian 

virus 40 (SV40) Large T antigen (LTag) which are the member of the SF3 DNA helicases 

(James et al., 2003; Li et al., 2003). In a previous biochemical study demonstrating PCV2 

Rep to exhibit 3´to 5´ helicase activities (Luo et al., 2018) which is consistent with our 

findings. Recent structural study of PCV2 Rep showed that Rep binds ssDNA in a 3´to 5´ 

directions, such that the Rep N terminus is positioned near the dsDNA fork and ssDNA is 

pulled through the oligomerization domain (OD) (Tarasova et al., 2021). In contrast, a 

looping model for bidirectional DNA unwinding by SV40 LTag double hexamer and 

minichromosome maintenance (MCM) complex from M. thermoautotrophicum was 

proposed previously (Fletcher et al., 2003; Li et al., 2003). Basal NTPase activity was also 

assessed in PCV2 Rep where mutation in the nucleotide binding sites WA (Lys180), WB 

(Asp216), mC or sensor 1 (Asn256) abrogates Rep’s basal ATPase activity (Tarasova et 

al., 2021). Previous study indicated that the BFDV Rep protein has comparable levels of 

ATPase and GTPase activity where Walker A motif, the Walker B motif, and the GYDG 

motif are all crucial for both ATPase and GTPase activity (Huang et al., 2016).  

This is the first high-resolution structure of full length BFDV Rep solved by cryo-EM 

which revealed that full-length Rep assembles in a hexameric ring analogous to viral 
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helicases from the SF3 superfamily. Analysis of the structure has shown the presence of an 

oligonucleotide loaded on the helicase domain and allowed the identification of three 

residues implicated in this interaction. The significance of these residues has been tested by 

the production and purification of point mutants to further probe its capacity for ssDNA 

binding and replication. This information is important for defining the molecular 

mechanisms that underlie their functions and would also open new avenues for the design 

of new antiviral strategies against these viruses.
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Chapter 6. General Discussion and Conclusions 

This research primarily focused on molecular biology of circovirus encoded proteins, 

specifically on efficient production of recombinant proteins in E. coli enabling atomic 

resolution structural reconstructions and downstream diagnostic applications. Circoviruses 

belong to the group of circular Rep encoded single stranded (CRESS) DNA viruses which 

found ubiquitously in nature among diverse vertebrate and insect hosts. However, only few 

are recognised as pathogenic to endemic host niches. Among these, PiCV is known for 

marked immunosuppression in columbid hosts and might contribute to the 

aetiopathogenesis of young pigeon disease syndrome (YPDS), a significant economic and 

health concern for pigeon industry throughout the world. Although continental Australia 

has the largest diversity of Columbiformes birds that might have diverged from 

Gondwanaland in late cretaceous period and now home to at least 310 extant pigeon 

species (Pereira et al., 2007), research into the molecular and structural biology of endemic 

PiCV genotypes/phylogroups has not been explored prior to this study. As discussed 

below, this study developed a robust methodology for expression and purification of 

synthetic VLPs of PiCV at highest concentration and purity ever recorded with proven 

potential for immunodiagnostics, vaccine production and Cryo-EM reconstruction. 

Additionally, this study also developed highly sensitive molecular tools for rapid diagnosis 

of PiCV in variety of clinical samples. Naturally occurring infection of PiCV in 

Australasian avifauna was also investigated with a view to explore the genetic diversity 

and phylogenetic relatedness. Finally, this study provides novel insights into the structural 

basis of circovirus replication as full-length BFDV Rep protein reconstructed for the first 

time using atomic resolution cryo-EM structures.  

  



Chapter 6:  General discussion and conclusions  
 

153 

6.1 Recombinant production of PiCV Cap 

In vitro propagation system for avian circoviruses has not been yet established in 

vertebrate cell line, hindering meaningful research on pathogenesis, replication mechanism 

and vaccine development. However, recombinant expression of virus encoded proteins 

using bacterial expression system or viral vectors provide a lucrative alternative, as high 

concentration of these proteins can be produced (Stewart et al., 2007; Patterson et al., 

2013; Sarker et al., 2015b). Hence, producing this recombinant protein in high 

concentration with high stability, solubility and purity require extensive experimentation 

and optimisation. For PiCV, recombinant expression of both full-length and truncated Cap 

has been investigated by other research groups using E. coli (Daum et al., 2009; Stenzel et 

al., 2017), baculovirus (Duchatel et al., 2011; Gai et al., 2020) as well as mammalian-based 

systems (Huang et al., 2021). Although all these methods produced antigenic Cap, high 

concentration production only achieved from E. Coli expression system (Lai et al., 2014). 

Chapter 2 of this thesis described an efficient and cost-effective protocol for recombinant 

production of PiCV capsid VLPs at concentration of 25mg/mL suitable for 

immunodiagnostics, subunit vaccine production and structural biology. pMCSG21 plasmid 

containing PiCV full-length capsid gene of Senegal dove (GenBank accession no. 

DQ915959) and two unique expression media (auto-induction and IPTG-induced 

expression) were tested for over-expression of the PiCV in Escherichia coli BL21 (DE3) 

star cells. PiCV Cap was expressed significantly in E. coli strains under IPTG induction 

(Figure 2.1). Concentration of PiCV Cap was higher (25 mg/mL) when expressed in E. coli 

BL21 (DE3) star cells using His buffer in affinity purification followed by GST A (950 

mM Tris and 125 mM NaCl) elution in size exclusion chromatography at pH 8.0 (Figure 

2.2). The full-length PiCV Cap expressed as a mixture of homodimer and heterodimer as 

seen in the SDS Page (Figure 2.2 B). Although crystallisation trials were unsuccessful 
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which limited the potential of X‐ray crystallography to resolve the capsid structure, 

negative stain showed mixture of heterogenous capsid particles. Heterogeneous mixture 

might have impaired the ability of the protein to crystallise (Abdalla et al., 2016). 

However, some capsid proteins favoured self-assembly to form icosahedral virus like 

particles (VLP) of about 17 to 20 nm range suitable for cryo‐EM reconstruction. At the 

point of writing this thesis cryo‐EM data from full length PiCV were being generated at 

“Instituto de Salud Carlos III” in Spain under the collaboration with Dr. Daniel Luque 

Buzo. Single particle cryo‐EM is fast becoming the technique of excellent for structure 

determination, particularly for proteins and complexes that fail to crystallise. The 

resolution limits of cryo‐EM have improved considerably over the past few years, with 

cryo‐EM proclaimed “Method of the Year” in 2015 by Nature Methods. New study is now 

being published frequently with high resolution structures of proteins smaller than 100 kDa 

(Kühlbrandt, 2014; Matthies et al., 2016).  

Homology model of PiCV Cap demonstrate a similar basic morphology and assembly to 

that of PCV2 and BFDV comprising 12 pentameric morphological units to form a 60‐mer 

VLP with T=1 icosahedral symmetry (Khayat et al., 2011; Sarker et al., 2016b). Although 

there is large amino acid diversity, macromolecular assembly of capsid protein from 

diverse host range of circoviruses demonstrated high level of structural convergence where 

each capsid subunit had a jelly roll core domain with conserved β‐strands and major 

helices (Das, 2018). On the sphere-shaped capsid VLPs, surface flexibility was detected in 

the form of bulging loops that were not stochastically distributed, but rather found near to 

the pentameric pores, at the fivefold and threefold axes plane which might represent the 

robust structural constraint imposed by the icosahedral geometry (Das, 2018). Geometric 

constraint on the structural organization has been contemplated as a clarification to the 
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limited variety of capsid folds in different viral families without any substantial amino‐

acid‐sequence similarity (Bamford et al., 2005; Keef et al., 2013).  

Virus-like particles (VLPs) are a form of subunit vaccine consisting of self-assembling 

shells derived from virus capsid proteins. Due to the absence of viral genomic material, 

VLPs are rendered non-replicative and non-infectious, enhancing their safety profile 

(Donaldson et al., 2014). Thus, VLPs combine many of the advantages of whole-virus 

vaccines, such as the preservation of native antigenic configuration, increased stability, and 

economical production (Crisci et al., 2012). Recombinantly expressed VLPs has been 

developed for different avian circovirus as potential vaccine candidate, some already 

underwent extensive field trial and pathways of commercialisation (Bonne et al., 2009; Das 

et al., 2019a). Recombinant capsid VLPs of PiCV has proven immunogenic to pigeons and 

capable to stimulate both cell-mediated and humoral immunity (Stenzel et al., 2018; Huang 

et al., 2021). However, these VLPs require in highest concentration and purity for 

commercial applications to a safe and effective prophylaxis against PiCV infection and 

associated disease syndrome. PiCV VLPs with higher concentration and purity has been 

obtained in the study which induced antibody response in immunised sheep. Antigenicity 

of the recombinant VLPs of PiCV was assessed by western blot and dot blot assay (Figure 

2.7). Similar to other avian circoviruses, PiCV demonstrate high genetic variation with 

nucleotide diversity reaching up to 20% among different phylogroups (Wang et al., 2022). 

Highest nucleotide diversity was recorded in capsid coding gene, which may result in 

antigenic variation i.e seroconversion against one genotype might not be cross reacting or 

neutralising for a different genetic variant. Hence, development of VLP based subunit 

vaccines for immunising columbid host against PiCV should consider locally circulating 

genotypes. For this reason, a representative of Australian isolates (DQ915959) has been 
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selected for the recombinant production of PiCV Cap as a vaccine candidate and for 

immunodiagnostic purposes. 

Immunohistochemical methods is applied to confirm infectious agent in tissues by use of 

specific antibodies against microbial DNA, RNA or protein epitopes (Duraiyan et al., 

2012). IHC has widely been used for the detection of circovirus in fresh/unfixed tissues 

(Sorden et al., 1999; Chianini et al., 2003; Shearer et al., 2008; Laisse et al., 2018). At 

present, PiCV infections are diagnosed primarily with the use of molecular methods, 

including conventional PCR and real time PCR (Todd et al., 2002; Roy et al., 2003; 

Franciosini et al., 2005; Duchatel et al., 2009; Loiko et al., 2018). Serological test such as 

ELISA based on PICV recombinant Cap as a coating antigen has also been developed 

(Daum et al., 2009; Duchatel et al., 2009; Stenzel et al., 2017) for diagnosis of subclinical 

or recovered infection. Since the PiCV Cap is the major antigenic determinant of the virus, 

the capsid protein and a PiCV specific polyclonal antibody to it are the two most 

significant components of immunodiagnostics assay for PiCV. In this study, polyclonal 

antibody to recombinant capsid protein of PiCV was developed in the sheep in large 

quantities and optimised for use in immunohistochemistry (IHC) and 

immunocytochemistry (ICC). The antibody was able to detect PiCV antigen from various 

tissues of affected racing pigeons, but ongoing testing using virus infected tissue from as 

many species of pigeons as possible is still necessary. In addition this antibody would help 

to inspect cross reactivity against other circoviruses. Future work will examine other 

applications of the antibody, including the development of ELISAs for the detection of 

anti-PiCV antibodies in pigeon sera and faecal materials. 

Viral tropism is the ability of a given virus to productively infect a particular cell (cellular 

tropism), tissue (tissue tropism) or host species (host tropism) (McFadden et al., 2009). 
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Cellular tropism of virus is important to study the viral biology, understand host response 

during virus infection and develop vaccines. Since the cellular tropism of native virus 

depends on the interaction between structural proteins of virus and cellular machineries 

without the involvement of the viral genome, it is rational to use VLP to study the viral 

tropism (Nasir et al., 2015). Cellular tropism of capsid VLPs of BFDV, PCV2 and PCV3 

has been demonstrated previously (Liu et al., 2001; Heath et al., 2006; Yu et al., 2018; 

Mou et al., 2019; Chen et al., 2020). In this study, a protocol has been developed for the 

preparation of pigeon embryo fibroblast (PEF) primary cell line. Capsid VLPs of PiCV 

was actively localised to the PEF cells which has been confirmed by immunocytochemistry 

(Figure 2.9, 2.10). Although initial results of cellular tropism were promising, an optimised 

immunofluorescence method will be required to test the nuclear localization of PiCV 

capsid into the PEF cells. 

6.2 Development and validation of qPCR for the rapid detection of PiCV 

qPCR is now a well-established method for the detection, quantification, and typing of 

different microbial agents in the areas of clinical and veterinary diagnostics (Kralik & 

Ricchi, 2017). The employment of qPCR techniques offers the advantages of high 

sensitivity and reproducibility combined with an extremely broad dynamic range 

(Watzinger et al., 2004). As genetic diversity and subclinical infection of PiCV is common 

in pigeons (Paré et al., 1999; Stenzel & Pestka, 2014; Stenzel & Koncicki, 2017b; Stenzel 

et al., 2020), a cost effective, rapid and robust qPCR technique for simultaneous detection 

and quantification of PiCV is critical to determine the dynamics of virus proliferation, 

monitor of the response to treatment, and differentiate between latent and active infection. 

The study presented in Chapter 3 include development and validation of a qPCR protocol 

for PiCV with excellent reproducibility, sensitivity and specificity compared to previously 
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established PCR for PiCV (Sarker et al., 2019). The TaqMan based qPCR method 

demonstrated lower limit of detection and can be used in clinical settings to measure the 

PiCV copy number in clinical samples of pigeon. 

Circoviruses are known for high genetic diversity due to extensive mutation rate in their 

replication cycle (Duffy & Holmes, 2008; Sarker et al., 2014a). Recombination is another 

means of acquiring high levels of genetic diversity among viral genome (Harrison & 

Robinson, 1999; Hino & Miyata, 2007). PiCV is highly genetically diverse and susceptible 

to genetic recombination (Stenzel et al., 2014b; Loiko et al., 2018; Khalifeh et al., 2021). 

Given the extensive genetic diversity of circoviruses diagnostic laboratories should be 

cautious when using a single PCR technique because primer sets may not detect all 

samples even when conserved primers are used (Bassami et al., 2001; Ritchie et al., 2003; 

Heath et al., 2004). Uniform and specific primers are ideal for any PCR test, but it was 

impossible to do this due to extensive genetic diversity in the Cap gene (Das et al., 2016a). 

Different techniques of PCR established over the decades to diagnose PiCV based on Cap 

and Rep based primer (Todd et al., 2002; Roy et al., 2003; Franciosini et al., 2005; Freick 

et al., 2008; Duchatel et al., 2009). In the present study, a new primer and probe based on 

Rep were designed which amplified a 139-bp fragment to detect PiCV. Sequence 

alignment of PiCV full genome similar to our sequenced Rep demonstrated that new PiCV 

primer can bind to the highly diverse PiCV (see Appendix 3, Figure 8.1). Besides, this 

primer can only bind to the PiCV genome as shown by sequence alignment of all 

circovirus reference genomes (see Appendix 3, Figure 8.2) demonstrating specificity of the 

qPCR assay. 

A series of experiments were performed to assess the reproducibility, sensitivity, and 

specificity of the assay, followed by intra-assay and inter-assay precision of co-efficient of 
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variation (CVs) for the Ct values. The sensitivity of qPCR was high enough compared to 

established PCR revealing the optimal capacity of the test to differentiate a positive from a 

negative sample even when low viral copies are present (see Appendix 2, Table 8.1). The 

qPCR approach increased the detection of PiCV from clinical samples by 16% over that 

achieved by conventional PCR. The assay was specific for PiCV as it produced negative 

results with the samples negative for PiCV. Moreover, using BFDV and canine circovirus 

as template, no cross-reaction signals were detected, which demonstrated the specificity of 

the assay. Higher sensitivity and specificity of TaqMan based qPCR is mediated by the 

additional oligonucleotide probe which inhibits formation of non-specific PCR products, 

e.g., primer dimers (Bustin, 2000; Kubista et al., 2006). Tests on the reproducibility of the 

method suggested that the established qPCR was reliable and stable as indicated by the low 

intra assay and inter assay CVs for Ct values attained with PiCV DNA samples of three 

different viral charges (Table 3.4). Furthermore, qPCR assay showed detection limit of 2 

copies of plasmid DNA (Table 3.3). In a previous study, SYBR Green based qPCR for 

PiCV showed the detection limit of five copies of standard plasmid DNA (Duchatel et al., 

2009). The newly developed qPCR detection system complements and extends previous 

methods for detection of PiCV. Since this qPCR assay uses an additional oligonucleotide-

the TaqMan probe, which is responsible for higher sensitivity and specificity, this Chapter 

provide a significant advancement in clinical and laboratory diagnosis of PiCV as well as 

provide a valuable tool for future research in evaluating vaccine efficacy through the 

quantification of viral load in vaccinated and non-vaccinated pigeons. 
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6.3 Natural infection of PiCV 

Over the last two decades several research groups across the world have investigated PiCV 

infection in the domestic and feral pigeon population with a view to decipher the genetic 

diversity and phylogenetic relatedness (Cságola et al., 2012; Stenzel & Pestka, 2014; 

Zhang et al., 2015b; Huang et al., 2017b; Stenzel & Koncicki, 2017b; Wang et al., 2022). 

These studies highlighted that similar to other avian circoviruses, PiCV is genetically 

diverse and highly prone to genetic recombination. However, these studies could not 

identify any host adapted or geographic structure in the PiCV phylogeny. Stenzel et al. 

(2014b) showed some evidence of sequences clustering within the PiCV phylogenetic tree 

based on their geographical origins, which might basically reflect a clear European 

sampling bias. Circovirus has been co-evolving in specific host niches over Millennia with 

high evolutionary speed (Das et al., 2016b) and genetic recycling through recombination. 

A host adapted PiCV population is however, a likely scenario considering host specific 

sympatric speciation has already been discovered in other avian circovirus like BFDV in 

Australia (Das et al., 2016b). This scenario makes it plausible that PiCV also might have 

evolved and diverged into specific reservoir niches where the host originally speciated. 

Order Columbiformes include a wide variety of pigeons and doves having 42 genera and 

310 extant species across the world with highest diversity reported in Australasia. Not 

much is known about the genetic diversity of PiCV in Australian avifauna although a 

single previous study demonstrated high genetic diversity and recombination among PiCV 

in feral rock dove (Sarker et al., 2019). Considering PiCV inflict negative economic impact 

in commercial pigeon farming as well as can impose serious threat to endangered species, 

understanding the genetic diversity in different columbid host is critical. In this chapter a 

diverse group of 15 new PiCV rep short sequences from different extant and aberrant hosts 

including 1 (one) PiCV complete genome of Senegal dove were isolated and sequenced 
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from Australasia to better understand the PiCV genetic diversity and phylogenetic 

relationship (Figure 4.1, also see Appendix 3, Table 9.1). The present study confirms the 

existence of highly diverse pigeon circovirus in Australasia reflecting that for other avian 

circoviruses such as beak and feather disease virus (BFDV). The PiCV sequences 

characterised in the present study showed >90% genome-wide pairwise similarity to one 

another, and >81% similarity to all the 64 other complete PiCV genomes available in 

GenBank. Global phylogenetic reconstruction of Australasians PiCV circulating in 

reservoir as well as aberrant host (spillover) demonstrated absence of genetic population 

structure (Figure 4.2). PiCV sequences from similar hosts were unevenly distributed in 

different clade of the phylogram (Figure 4.2) which suggest that there was no host adapted 

genetic diversity of PiCV in Australasia although previous study demonstrated a strong 

host specific clustering of BFDV genomes in Australia (Das et al., 2016b). Sequence 

diversity studies have revealed that BFDV isolates can be phylogenetically grouped based 

on host specificity and this might be true with PiCVs (Ritchie et al., 2003). This is not 

surprising given that previous research showed that the global phylogenetic inference of 

PiCV sequences based on host genotypes (carrier, fancy or wild pigeons) lack host specific 

clustering (Todd et al., 2008; Stenzel et al., 2014b). But the greater diversity displayed by 

the PiCV of Dove may be a reflection of host species difference (Todd 2008).  

PiCV rep partial sequences from old pigeon species of PNG such as pied imperial pigeon, 

bar shouldered dove and Scheepmaker’s crowned pigeon produced a basal clade with 

PiCV isolate from Japan, USA and Australia (Figure 4.2). Moreover, PNG is 

geographically isolated from other countries where PiCV recombination has been detected. 

It was expected that PiCV sequences from pigeons of PNG should produce a distinct host 

specific basal clade in phylogram as they might not have any recombination. However, 

absence of complete genome of PiCV from this region is one of the limitations for 
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phylogenetic reconstruction. Genomic DNA has been extracted from the archived dried 

blood sample of PNG pigeons and several overlapping primers has been used to amplify 

the PiCV complete genomes in the present study. But dried blood sample might not be 

suitable for isolating replicating virus. Previous studies have conferred that PiCV targets 

the fast-proliferating cells (epithelial cells) and immune system cells (lymphocytes and 

macrophages) for replication that similar to the psittacine circovirus (beak and feather 

disease virus, BFDV) (Raidal et al., 2015). As proposed for other viral diseases, apoptosis 

could be a prerequisite for viral replication or serve as a vehicle for dissemination of 

infectious material from cell to cell (Tanimura & Sharma, 1998). The circoviruses are well 

known immunosuppressive factors for various animals. The pigeon circovirus is 

characterised by bursotropism, and the intracytoplasmic inclusion bodies are found mainly 

in bursal macrophages (Coletti et al., 2000; Abadie et al., 2001; Huang et al., 2017b). 

However, lymphocytic depletion and inclusion bodies were also found in another primary 

lymphatic organ-thymus which suggested that circoviruses could be important factors 

causing general immunosuppression in pigeons by affecting both T and B lymphocytes 

(Coletti et al., 2000). Several studies indicate that PiCV induces B cell apoptosis, which 

may affect the impairment of humoral immunity leading to slower-developing post-

vaccination immunity (Stenzel et al., 2019; Stenzel et al., 2020). The above discussion can 

also explain the replication of PiCV in the bursa of Fabricius and shedding of replicating 

virus through cloaca. 

Pigeons and doves are found all over the world except Antarctica and dwelling almost all 

terrestrial habitat types including arid deserts and high mountain snowfields (Baptista et 

al., 1997). The rock pigeon has the highest range of any columbid species with a natural 

distribution from Britain, throughout Europe and Asia as well as wide urban population 

throughout the world as a beneficiary of human habitation. Previous global phylogenetic 
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analysis indicate that geographical factors had almost no effect on the genome diversity of 

PiCV (Stenzel et al., 2014b; Wang et al., 2017). However, different PiCV strains were not 

widely distributed. The most common PiCV variant has been noticed in many European 

countries, USA, China, Brazil and Australia, while the second common variant in Europe, 

China, Australia and Brazil (Stenzel et al., 2014b; Loiko et al., 2018; Sarker et al., 2019). 

The remaining variants of PiCV are less common, with most identified in pigeons of 

Europe and China (Stenzel et al., 2014b; Loiko et al., 2018; Sarker et al., 2019). It has long 

been well-known that Australasia is home to a significant proportion of the world’s 

columbid fauna and that, regardless of unremarkable number of species for its land area, 

mainland Australia has an exceptional, behavioural and ecological diversity amongst its 

twenty‐two species of native pigeons and doves (Goodwin, 1967; Frith, 1982). Although 

previous studies demonstrated a strong biogeographic clustering of BFDV genomes in 

Australia (Varsani et al., 2011; Sarker et al., 2014b), genetic diversity of PiCV in 

Australasia did not present any biogeographic structure (Figure 4.2). Lack of geographic 

clustering of PiCV strains could be due to the recombination, and nucleotide substitution 

plays in its evolution as well as frequent movements of pigeons throughout the world 

(Stenzel & Koncicki, 2017b; Khalifeh et al., 2021). Sarker et al. (2019)demonstrated that 

PiCV from Australian feral pigeons had extensive recombination with other PiCV and 

displayed a potential genetic admixture with other circoviruses. Viral recombination and 

reassortment are key evolutionary mechanisms driving pathogen diversity and host 

adaptation, as well as in the evolution of novel viral species (Awadalla, 2003; Martin et al., 

2011). Although recombination analysis of PiCV was not possible due to lack of complete 

genome, a high degree of genetic diversity has been recorded in the present study. 

Consistent with other circoviruses like BFDV (Varsani et al., 2011; Sarker et al., 2014a; 

Sarker et al., 2014b), it seems likely that recombination is a key mechanism for the genetic 
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diversity of PiCV in Columbiformes but further research is required to analyse PiCV 

complete genome from diverse species of pigeon. 

Pathogen spillover is a rare event in distantly related host, where a pathogen jumps from its 

original host into a novel species to establish a successful infection. Whilst host-pathogen 

co-divergence is very strong in circoviruses, BFDV has been recognised for its flexible 

host switching and cross species transmission (Sarker et al., 2015a; Sarker et al., 2015c; 

Sarker et al., 2016a; Amery-Gale et al., 2017). However, PiCV spillover into the birds of 

distantly related order has not been documented yet. Host based phylogenetic tree has been 

constructed in the present study to display the natural spillover of different avian circovirus 

into distantly related birds (Figure 4.3 & 4.4). In the present study, PiCV DNA was 

detected from plumed whistling duck, blue billed duck and magpie suggestive of inter-

order spillover of PiCV. Moreover, isolation of PiCV in Senegal dove, spotted dove, pied 

imperial pigeon, bar-shouldered dove and Scheepmaker's crowned pigeon indicative of 

intra-order spillover which uncover the cryptic host generalist criteria of circovirus. 

Unfortunately, the complete genome was unable to be obtained from the supplied blood 

and feather sample of duck and magpie, but the fragment obtained have > 90% nucleotide 

identity with the PiCV isolates from Australia. BFDV infections often involve feather 

dystrophy and beak abnormalities due to tropism for rapidly dividing cells, notably those 

of the basal epithelial layer of the feather follicles, beak, and claw (Raidal et al., 2015), but 

they are less commonly noted in duck and magpie. So, DNA extraction from tissue and 

virus nucleic acid enrichment might be alternative source for obtaining whole genome of 

the circovirus though PCR and sequencing. It is important to examine the phylogenetic 

relationships of the virus based on full genome sequences because significant negative 

selection is occurring at the Rep gene of the circovirus. 
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Although phenotypic stability within circoviruses has been found for millennia (Das et al., 

2016b) host-fidelity creates an opportunity for much broader host-switching amongst early 

psittacopasserines but also from this group to more distantly related avian orders including 

Strigiformes (Sarker et al., 2016a) and Coraciiformes (Sarker et al., 2015c). The high 

mutation rate in circoviruses maximises genetic diversity which undoubtedly broadens 

their capacity to opportunistically change hosts (Peters et al., 2014; Sarker et al., 2014a), 

sometimes non-productively (Sarker et al., 2015a). Australasia is the source of 

biogeographical diversity of avian host species including the Passeriformes, Psittaciformes, 

Columbiformes and Anseriformes which are natural host of avian circovirus species 

(Raidal & Peters, 2018). Viral recombination plays a major role for genetic diversity of 

circoviruses which might be the potential source of cross species transmission. Moreover, 

high environmental pressure is another contributing factor for natural spillover infection of 

pigeon circovirus. Wild pigeons might act as the reservoirs of multiple viral pathogens 

and/or a likely example for cross-species transmission (Phan et al., 2013; Sarker et al., 

2019). Like BFDV, pigeon circovirus is profusely shed in faeces containing as many as 

one billion virus particles per microlitre (Raidal et al., 2015). The oral or cloacal 

transmission and environmental persistence of PiCV as well as the close contact of duck 

and pigeon in the premises facilitating spillover, allowing pigeon to act as reservoirs for 

circovirus infection in the captive duck. 

Coinfection may present either as an established pathogen which is underlined by the 

introduction of a new pathogen or may occur in the form of new infection acquire 

secondarily due to a compromised immune system (Devi et al., 2021). When multiple 

viruses co-infect a host, one virus may impact the replication and disease outcome caused 

by the other is known as viral interference. Viral interference may lead to early clearance 

of one infection and existence of the other one (Kumar et al., 2018). Direct interactions 
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between co-infecting pathogens as well as host response plays a pivotal role in shaping the 

outcome of co-infections. Although co-infection of pigeon circovirus (PiCV) and columbid 

herpes virus (CoHV) has been reported previously related to young pigeon disease 

syndrome (YPDS) (Raue et al., 2005; Freick et al., 2008; Stenzel et al., 2012), no 

association between PiCV and CoHV was established. The study presented in chapter 4 

documented natural PiCV and CoHV-1 coinfection in Australian racing pigeons (Columba 

livia) for the first time indicate that CoHV-1 induced pathology might have been 

exacerbated by concurrent PiCV infection. Several lesions including suppurative 

stomatitis, pharyngitis, vesicular dermatitis, cloacitis, otitis externa, tympanitis, otitis 

media and diffuse granulomatous meningitis was observed in the clinically affected birds 

indicate CoHV trophism for the transitional epithelium such as pericloacal skin, oral-

respiratory and middle ear-meningeal transition zones. Moreover, multifocal ballooning 

degeneration of buccal, pharyngeal, and laryngeal mucosa with eosinophilic intranuclear 

inclusions were also detected in histopathological findings (Figure 4.6). Previous studies 

also reported the CoHV-1 induced pathology in the oral cavity, oesophagus, salivary gland, 

nasal passages, and trachea resulting in respiratory diseases, rhinitis, and conjunctivitis in 

young pigeon (Callinan et al., 1979; Freick et al., 2008). Some reports also showed 

multifocal to diffuse necrosis of the pancreas, spleen, liver, and kidneys with eosinophilic 

intranuclear inclusions are characteristic feature of CoHV-1 infection (Boyle & 

Binnington, 1973; Surman et al., 1975; Zhao et al., 2015). However, hepatic lesions are not 

always consistent and may present only in small number of birds (Callinan et al., 1979). As 

described above tympanitis and otitis media are the unique findings of the CoHV-1 

induced pathology in the present study. Therefore, it is recommended these sites should be 

high priority collection samples for investigating suspect CoHV-1 infection in birds. 
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Experimental challenge through pharyngeal route highlighted that CoHV-1 can spread 

either by tissue contiguity or by viraemia, even in the presence of specific antibodies 

especially when the flock is immunosuppressed (Vindevogel & Pastoret, 1981). This might 

be highly pertinent with the present study since all clinically affected birds were naturally 

infected with PiCV as demonstrated by high viral loads in qPCR.  While high viral loads of 

CoHV-1 and PiCV were demonstrated in all live pigeons tested by qPCR CoHV-1 alone 

was not noticed independently regardless of clinical status. The data also indicated that 

high viral copy numbers were correlated with clinical signs. These findings revealed that 

the aetiopathogenesis of CoHV-1 induced pathology may be aggravated by concomitant 

PiCV infection. The most common outcome of coinfection is viral interference. Viral 

interference is a phenomenon whereby one virus interferes with the replication of other 

viruses so as to become resistant towards a second superinfecting virus. On the other hand, 

coinfections involve more than one virus species are being recognised as contributing 

factors to the aetiopathogenesis of disease patterns that are more severe relative to that with 

single infections alone (Kumar et al., 2018). Besides interference, coinfections of certain 

viruses may also promote an increase in viral replication. In several other cases, 

coinfections have no effect on virus replication, and thus all the coinfecting viruses can 

coexist. Coinfections might be additive, modulating virulence and individual cell death, 

thereby altering or accelerating disease severity. Several studies have documented an 

exacerbation of disease in concurrent infections of two or more viral pathogens in 

mammalian and avian species (Erny et al., 1991; McFerran & Smyth, 2000) with 

decreasing host immunity elicited during concomitant infection of viral pathogens 

(Niczyporuk et al., 2021). 

In this chapter, phylogenetic reconstruction from extant pigeon and aberrant hosts 

demonstrated that PiCV are distributed unevenly without consistent genetic structure 
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which act as a pathogenic host-generalist capable of spillover infection even in the 

distantly related Anseriformes and Passeriformes birds. Opportunistic sampling, 

insufficient samples from different biogeographic regions of Australia and lack of full 

genome are the main limitations of our study. The information presented in this chapter 4 

is of importance for disease management and threat mitigation of PiCV in wild and 

domestic pigeons. Future research will be focus on high phylogenetic resolution of PiCV 

among diverse species of pigeon widespread in Australasia based on complete genome. 

6.4 High resolution structure of BFDV replication-associated protein 
(Rep) 

Rep plays an important role in circovirus biology by carrying out enzymatic activities to 

initiate DNA replication using host cell machinery (Ilyina & Koonin, 1992; Mankertz et 

al., 1998; Cheung, 2012). While two putative domains, an endonuclease domain and a P‐

loop helicase domains were predicted in the BFDV Rep protein (Steinfeldt et al., 2006; 

Cheung, 2012; Luo et al., 2018; Chen et al., 2019) no study have been conducted to 

produce the full length BFDV Rep in high concentration and purity for structural 

characterisation.  Like other avian circoviruses, laboratory techniques of BFDV cell culture 

are not available, therefore recombinant DNA technology acts a potential alternative for 

synthesis of BFDV Rep protein in E. coli-based expression systems. Chapter 5 of this 

thesis described an efficient production method for recombinant Rep protein of BFDV at 

large quantities (milligrams) with high purity (>95%) and elucidate high resolution cryo-

EM structure of full-length BFDV Rep. The putative endonuclease domain of BFDV Rep 

expressed as a mixture of homodimer and heterodimer of the domain which corresponds to 

a proposed model of rolling circle replication (Rasooly et al., 1994), however this 

heterogeneous mixture might have impaired the ability of the protein to crystallise 

(Abdalla et al., 2016). Size exclusion chromatography and SDS‐PAGE highlighted 
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oligomerisation property of full-length Rep protein to form higher order macromolecules 

with accumulated molecular weight ~140 KDa which is within the suitable size range for 

cryo‐EM reconstruction. Now-a-days cryo‐EM is the popular method for structural 

characterization of single particle, particularly for proteins and complexes problematic to 

crystallise. Atomic resolution structure of proteins smaller than 100 kDa can easily be 

solved by cryo-EM (Kühlbrandt, 2014; Matthies et al., 2016). In the present study, high-

resolution structure of the full-length Rep protein from the Beak and Feather Disease Virus 

(BFDV), showed several structural and oligomeric features. Interaction between 

endonuclease and helicase domain and formation of hexameric structure with potential 

positioning of the single strand nucleic acid determined in the present study. To gain 

insight the molecular mechanism of Rep and ssDNA binding affinity that is relevant to the 

virus (including the stem loop), electrophoretic mobility shift assays (EMSA) were used to 

study binding to ssDNA. Finally, helicase and nicking activity of full-length Rep assessed. 

In a recent cryo-EM structures of PCV2 Rep demonstrated that Rep is a hexamer with 

ss/dsDNA bound to its central channel where modelled coordinates describe two domains: 

an OD (amino acids 119 to 157) and an AD (amino acids 158 to 301) (Tarasova et al., 

2021). Rep utilises the oligomerization domain (OD) for hexamerisation, and the Rep’s 

ATPase domains (AD) implement a spiral staircase arrangement around ssDNA/dsDNA 

and demonstrate a sequential mode of ATP hydrolysis and direction of ssDNA 

translocation (Tarasova et al., 2021). In our study, Cryo-EM structure of the BFDV Rep 

assembles in a hexamer similar to that of the viral helicases from the SF3 superfamily. The 

maps permitted modelling of both the oligomerisation domain (OD) and helicase domains 

(HD) (residues 106-289), while the endonuclease domain (ED) could not be modelled due 

to mobile nature consistent with cryo-EM structure of the PCV2 Rep protein, where the 

endonuclease regions were also featureless (Tarasova et al., 2021). The OD is a four-helix 
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bundles that interact with each other and neighbouring domains. In BFDV Rep, six OD 

oligomerise to generate a torus pore formed through residues connecting helices 3 and 4, 

RHGR140 which is resembles with the findings of the PCV2 Rep where six OD 

oligomerise to generate a torus with a pore diameter of 12 Å which is defined by the side 

chains of Arg145, Asn146, Phe147, and Arg148 (Tarasova et al., 2021). The interesting 

feature of the BFDV rep hexamer is the presence of an oligonucleotide in the central pore 

which allowed the identification of three residues occupied in this interaction. The 

consequence of these residues verified by the production and purification of point Rep 

mutants to further analyse its capacity for ssDNA binding and replication. This study 

enriched the understanding of the replication mechanism and overall biology of 

circoviruses. Future research will be focused on resolving atomic resolution cryo-EM 

structure of three Rep mutants complex with ssDNA/dsDNA and ATP/ADP. Moreover, 

plausible binding interfaces of Rep‐Cap interactions will also be characterised. 

6.5 General conclusion 

In absence of established cell culture system, development of vaccines against PiCV has 

long been hindered, presenting ongoing health and economic challenges for the pigeon 

industry. The optimised expression system for recombinant antigenic protein documented 

in chapter 2 might overcome the major obstacles for developing an effective sub-unit 

vaccine. Standardizing a robust and reliable molecular diagnostic tool for a genetically 

diverse viruses can be notoriously challenging owing to rapid mutation and lack of 

empirical genetic data in the broader host niche. The highly sensitive TaqMan based qPCR 

developed and presented in chapter 3 will be useful tackling this issue in diagnostic 

settings. Ongoing investigation and reporting of natural infections are critical for 

understanding the epidemiology and overall pathobiology of PiCV. As discussed in chapter 



Chapter 6:  General discussion and conclusions  
 

171 

4, PiCV population in Australasia revealed a host generalist nature capable of flexible host 

switching even in distantly related and aberrant hosts and may augment herpesvirus 

induced pathology in concurrent infections.  However, the highlight of this thesis is the 

novel structural insights derived from the Cryo-EM reconstruction of full-length Rep 

protein at atomic resolution, which might help decipher the replication mechanism for 

circoviruses and other CRESS DNA viruses in general.  
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Figure 7.1: Schematic diagram of the Cap protein targets used in this study for recombinant expression. 
Each horizontal bar represent individual wild type Cap protein where red coloured region shows ARM 
domains and the blue coloured area represent the capsid core or jelly roll domain. The green coloured region 
was truncated from each wild type of Cap to assist with structural studies. The species abbreviation and 
GenBank accession number of the genome is showed in the left side of the panel while the number in right 
side denotes the length of each Cap protein. BFDV-MMC, PiCV, FiCV, and CaCV denotes beak and feather 
disease virus in Major Mitchell Cockatoo, pigeon circovirus, finch circovirus and canine circovirus 
respectively. 

 

Table 7.1: Sequence similarity of Cap protein among circoviruses using ClustalW multiple 

sequence alignment. Sequences (in bold) were selected for recombinant expression and 

purification. 
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CaCV (JQ821392)  15 16 20 20 19 16 18 18 19 18 

DuCV (AY228555) 15 45 19 21 22 17 20 21 19 18 

GoCV (AJ304456) 16 45 23 21 22 17 20 23 20 22 

BFDV_MMC (KF385406) 20 19 23 83 44 41 38 24 26 22 

BFDV_OBP (KF188685) 20 21 21 83 46 39 38 25 23 22 

PiCV (DQ915959) 19 22 22 44 46 43 44 20 23 23 

FiCV (NC_008522) 16 17 17 41 39 43 58 25 24 24 

RCV (NC_008375) 18 20 20 38 38 44 58  23 21 23 

MCV (KJ020099) 18 21 23 24 25 20 25 23  36 39 

BCV (NC_021206) 19 19 20 26 23 23 24 21 36  49 

PCV2 (JF504708) 18 18 22 22 22 23 24 23 39 49 
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Figure 7.2: SDS‐PAGE image showing expression of the target Cap‐constructs in E. coli BL21 (DE3 Star) 
cell lines in 2 different expression media (auto, IPTG). In each lane one volume of cell lysate was 
resuspended in nine volumes of SDS (bolt) buffer and subjected to electrophoresis. MW denotes a precision 
plus molecular weight marker (Bio‐Rad, USA). Over expressed bands of the His tagged target Cap proteins 
visualised within the range of 25 to 35 KDa (within red bracket). Underneath each lane the abbreviated name 
of the circovirus species and the molecular weight of the target capsid protein (untagged) are mentioned in 
parenthesis. 

 

 

 

Figure 7.3: SDS-PAGE and chromatography purification profiles of recombinant BFDV-Cap expressed in E. 
coli BL21 Star cells. (A) Affinity purification in CAPS buffer A & B; (B) Size exclusion chromatography in 
GST A buffer. (C) SDS PAGE showing whole E. coli cell lysate in lane 1; soluble protein fraction E. coli cell 
lysate in lane 2; flow-through from the affinity column in lane 3; affinity elution in lane 4 and size exclusion 
chromatography elution in lane 5. MW denotes a precision plus molecular weight marker (Bio‐Rad, USA). 
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Figure 7.4: SDS-PAGE and chromatography purification profiles of recombinant canine circovirus-cap 
expressed in E. coli BL21 Star cells. (A) Affinity purification in CAPS buffer A & B; (B) Size exclusion 
chromatography in GST A buffer. SDS PAGE showing whole E. coli cell lysate in lane 1; soluble protein 
fraction E. coli cell lysate in lane 2; flow-through from the affinity column in lane 3; affinity elution in lane 4 
and size exclusion chromatography elution in lane 5. MW denotes a precision plus molecular weight marker 
(Bio‐Rad, USA).  

 
 

  
 

Figure 7.5: SDS-PAGE and chromatography purification profiles of recombinant finch circovirus-cap 
expressed in E. coli BL21 Star cells. (A) Affinity purification in CAPS buffer A & B; (B) Size exclusion 
chromatography in GST A buffer. SDS PAGE showing whole E. coli cell lysate in lane 1; soluble protein 
fraction E. coli cell lysate in lane 2; flow-through from the affinity column in lane 3; affinity elution in lane 4 
and size exclusion chromatography elution in lane 5. MW denotes a precision plus molecular weight marker 
(Bio‐Rad, USA). 
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Figure 8.1: Multiple sequence alignment of 21 diverse PiCV sequences using Clustal Omega showing primer 
and probe binding region. Red colour represents qPCR probe binding region whereas green and blue region 
indicates qPCR primer binding site and circovirus degenerate primer binding site respectively. 
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Figure 8.2: Multiple sequence alignment of 13 circovirus reference genome using Clustal Omega showing 
primer and probe binding region within PiCV genome. Within PiCV genome, red and green colour represents 
qPCR probe and primer binding region respectively. Blue colour denotes degenerate primer binding site within 
all reference circovirus genome. 
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Table 8.1: Viral copy numbers of PiCV in tissues (n=10) and swab samples (n=40) 

Sl. No. Sample Clinical status PCR qPCR  Copy number/μL 
1. Liver Dead  P P 1.05 × 108 
2. Oropharynx Dead  P P 2.62 × 107 
3. Liver Dead  P P 2.38 × 1011 
4. Oropharynx Dead  P P 2.84 × 109 
5. Liver Dead  P P 1.82 × 109 
6. Bursa Dead  P P 5.05 × 107 
7. Orophaynx Dead  P P 1.33 × 108 
8. Bursa Dead  P P 2.10 × 109 
9. Liver Dead  P P 1.37 × 1010 
10. Kidney Dead  P P 3.29 × 108 
11. Oro-cloacal swab Healthy  P P 59 
12. Oro-cloacal swab Healthy  P P 7.31 × 103 
13. Oro-cloacal swab Healthy  P P 4.48 × 102 
14. Oro-cloacal swab Healthy  P P 2.98 × 103 
15. Oro-cloacal swab Healthy  P P 1.06 × 103 
16. Oro-cloacal swab Healthy  P P 94 
17. Oro-cloacal swab Healthy  P P 8.61 × 103 
18. Oro-cloacal swab Healthy  P P 2.97 × 102 
19. Oro-cloacal swab Healthy  P P 4.31 × 102 
20. Oro-cloacal swab Healthy  P P 2.06 × 103 
21. Oro-cloacal swab Healthy  P P 1.80 × 102 
22. Oro-cloacal swab Healthy  P P 2.88 × 103 
23. Oro-cloacal swab Healthy  P P 5.19 × 102 
24. Oro-cloacal swab Healthy  P P 2.08 × 103 
25. Oro-cloacal swab Healthy  P P 1.66 × 102 
26. Oro-cloacal swab Healthy  P P 4.89 × 102 
27. Oro-cloacal swab Healthy  P P 3.85 × 102 
28. Oro-cloacal swab Healthy  N P 1.43 × 103 
29. Oro-cloacal swab Affected  P P 1.02 × 107 
30. Oro-cloacal swab Healthy  P P 7.05 × 103 
31. Oro-cloacal swab Affected  P P 2.80 × 108 
32. Oro-cloacal swab Recovered  N N Not detected 
33. Oro-cloacal swab Affected  P P 8.98 × 108 
34. Oro-cloacal swab Affected  P P 1.74 × 105 
35. Oro-cloacal swab Affected  P P 8.69 × 107 
36. Oro-cloacal swab Recovered N P 66 
37. Oro-cloacal swab Healthy  P P 8.26 × 104 
38. Oro-cloacal swab Affected  P P 3.43 × 107 
39. Oro-cloacal swab Healthy  P P 1.97 × 102 
40. Oro-cloacal swab Affected  P P 2.77 × 106 
41. Oro-cloacal swab Healthy  P P 7.34 × 102 
42. Oro-cloacal swab Healthy N P 1.09 × 104 
43. Oro-cloacal swab Healthy N P 1.04 × 103 
44. Oro-cloacal swab Healthy N N Not detected 
45. Oro-cloacal swab Squab N P 3 
46. Oro-cloacal swab Squab N P 1 
47. Oro-cloacal swab Squab N P 18 
48. Oro-cloacal swab Squab N P 34 
49. Oro-cloacal swab Healthy P P 8.36 × 104 
50. Oro-cloacal swab Healthy P P 7.09 × 106 

P= Positive, N= Negative
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Table 8.2: Genome wide nucleotide identity of highly diverse PiCV retrieved from GenBank which were similar to PiCV rep partial sequences obtained in the present study 
according to BLAST analyses 

Nucleotide Identity (%) 
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NC_002361/UNK/pigeon/CoCV/UNK 98 96 95 94 91 89 89 88 88 88 88 87 87 85 85 85 85 85 84 83 
DQ915960/FRA/pigeon/CoCV/UNK 98 95 95 94 90 88 89 87 89 87 88 87 87 85 84 85 85 85 84 83 
AJ298230/GBR/pigeon/CoCV/UNK 96 95 96 94 90 88 89 87 88 87 87 86 86 85 84 85 86 85 84 83 
DQ915961/USA/pigeon/CoCV/UNK 95 95 96 93 90 87 89 87 88 87 87 86 86 85 84 85 85 85 84 84 
MF136692/Rock dove/Aus/2013 94 94 94 93 91 86 89 86 87 86 87 85 87 84 87 84 84 84 85 83 
MF136690/Rock dove/Aus/2013 91 90 90 90 91 87 88 85 88 92 91 85 92 85 84 84 86 86 83 84 
KF738843/POL/fancy_pigeon/CoCV/2011 89 88 88 87 86 87 84 85 85 87 88 93 86 82 83 91 93 91 83 81 
KF738860/POL/carrier_pigeon/CoCV/2011 89 89 89 89 89 88 84 84 88 87 85 85 84 85 83 83 86 86 83 83 
KJ704802/CHN/pigeon/CoCV/2013 88 87 87 87 86 85 85 84 90 84 84 84 84 84 84 84 83 83 84 82 
DQ915957/BEL/pigeon/CoCV/UNK 88 89 88 88 87 88 85 88 90  88 85 85 86 87 86 85 87 87 85 85 
DQ915950/Italy/pigeon/CoCV/UNK 88 87 87 87 86 92 87 87 84 88 89 86 89 85 83 85 87 87 83 84 
MF136685/Rock dove/Aus/2013 88 88 87 87 87 91 88 85 84 85 89 86 90 82 83 85 86 85 83 81 
DQ090944/FRA/pigeon/CoCV/UNK 87 87 86 86 85 85 93 85 84 85 86 86 86 83 84 91 93 92 83 82 
MF136681/Rock dove/Aus/2013 87 87 86 86 87 92 86 84 84 86 89 90 86 84 88 84 84 84 87 82 
EU840176/USA/rock_dove/CoCV/2003 85 85 85 85 84 85 82 85 84 87 85 82 83 84 90 82 85 85 90 88 
MF136689/Rock dove/Aus/2013 85 84 84 84 87 84 83 83 84 86 83 83 84 88 90 82 83 83 98 86 
KX108827/CHN/pigeon/PiCV/2014 85 85 85 85 84 84 91 83 84 85 85 85 91 84 82 82 91 90 82 81 
KF738858/POL/rock_dove/CoCV/2002 85 85 86 85 84 86 93 86 83 87 87 86 93 84 85 83 91 94 83 84 
KF738849/POL/racing_pigeon/CoCV/2012 85 85 85 85 84 86 91 86 83 87 87 85 92 84 85 83 90 94 82 84 
DQ915959/AUS/senegal_dove/CoCV/UNK 84 84 84 84 85 83 83 83 84 85 83 83 83 87 90 98 82 83 82 85 
LC035390/JPN/Columba_livia/PiCV/2012 83 83 83 84 83 84 81 83 82 85 84 81 82 82 88 86 81 84 84 85 
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Table 9.1: PiCV partial Rep sequences obtained from the present study. Complete genome 
of PiCV found in this study is marked in bold. 

GenBank 
accession no. 

Year Isolate Location Species 

OM470912 2021 CS21-0422 NSW Racing Pigeon Columba livia 

OM470913 2021 CS21-0422 NSW Racing Pigeon Columba livia 

ON063538 2013 VDL-1 PNG Pied imperial pigeon Ducula bicolor 

ON063539 2013 VDL-2 PNG Pied imperial pigeon Ducula bicolor 

ON063540 2013 VDL-3 PNG Pied imperial pigeon Ducula bicolor 

ON063541 2013 VDL-4 PNG Bar-shouldered dove Geopelia humeralis 

ON063542 2013 VDL-5 PNG Scheepmaker's crowned 
pigeon 

Goura scheepmakeri 

MZ447864 2019 CS19-1715 WA Senegal dove Streptopelia senegalensis 

ON086796 2020 VDL CS20-
0321 

NSW Spotted dove Streptopelia chinensis 

ON086797 2020 VDL CS20-
1270 

NSW Rock pigeon Columba livia 

ON063537 2020 VDL CS20-
1270 

NSW Rock pigeon Columba livia 

MZ430510 2020 CS20-4427 WA Plumed whistling duck Dendrocygna eytoni 

MZ430512 2020 CS20-4427 WA Plumed whistling duck Dendrocygna eytoni 

MZ430509 2020 CS20-3773 WA Blue billed duck Oxyura australis 

MZ430511 2021 CS21-0553 QLD Australian magpie Gymnorhina tibicen 
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Figure 9.1: Avian host tree pruned from the BirdTree service (https://birdtree.org) to generate the host 
phylogeny. Consensus tree was obtained using consensus Tree Builder using Geneious Prime software 
(V.2022.1.1) with 98% Threshold support and 5% burn-in trees from a set of 5000 trees. The tree was rooted 
at midpoint and the branches were proportionally transformed. Consensus support for each branch was 
displayed as percent value (%) over the branch. 
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Figure 9.2: Avian host tree pruned from the BirdTree service (https://birdtree.org) to generate the host 
phylogeny. Consensus tree was obtained using consensus Tree Builder using Geneious Prime software 
(V.2022.1.1) with 98% Threshold support and 5% burn-in trees from a set of 5000 trees. The tree was rooted 
at midpoint and the branches were proportionally transformed. Consensus support for each branch was 
displayed as percent value (%) over the branch. The node belongs to Psittaciformes hosts has been collapsed 
in this tree. 
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Table 9.2: Viral copy numbers of PiCV and CoHV in tissue (n=4) ** and swab samples 
(n=46) 

Bird Sample Clinical status PiCV copy number/µL CoHV copy number/µL 

1 Liver Dead  1.05 × 108 1.72 × 102 

1 Oropharynx Dead  2.62 × 107 4.52 × 104 

1 Bursa Dead 2.54 × 108 3.38 × 102 

2 Liver Dead  2.38 × 1011 7.03 × 103 

2 Oropharynx Dead  2.84 × 109 2.68 × 106 

2 Bursa Dead 2.37 × 108 3.18 × 103 

3 liver Dead  1.82 × 109 2.66 × 106 

3 bursa Dead  5.05 × 107 4.28 × 104 

3 Oropharynx Dead  1.33 × 108 2.46 × 106 

4 Bursa Dead  2.10 × 109 3.64 × 102 

4 Liver Dead  1.37 × 1010 4.48 × 102 

4 Oropharynx Dead  5.29 × 108 1.89 × 104 

5 Oro-cloacal swab Healthy  5.90 × 101 Not detected 

6 Oro-cloacal swab Healthy  7.31 × 103 Not detected 

7 Oro-cloacal swab Healthy  4.48 × 102 2.40 × 101 

8 Oro-cloacal swab Healthy  2.98 × 103 Not detected 

9 Oro-cloacal swab Healthy  1.06 × 103 Not detected 

10 Oro-cloacal swab Healthy  9.40 × 101 Not detected 

11 Oro-cloacal swab Healthy  8.61 × 103 Not detected 

12 Oro-cloacal swab Healthy  2.97 × 102 Not detected 

13 Oro-cloacal swab Healthy  4.31 × 102 Not detected 

14 Oro-cloacal swab Healthy  2.06 × 103 Not detected 

15 Oro-cloacal swab Healthy  1.80 × 102 4.50 × 101 

16 Oro-cloacal swab Healthy  2.88 × 103 1.51 × 102 

17 Oro-cloacal swab Healthy  2.75 × 102 Not detected 

18 Oro-cloacal swab Healthy  3.34 × 102 Not detected 

19 Oro-cloacal swab Healthy  5.19 × 102 Not detected 

20 Oro-cloacal swab Healthy  2.08 × 103 Not detected 

21 Oro-cloacal swab Healthy  1.66 × 102 2.30 × 101 

22 Oro-cloacal swab Healthy  4.89 × 102 3.00 × 101 

23 Oro-cloacal swab Healthy  3.85 × 102 Not detected 

24 Oro-cloacal swab Healthy  1.43 × 103 Not detected 

25 Oro-cloacal swab Healthy  2.10 × 102 Not detected 

26 Oro-cloacal swab Healthy  2.89 × 102 Not detected 
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Bird Sample Clinical status PiCV copy number/µL CoHV copy number/µL 

27 Oro-cloacal swab Affected  1.02 × 107 3.30 × 101 

28 Oro-cloacal swab Healthy  7.05 × 103 5.20 × 101 

29 Oro-cloacal swab Affected  2.80 × 108 Not detected 

30 Oro-cloacal swab Healthy recovered  Not detected Not detected 

31 Oro-cloacal swab Affected  8.98 × 108 1.86 × 105 

32 Oro-cloacal swab Affected  1.74 × 105 4.57 × 103 

33 Oro-cloacal swab Affected  8.69 × 107 1.40 × 101 

34 Oro-cloacal swab Healthy recovered 6.60 × 101 6.15 × 102 

35 Oro-cloacal swab Healthy  8.26 × 104 8.17 × 102 

36 Oro-cloacal swab Affected  3.43 × 107 2.731 × 103 

37 Oro-cloacal swab Healthy  1.97 × 102 8.00 × 101 

38 Oro-cloacal swab Affected  2.77 × 106 8.00 × 101 

39 Oro-cloacal swab Healthy  7.34 × 102 6.68 × 102 

40 Oro-cloacal swab Healthy adult*  6.96 × 103 Not detected 

41 Oro-cloacal swab Healthy adult*  1.09 × 104 Not detected 

42 Oro-cloacal swab Healthy adult*  1.04 × 103 Not detected 

43 Oro-cloacal swab Healthy adult*  Not detected Not detected 

44 Oro-cloacal swab Healthy adult*  7.09 × 106 7.00 × 101 

45 Oro-cloacal swab Healthy  8.36 × 104 8.27 × 102 

46 Oro-cloacal swab Healthy  7.44 × 102 6.78 × 102 

47 Oro-cloacal swab Healthy squab 3.00 × 101 Not detected 

48 Oro-cloacal swab Healthy squab 1.00 × 101 Not detected 

49 Oro-cloacal swab Healthy squab 1.80 × 101 1.10 × 101 

50 Oro-cloacal swab Healthy squab  3.40 × 101 1.70 × 101 

*Suspect case zero, **n=4 indicate number of dead birds 
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Supplementary link 1: 

https://slice.edu.au/s/73c9031b   

Title: Cloaca including bursa of Fabricius and adjacent skin demonstrating circovirus 

inclusions in the bursa and skin as well as subcorneal pustules with eosinophilic 

intranuclear herpesvirus-like inclusions present within keratinocytes. 

 

Supplementary link 2: 

https://slice.edu.au/s/6511e3a9  

Title: Section through brain and middle ear demonstrating bilateral tympanitis and diffuse 

granulomatous meningitis. 

 

 


