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Abstract

Beak and feather disease virus (BFDV) is well known for 
its wide host range, high genetic diversity and the capaci-
ty of flexible host switching or cross species transmission. 
Until now, phylogenetic analysis of BFDV genomes sug-
gested host generalism and very shallow host based di-
vergence with its origins in Australia. Budgerigars (Melop-
sittacus undulatus) host the most basal BFDV genotypes 
suggesting that the global spread of this infection may 
have occurred in the mid-19th century associated with 
the international trade budgerigars as pet birds. A broad-
er hypothesis would be that the parrot subfamily Lori-
inae, to which the budgerigar, lorikeets and fig parrots 
belong, could be the Gondwanan antediluvian source of 
BFDV. Accordingly we analysed BFDV circulating in Aus-
tralian budgerigars and lorikeets in order to investigate 
their potential role as distributors of BFDV across Austral-
asia as well as to ascertain the likely threats they pose to 
vulnerable and endangered psittacine bird species. Phy-
logenetic and population genetic analyses of full length 
BFDV sequence data from wild lorikeets (n=34) and cap-
tive budgerigars (n=5) were compared with all available 
published full length BFDV genomes. Strong support for 
host tribe specific clustering was detected among lorikeet 
genotypes while budgerigar genotypes were basal and 
found in a wide variety of genetic clades with a diverse 
host-species mosaic. Within Australia, the BFDV genome 
in wild lorikeets occurred within a distinct subpopulation 
structure, genetically segregated from those infecting 
other psittacine hosts with no evidence of detectable 
gene flow and inter-population host switch events. The 
phylogenetic evidence indicates that Australian lorikeets 
maintain a deeply host adapted BFDV lineage introduced 
relatively recently from a foreign origin. The existence 

of genetically interlinked host based minor subpopula-
tions demonstrates that BFDV genotypes evolved inde-
pendently within each host with frequent episodes of 
cross species transmissions in the past.

Introduction

Beak and feather disease virus (BFDV), one of the small-
est and simplest viruses belonging to the genus Circovirus 
in the family Circoviridae, is the causative agent of Psitta-
cine Beak and Feather Disease (PBFD). It has been recog-
nized as a key threat for the endangered psittacine birds 
in Australia and has spread globally, now affecting a wide 
range of psittacine species both in wild and captive popu-
lations (Bassami et al., 2001; Raidal et al., 1993a; Ritchie 
et al., 1990). All endemic parrots, lorikeets and cockatoos 
are considered susceptible to this infection and evidence 
shows that it has been circulating naturally in wild Austra-
lian birds for more than 120 years (Ashby, 1907; McOrist 
et al., 1984; Powell, 1903). The evolutionary signature of 
BFDV identifies Australia as the most recent common an-
cestor of the extant BFDV lineages which co-evolved with 
the psittacine host in post-Gondwanan period (Raidal 
et al., 2015; Varsani et al., 2010). The dispersal of wild-
caught Australian parrot species such as the budgerigar 
(Melopsittacus undulatus) since the early 1840’s has most 
likely resulted in the global spread of PBFD as it now af-
fects a wide range of psittacine species both in wild and 
captive populations worldwide (Bassami et al., 2001; Ha 
et al., 2007; Raidal et al., 1993a).  A recent study based on 
Rep gene segment of BFDV from all over the world identi-
fied budgerigar genotypes as the basal clade of the phylo-
genetic tree which may represent that they are the most 
robust or deeply host-adapted host of BFDV. The budger-
igar belongs to the Loriinae subfamily which also includes 
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the lorikeets, lories and fig parrots. Whilst the number of 
whole BFDV genomes from Australian lorikeets has been 
small they have been demonstrated in a wide variety of 
genetic clades as they were very distinct and genotypi-
cally divergent (Bassami et al., 2001) and suspected as 
the “true Australasian variant” (Heath et al., 2004). A 
BFDV genome from a wild caught Moluccan red lory from 
Indonesia (Sarker et al., 2013) and BFDV genomes from 
Deplanche’s rainbow lorikeets in New Caledonia were 
closely related genetically despite wide geographical dis-
tances (Julian et al., 2012). Thus, psittacine hosts in the 
subfamily Loriinae may act as a super distributor of BFDV 
across Australasia and pose significant threats to endan-
gered psittacine species. 

Genome-wide patterns of sequence variation within and 
between closely related viral genomes can be used to 
efficiently infer the fine-scale genetic structures of virus 
populations (Prasanna et al., 2010). Determining genetic 
population structures which considers admixture or gene 
flows between different strata provides valuable insight 
in a variety of situations such as the establishment of 
sensible species/subspecies/strain classification crite-
ria, the detection of geographical or biological barriers 
to gene flow, and the identification of demographic, ep-
idemiological or evolutionary processes responsible for 
virus differentiation (Pritchard et al., 2000; Rosenberg 
et al., 2002). More importantly, a detailed knowledge of 
virus population stratification can provide important in-
sights into how virus genetic diversity generated through 
mutation and recombination is shaped into discernible 
taxonomic groupings; a process that involves natural se-
lection and genetic drift in the context of epidemiologi-
cal fluctuations in virus population sizes and the spatial 
movement of viruses across land-masses (Barton and 
Clark, 1990; Slatkin, 1994). The deeper understanding 
of virus epidemiology and evolutionary history that can 
potentially be provided by studies of virus population 
structure is also directly applicable to the formulation of 
strategies for controlling the dissemination of viral dis-
eases (Garcia-Arenal et al., 2001).

In the present study, we inferred the genetic population 
structure of BFDV alongside Bayesian phylogenetic re-
construction to understand the evolutionary process in 
with greater resolution.  We sequenced and analysed 
new full length BFDV genome from Australian budgeri-
gars and lorikeets to identify corresponding viral lineages 
and to ascertain the possible threats they might impose 
to endangered species. Our aim was to test the hypoth-
esis whether Loriinae is the super distributor for BDFV in 
Australasia or not.  

Materials and Methods

Sampling and sequencing of full length BFDV genome

Genomic DNA samples were obtained from PBFD in-

fected budgerigar and lorikeets from different regions 
of Australia (NSW, QLD, WA) through samples collected 
and or submitted to the Wildlife Health and Conservation 
Clinic (WHCC), The University of Sydney or the Veterinary 
Diagnostic Laboratory (VDL) of Charles Sturt University. A 
total of 39 full length BFDV genomes (5 budgerigar and 
34 lorikeets) were amplified, cloned and sequenced fol-
lowing standard protocol (Sarker et al., 2014b; Ypelaar et 
al., 1999). In addition to this, publicly available full length 
BFDV genome (n=303) sequences from NIH GenBank 
were also compiled together for conducting sequence 
based bioinformatics analysis. The individual sequences 
were then annotated according to the accession number, 
geographic origin, host species, taxonomic tribe name 
and sampling year. 

Phylogenetic Analysis

Full length BFDV sequence data were aligned with MAFFT 
(Katoh et al., 2002) and jModelTest 2.1.3 favored a gen-
eral-time-reversible model with gamma distribution rate 
variation and a proportion of invariable sites (GTR+I+G4) 
for the BFDV phylogeny (Darriba et al., 2012). Maxi-
mum-likelihood (ML) phylogenetic tree from all avail-
able full length (n=342) sequences were estimated using 
the program PhyML v3.1 (Guindon and Gascuel, 2003). 
Branch support was evaluated by bootstrap analysis 
based on 1000 pseudo replicates. To reduce the compu-
tational burden for further analysis and easiness of re-
sult viewing a sub set (n=155) of sequences was selected 
representing all genotypic clades, geographical regions, 
host species and subsequently aligned in Geneious us-
ing same protocol described above. The Bayesian phy-
logenetic trees were inferred from the sequence subset 
using Beast v1.8.1 (Drummond et al., 2012). In Beast, 
two independent Monte Carlo-Markov chains (MCMC) 
were implemented for 500 million generation each with 
trees sampled every 50000 generations. Bayesian skyline 
coalescent demographic prior was chosen because it al-
lows temporal changes in population size (Drummond 
et al., 2005). Each analysis was checked to ensure that 
a reasonable effective sample size (ESS>200) had been 
reached for all parameters. Tracer version v1.5 was used 
to derive parameters and Tree Annotator v1.8.1 was used 
to obtain the tree with the highest clade credibility and 
posterior probabilities for each node (Drummond et al., 
2012), as well as FigTree v1.4 was used to generate the 
consensus tree (Andrew, 2009). 

Genetic population structure analysis

The BDFV population structure was investigated using 
the program STRUCTURE v 2.3.4. The full length se-
quences were converted to STRUCTURE compatible files 
using the program XMFA2Struct software (http://www.
xavierdidelot.xtreemhost.com/index.htm). To estimate 
the number of population structure (the K parameter), 
the BFDVs dataset was analyzed allowing the value of 
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K to vary from 1 to 12 with an initial burn-in of 10,000 
iterations followed by 50,000 iterations. Five indepen-
dent runs were carried out for each of K value (equat-
ing to 60 runs in total). As advised in the STRUCTURE 
user’s manual, we set most of the parameters to their 
default values (Pritchard and Wen, 2004) and used ad-
mixture model with the option of correlated allele fre-
quencies between populations (Falush et al., 2003; Mar-
tin et al., 2005). Structure harvester was used to detect 
the optimum number of population structure (Earl and 
vonHoldt, 2012) by inferring the appropriate DK (highest 
change of likelihood function). After obtaining the opti-
mum K value at least 30 independent run in STRUCTURE 
was performed to obtain the final result. Genetic strati-
fication was visualized using CLUMPAK (Kopelman et al., 
2015) using suitable distract setting and default color pa-
rameters. For validating the inferred genetic subpopula-
tion structure and to determine the gene flow between 
subpopulations Dna SP v5(Librado and Rozas, 2009) and 
Arlequin 3.1(Excoffier et al., 2005) was used.  

Recombination analyses

Evidence of recombination in global BFDV population 
was screened using the RDP(Martin and Rybicki, 2000), 
GENECONV (Padidam et al., 1999), Bootscan (Martin 
et al., 2005), MaxChi (Smith, 1992) , Chimaera (Posada 
and Crandall, 2001), Siscan (Gibbs et al., 2000) and 3Seq 
(Boni et al., 2007) methods contained in the RDP4 pro-
gram (Martin et al., 2010). The non-tree like evolution-
ary relationship among Australian BFDV genomes in the 
presence of extensive recombination was assessed by 
neighbor net algorithm implemented in SplitsTree4 (Hu-
son and Bryant, 2006).

Spatial biogeographic reconstruction

Evidence of virus movements between sampling loca-
tions was identified under a Bayesian stochastic search 
variable selection (BSSVS) process (Lemey et al., 2009). 
The Bayes factors were calculated with the computer 
software SPREAD (Bielejec et al., 2011) applying a BF 
cut-off of 3.0 (where a BF > 100 was considered as rep-
resenting decisive support for one or more virus move-
ments between the sampling locations in question, a 
BF>3.0 was taken to represent reasonable support for 
such movements and a BF <3.0 was considered to be a 
poor support for any direct movements between the lo-
cations).

Analysis of Selection Pressure 

To discover evidence of positive selection sites in the 
protein coding genes of BFDV from lorikeets (where ω, 
the selection parameter which corresponds to the ratio 
of the non-synonymous and synonymous substitution 
rates, is greater than 1), a number of methods were 
used. A Fast Unconstrained Bayesian Approximation 

(FUBAR) was used, which allows sites experiencing posi-
tive and purifying selection (Murrell et al., 2013), where 
the number of grid points was 400. The data were fur-
ther analyzed in the programs FEL and SLAC (Kosakovsky 
Pond and Frost, 2005). In addition, mixed effects model 
of evolution (MEME) was used to screen for episodic pos-
itive selection (Murrell et al., 2012). Finally to determine 
whether in any given time in any branch diversifying se-
lection influenced the evolution of BFDV in Australian 
lorikeets, branch-site model (BSR) (Kosakovsky Pond et 
al., 2011) implemented to detecting episodic diversifying 
selection. All these analysis was performed on the Data-
monkey web server (http://www.datamonkey.org/) to 
detect positive selection (initially data were screened for 
recombination).

Results

Genome Sequences

A total of 39 new full length BFDV genome sequences 
from Budgerigars (n=5) and different species of Lorikeets 
(n=35) from various geographical locations of Australia 
were obtained in this study and deposited in GenBank 
(Accession numbers: KM887916–KM887951; KM978921-
23). In addition to this, publicly available full length BFDV 
genome (n=303) sequences from NIH GenBank were also 
compiled together for conducting sequence based mo-
lecular analysis. The individual sequences then annotat-
ed according to the accession number, geographic origin, 
host species, taxonomic tribe name and sampling year. 

Phylogeny and population structure of BFDV in global 
context

The Bayesian phylogenetic tree of newly isolated 39 full 
length BFDV genome sequences from budgerigar and 
lorikeets along with another 116 selected BFDV genome 
sequences exhibited strong tribe specific clustering for all 
species under tribe Loriini forming a monophyletic clade 
(Fig.1). However, this clade was subdivided into distinct 
sub-clades monophyletic by sampling location (Austra-
lia and New Caledonia). A single isolate from Moluccan 
red lory (KF673337) obtained from Indonesia formed a 
separate branch positioned between Australian and New 
Caledonian Loriini sub-clades sharing 100% posterior 
probability supports with both. Overall, all BFDV genome 
in the Loriini clade were related with BFDV genome from 
Thailand (GenBank accession no. GU015018, GU015021) 
sharing >72% clade identity. On the other hand, re-
gardless of geographical origin BFDV genomes infecting 
budgerigars (tribe Melopsittacini) from different part of 
the world (Japan, China, Poland, South Africa and Aus-
tralia) distributed at the basal clade of the phylogenic 
tree (Fig.1). Interestingly, BFDV genome from a crimson 
rosella (JX221043, tribe-Platycercini), a pacific parrot-
let (JX221024, tribe-Arinae) and a rose-ringed parakeet 
(JX221010, tribe-Psittaculini) from Poland also integrated 
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within this clade which demonstrates a host generalist 
pattern of infectivity. Instances of spill over infection or 
cross species transmission was also observed in bud-
gerigars as BFDV isolates from Poland (GenBank ac. no. 
JX221005, JX221012 and JX221014) found with distant 
lineages.  

Analysis of gross population structure implemented by 
STRUCTURE software supported presence of nine genet-
ic subpopulations in global BFDV population. The admix-
ture model used in our STRUCTURE analysis automatical-
ly assigned individual BFDV whole genome sequences to 
particular subpopulations based on their relative mem-
bership scores with respect to each of these subpopula-
tions. These relative membership scores got encoded as 
colored bars in the subpopulation structure maps gener-
ated by CLUMPAK and thus represent the membership 
probability of individual genome to particular subpop-
ulation/s (Fig.1). These color coded bar plots when ar-
ranged alongside Bayesian MCC tree allowed us to simul-
taneously locate the topographic position of individual 
BFDV genome as well as to visualize their corresponding 
subpopulation membership, pattern of genetic admix-
ture and gene flow between the subpopulations.

BFDV isolates from Australian lorikeets were all flagged 
with dark green colored plots which represent their ge-
netic similarity. On the contrary, New Caledonian coco-
nut lorikeets were designated with predominant orange 
color; completely separating them from that of Austra-
lian lorikeets. This color variation reveals that the BFDV 
genotypes circulating in Australian and New Caledonian 
lorikeets belong to two separate genetic subpopulations. 
However, the Moluccan red lory (GenBank ac. KF673337) 
isolate from Indonesia shared predominant color propor-
tion from both New Caledonian and Australian lorikeets. 
BFDV isolates from Australian budgerigars (KM887947-
51) at the basal clade of the phylogenetic tree were illus-
trated with sky blue color representing a subpopulation 
sharing spatially distant isolates from Australia, Japan, 
China and Poland (Fig 1). Interestingly, isolates from di-
verse hosts like crimson rosella (JX221043), pacific par-
rotlet (JX221024) and rose-ringed parakeet (JX221010) 
also demonstrated membership with the same subpop-
ulation. This shows the global distribution of this partic-
ular genotype and host generalist pattern of infectivity. 
However, frequent admixture of genetic material with 
other subpopulations was also observed as one captive 
budgerigar from South Africa (GQ165757) and two from 
Japan (AB277747 and AB277750) showed considerable 
admixture of different colors indicating that a substantial 
number of polymorphisms of these genomes are charac-
teristics of other genotypes. 

Genetic segregation in Australian BFDV population

When only Australian (n=117) BFDV isolates were as-
sessed for genetic population structure, the STRUCTURE 

software assumed existence of two major and seven 
minor subpopulations (structure harvester demonstrat-
ed highest change of likelihood function (DK) at k=2 fol-
lowed by K=7). At K=2 the major subpopulation MSP-L 
comprised all isolates from lorikeets whereas subpopula-
tion MSP-R represented rest of the sequences. This result 
essentially demonstrates that BDFV genotypes infecting 
Australian lorikeets are genetically segregated from other 
genotypes circulating in this region. However, many indi-
vidual sequences within MSP-R subpopulation exhibited 
variable degree of admixture. Besides, the structure har-
vester showed another clear peak at k=7 demonstrating 
the potential of having minor subpopulations. Therefore, 
a second layer of population stratification with K=7 was 
performed and BFDV bar plots were arranged according 
to their host taxonomic tribes. Nonetheless, the segrega-
tion of lorikeet isolates remained constant as MSP-L while 
MSP-R divided into minor subpopulations (Melopsittaci-
ni, Platycercini, Cacatuini_1, Cacatuini_2, Cacatuini_3, 
Calyptorhynchinae and Pezoporini). Tribe Nymphicinae, 
Agapornithinae and Polytelini had less than four isolates 
and therefore compiled under ‘others’ and kept out from 
further analysis. The existence of these genetically dis-
tinct subpopulations within Australian BFDV population 
was validated using AMOVA which supported high over-
all Fst (Pairwise measures of population differentiation) 
statistics (Fst of 0.73; p=<0.001). The major subpopula-
tion comprising lorikeet isolates (MSP-L) showed 41.15% 
diversity with rest of the Australian isolates infecting 
other hosts (MSP-R) and also with host dependent minor 
subpopulations of MSP-R (54.63% of the diversity). This 
fixed genetic differences between major and moor sub-
populations collectively attributed for the overall high Fst 
value.

Pattern of gene flow among Australian BFDV subpopu-
lations

From the STRUCTURE plots (Fig.2) it was evident that 
within Australia the BFDV genotypes circulating in 
lorikeets (MSP-L) do not contain or share nucleotide 
polymorphisms that are apparently characteristics of 
those infecting other host species (MSP-R). Additional-
ly, when Fst statistics were calculated to determine the 
pattern of gene flow between different subpopulations, 
it demonstrated high (0.57 to 0.79) Fst statistics between 
Loriini and other subpopulations. This confirms that the 
BFDV lineage currently circulating in lorikeets is neither 
recipient nor donor for genetic material to and from 
other contemporary lineages of Australia. In contrast, 
the distribution of BFDV genomes in minor subpopula-
tions under MSP-R was found to be homogenous with 
low degrees of gene flow and genetic admixture among 
them (Fig.2). For example, the BFDV genome infecting 
budgerigars formed independent subpopulation (demar-
cated as bright red bar plots) under tribe Melopsittacini 
but contributed genetic material to members of other 
minor subpopulations like Platycercini, Cacatuini_1, Ca-
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lyptorhynchinae and Pezoporini. This suggests that the 
BFDV lineage circulating in budgerigars have potentially 
contributed substantial amounts of genetic material to 
other lineages with which they were co circulating and 
integrated genetic polymorphisms through recombina-
tion. However, tribe Calyptorhynchinae demonstrated 
that they got infection from BFDV genotypes infect-
ing both Cacatuini_2 and Platycercini subpopulations. 
Similar events happened in ‘Pezoporini’ as at least two 
isolates; KF188691 and KF688551 possessed polymor-
phisms from distant subpopulations like Cacatuini_2 and 
Platycercini respectively. This intermixing of genetic ma-
terial between different host groups demonstrates fre-
quent cross transmission and generalized likelihood of 
infectivity under subpopulation MSP-R. The Fst statistics 
also reflected this phenomenon as Fst values dropped 
between highly admixed minor subpopulations (Fst=0.13 
between Calyptorhynchinae and Cacatuini_1; 0.261 be-
tween Calyptorhynchinae and Platycercini) where cross 
transmissions were detected by STRUCTURE. Surpris-
ingly, despite evidence of certain degree of genetic ad-
mixture, Fst values between many subpopulations were 
quite high which suggests that BFDV lineages evolved in-
dependently in those hosts.   

Contribution in BFDV recombination patterns

Several detection methods implemented by RDP 4 soft-
ware identified remarkably extensive number of re-
combinant genomes resulting from a large number of 
recombination events in the global BFDV population. 
Twenty one (A-U) recombinant events were statistically 
significant with at least three detection methods which 
influenced a total of 238 BDFV genome sequences world-
wide. Most of the BFDV genomes infecting Australian 
lorikeets shared a single recombinant event with an ~880 
bp recombinant fragment from an unknown donor ge-
nome (minor parents) overlapping intergenic and Rep 
gene regions where Australian budgerigars (tribe Mel-
opsittacini) comprised the non-recombinant part (major 
parent). Except this, no other inter-lineage or extra pop-
ulation recombination events were detected in Austra-
lian lorikeet isolates. However, frequent intra-population 
recombination (n=11 affecting 29 isolates) was observed 
among different isolates. This result suggests a founder 
effect like spatial expansion of this particular lineage af-
ter a single introduction from an unknown source which 
is buffered by frequent within population recombination. 
Australian budgerigars (tribe Melopsittacini) on the oth-
er hand, exhibited an ancestral relationship with other 
budgerigar sequences all over the world and participated 
in several recombination events with Cacatuini and Platy-
cercini tribes. This represents the frequent exposure of 
this host species with distant BFDV lineage from variety 
of psittacine birds. 

Neighbor-Net analysis was also done to infer the evo-
lutionary relationship among Australian BDFV genomes 

and to detect evidence of recombination. The BFDV ge-
nome sequences became distinctly separated into two 
networks; one comprising all isolates infecting lorikeets 
and another incorporates all other sequences (Fig. 2). 
This split of genome sequences eventually reflects the 
population subdivision inferred by STRUCTURE analysis 
and supports the existence of MSP-L and MSP-R. Howev-
er, clear evidence of non-tree like evolution was revealed 
in both network indicated by reticular circles. This result 
demonstrates that the BDFV lineage circulating in Austra-
lian lorikeets evolving independently without inter-lin-
eage/inter-population recombination. 

Spatial diffusion dynamics of BFDV in lorikeets

Full genome sequence data supported two unidirec-
tional spatial movement pathways of BFDV infection in 
lorikeets (Fig. 3). One pathway supports introduction of 
infection into New Caledonian coconut lorikeets from 
Thailand sometime near 2006 while another pathway 
demonstrated unidirectional diffusion of BFDV into In-
donesia from Australia near 2004. However, the source 
of BFDV infection in Australian lorikeets remain obscure 
in absence of statistically (base factor) supported link-
age by the full length genome. However, the Rep gene 
demonstrated sufficient statistical linkage between Aus-
tralia and Thailand genotypes suggesting that sometime 
around 1972 the BFDV genome circulating in Australian 
lorikeets obtained its partial/entire Rep gene segment 
from an unknown host near Thailand. 

Selection Pressure analysis

All four codon based analysis (SLAC, FEL, FUBAR and 
MEME) failed to demonstrate any consistent evidence of 
possible selection operating on any of the protein coding 
genes (Rep and Cap) of the BFDV genomes circulating in 
Australian lorikeets. However, higher proportion of sites 
was detectably evolved under negative selection than 
under positive selection (data not shown). For example, 
SLAC (the most conservative of fours tests applied) iden-
tified at least 2 sites evolving under negative selection 
pressure in Rep gene compared to 0 sites under positive 
selection. Similarly, in Cap gene no sites found selected 
positively/negatively by SLAC but few negatively select-
ed sites were identified by FEL method. Nevertheless, 
episodic diversifying selection was evident by MEME in 
both genes. Branch site REL (BSR) analysis was conduct-
ed to identify episodic diversifying selection which also 
demonstrated overwhelming domination of purifying 
selection in almost every site in every branch of phylo-
genetic tree constructed from both Rep and Cap coding 
genes. This indicates that the observable polymorphisms 
in this population are transient and unique to individual 
sequences and that the population expansion has oc-
curred relatively recently.
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Discussion

A focus of this research was to investigate the evolu-
tionary pathways of BFDV in Australian budgerigars and 
lorikeets and to identify whether they impose potential 
threats to endangered host species. Strong intra-host 
divergences for tribe Loriini as Lories and lorikeets from 
different geographical location (Australia, New Caledonia 
and Indonesia) clustered together in a large monophy-
letic clade sharing common ancestry. However, BFDV ge-
nomes circulating in both Australian and New Caledonian 
lorikeets demonstrated a distinct population structure 
representing spatial divergence and founder-effect-like 
evolution acting on these host populations. Current un-
derstanding of circovirus evolution indicates that BFDV 
has its origins in its current hosts (psittacine birds) and 
has co-evolved with them since a post-Gondwanan peri-
od (Raidal et al., 2015). Phylogenetic evidence of diverse 
BFDV lineages circulating among Australian psittacine 
species in absence of deeper and definitely non-Austra-
lian-origin clades supports the post-Gondwanan origin of 
BFDV in Australia where the virus now exists as a patho-
genic host-generalist capable of flexible host-switching 
amongst the psittacid avifauna (Sarker et al., 2014a). In 
this context, the host specific structure of BFDV among 
two geographically distant lorikeet populations (~3200 
km) clearly demonstrate allopatric divergence following 
single introduction event from a single ancestral lineage.

Sequence based genetic structure analysis of Australian 
BFDV genomes demonstrated clear genetic segregation 
between BFDV in lorikeets and other host species where 
lorikeet isolates formed a distinct subpopulation (Fig.2) 
that does not share any polymorphism with genotypes 
circulating in other Australian psittacine hosts. In other 
words they represent a completely separate ancestry 
than all other BFDV genomes. This scenario should be 
reviewed with the evolutionary history of Psittaciformes 
birds in this region. Lories and lorikeets have evolved as 
specialized nectarivorous birds and are therefore phys-
ically distinguishable from their parrot counterparts 
(Sindel, 1987). While primary lineages of parrots and 
cockatoos most likely evolved in the supercontinent 
Gondwanaland during the Cretaceous (Cracraft, 1973; 
Rich, 1975; Smith, 1975) extant lorikeet genera, in con-
trast, are less differentiated and probably radiated more 
recently, springing from the Australo-Papuan platycer-
cine parrots (Holyoak, 1973). Out of twelve different gen-
era distributed throughout the southwest pacific region, 
Indonesia, New Guinea and Australia, three (Trichoglos-
sus, Psitteuteles and Glossopsitta) represent Australian 
lorikeets. They have identical allelic constitutions (Chris-
tidis et al., 1991) and therefore can be considered as de-
rivatives of a single lineage which entered Australia only 
recently from New Guinea. The speciation most likely 
happened after Miocene-Oligocene times (20-30 million 
years ago) when the New Guinean mainland was cut off 
from the Australian continental plate by the flooding of 

the Aure trough (Doutch, 1972; Pieters, 1982). Probably, 
during this period the ancestral BFDV lineage in lorikeets 
was separated from the main Australian lineage and be-
came vicariant. Therefore, the distant BFDV subpopula-
tion (MSP-L) in lorikeets might represent the reentrance 
of the primordial lineage that has been segregated from 
the mainland species for a very long time period.  

As represented in Fig. 1 the overall BFDV genetic clus-
ter infecting tribe Loriini from Australasia showed phy-
logenetic relationship with captive neotropical parrots 
(Red-shouldered macaw and Red-and-green macaw; 
GenBank accession. GU015018 and GU015021 respec-
tively) collected from Thailand. It is conventionally ac-
cepted that the common ancestor of the parrot subfam-
ily Arinae and Psittacinae lived in Antarctica and they 
became separated from the Australasian lineages when 
Antarctica began to split from Australia (Schweizer et 
al., 2010; Tavares et al., 2006). After that they colonized 
the neotropics and Africa giving rise to the Arinae and 
Psittacinae in the late Eocene or early Oligocene around 
35 million years ago (Schweizer et al., 2011) before spe-
ciation of lorikeets. Therefore, it is possible that these 
hosts (Tribe Arini in our case), because of their separate 
habitat, retained some alleles of the primitive BFDV and 
did not undergo extensive evolutionary changes as ap-
pears to have happened across the Australian continent 
in parrots and cockatoos. The STRUCTURE plots (Fig.1) of 
these two genomes (GU015018 and GU015021) demon-
strated that they share some polymorphic sites (coloured 
brown) with Australian lorikeet population, New Caledo-
nian Deplanche’s Lorikeet population (coloured yellow) 
and both colour in Indonesian Red lory (KF673337). 

Other than a distant lorikeet subpopulation, the popu-
lation structure analysis also revealed the existence of 
host dependent minor subpopulations within the Aus-
tralian BFDV population (Fig.2). However, BFDV genomes 
within these minor subpopulations shared common 
polymorphic sites (as depicted by STRUCTURE plots) 
and frequent genetic admixture. This represents differ-
ent co-circulating BFDV lineages which are continuous-
ly evolving through recombination. Not surprisingly, the 
budgerigar subpopulation shared genetic material into 
different BFDV lineage which suggests the pivotal role of 
budgerigar as a host for dispersal of BFDV infection into 
different host population. Cross species transmission and 
spill over events between hosts as a common attribute 
of BFDV infection (Peters et al., 2014) was also reflect-
ed in the BFDV genetic population structure as such in-
stances reduced the Fst values indicating increased gene 
flow between corresponding subpopulations. Despite all 
these genetic admixture and host switch events AMO-
VA analysis supported existence of both major and mi-
nor subpopulations with high probability (<0.000) which 
stands for host based divergence of BFDV in Australian 
psittacine birds. However, this could be true in lorikeet 
population as they do not share any polymorphism and 
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participated in recombination or host switch events with 
any other host population. In fact, BFDV genomes infect-
ing lorikeets created a separate sphere of intra-lineage 
recombination network apart from the larger inter-
twined network where all other host species underwent 
intra-host and inter-host recombination (Fig.3).  

Several studies demonstrated that recombination has 
played an imperative role in evolutionary biology of BFDV 
(Julian et al., 2013; Sarker et al., 2014a) where close vi-
cinity of reservoir host species like in aviaries in captivity 
and nesting hollows in wild intensified the trend of re-
combination. It is the multidirectional diffusion of BFDV 
lineages (Harkins et al., 2014) through pet bird trade and 
frequent inter-lineage recombination which has shaped 
the current face of global BFDV diversity. In this study, a 
880 bp recombinant fragment (spaning from 5’ end in-
tergenic region to partial Rep gene) was found in BDFV 
genomes circulating in Australian lorikeets of which an-
cestry was unknown or unsampled. This could be due to 
lack of sampling from the population sequestering the 
primitive BFDV lineage as discussed before. Sampling in 
the lorikeet populations of south western pacific islands 
particularly from New Guinea and Torres straits is re-
quired to prove this. However, a predominant intra-lin-
eage recombination pattern exists among the BFDV 
genomes infecting Australian lorikeets (Fig.4) which sug-
gests very infrequent (if not zero) introduction of diverse 
BFDV lineages within these host species at least in the 
recent past. This could be achieved by complete isolation 
of hosts or transmission inability by the distant viral lin-
eage. It is important to note here that, all lorikeet isolates 
in this study were wild caught birds sampled over a rea-
sonably long period of time (2000 to 2013) and from dif-
ferent geographical location (Queensland, Victoria, New 
South Wales and Western Australia). 

Lorikeets are highly mobile nomadic parrots that travel 
frequently a long distance in search of food resources 
(nectar and pollen) and abundantly found in suburban 
backyards and agricultural lands. Therefore, it is quite 
likely that they often come in close proximity of captive 
psittacine birds in aviaries and acquire BFDV infection 
from distant lineage. In Australia at least 48 bird species 
compete for breeding facilities in trees hollows for nest-
ing and like many other psittacine birds rainbow lorikeets 
(Trichoglossus haematodus) are well known for occupying 
hollows used by other psittacine species. Like other circo-
viruses the BFDV virion is resilient and capable of remain 
structural viability in the environment of nest hollows for 
long periods (Raidal et al., 1993b). Oral or cloacal trans-
mission and environmental persistence of BFDV, as well 
as the predisposition of young birds to become infected 
(Pass and Perry, 1984), suggests a potentially significant 
role of shared nest hollows in facilitating spillover, allow-
ing abundant parrot species to act as reservoirs for BFDV 
infection. Such a situation has already been documented 
in Mauritius, where BFDV transmission occurs between 

invasive and abundant rose-ringed parakeets (Psittacula 
krameri) and the endemic, endangered Echo Parakeet 
(Psittacula echo) (Kundu et al., 2012). Taking all these 
into account, the absence of distant BFDV genotypes in 
Australian lorikeet population or even lack of gene flow 
between current BFDV lineage and rest of Australian 
BFDV population is quite surprising. 

One explanation to this situation might lie in the physi-
ology of lorikeets as they differ from parrots due to the 
morphological specialization of their alimentary tract to 
efficiently collect and digest nectar and pollen, including 
a modified gizzard musculature and a brush-tip tongue 
allowing them to harvest nectar rapidly (Collar, 1998; 
Richardson and Wooller, 1990). Their diet and anatomy 
may represent a key factor which might account for se-
lective BFDV strain susceptibility. Such factors also might 
influence the clinical disease progression in lorikeets as 
they often do not present a classical syndrome as occurs 
in other hosts. Lorikeets might possess intrinsic barri-
ers in which to resist transmission of distant BFDV gen-
otypes. However, transmission studies are required to 
confirm this hypothesis. 

Vertical transmission might be another force driving 
behind the formation of host specific population struc-
ture in lorikeets. But the role of vertical transmission in 
avian circovirus epidemiology is debatable (Duchatel et 
al., 2006; Rahaus et al., 2008) and when considered in 
broader terms of disease ecology, indicate BFDV to be a 
resource generalist. Flexible host switching is most likely 
facilitated by horizontal transmission and in the Austra-
lian context at least, this is most likely to occur in tree 
nest hollows where there is strong competition between 
Psittaciformes and other birds for reproductive opportu-
nities (Heinsohn et al., 2003; Legge et al., 2004; Saunders 
et al., 1982)

The reconstructed spatial diffusion dynamics based on 
full length BFDV genomes failed to demonstrate any sta-
tistically supported migration pathways of BFDV lineage 
into Australian lorikeets (Fig.5) from any distant geo-
graphical location in near past. This result is comparable 
with that of recombination analysis demonstrating lack 
of sampling from its original source. However, unidirec-
tional diffusion from Australian lorikeets into Moluccan 
red lory of Seram and from captive psittacine birds of 
Thailand into New Caledonian Deplanche’s Lorikeet pop-
ulation were evident (Fig.5). BFDV genomes in lorikeets 
from New Caledonia theoretically should have a similar 
evolutionary history as Australian lorikeets. So a biogeo-
graphic linkage between captive psittacine birds of Thai-
land and New Caledonian Deplanche’s rainbow lorikeets 
is surprising. There can be two possible explanation for 
this. Firstly, BFDV genomes were shown in birds (New 
Caledonian Deplanche’s rainbow lorikeets) kept in cap-
tivity, an environment that could facilitate the spread of 
BFDV from a variety of host species with diverse BFDV 



www.aavac.com.au©� 84

lineages. Recombination analysis demonstrating the in-
troduction of genetic material from diverse host species 
and from various geographical locations supports this 
claim. Secondly, Thai BFDV genomes from diverse hosts 
(including Arini) retain polymorphisms that are charac-
teristics of a primitive lorikeet lineage. Despite sharing 
an average ~91% nucleotide identity with the Australian 
lorikeet lineage no spatial diffusion pathway was sup-
ported statistically between New Caledonian lorikeets 
and Australian lorikeets which demonstrates that both 
lorikeet BFDV populations shared a common ancestry 
but evolved separately. 

The present study demonstrated that the BFDV genomes 
currently circulating in Australian lorikeets are highly 
structured for host specific divergence and segregat-
ed from the host generalist BFDV lineages circulating in 
other psittacine species of Australia. Circumferential ev-
idence suggests that they are the member of the BFDV 
lineage which most probably evolved outside of the Aus-
tralian mainland and reemerged relatively recently and 
thereafter following demographic expansion in these 
nomadic birds. The predominant purifying selection 
pressure among the polymorphic sites throughout this 
lineage also represents the recent predisposition and 
rapid population expansion events. Nevertheless, phy-
logenetic and population genetics analysis did not sup-
port lorikeets as the distributor of BFDV to endangered 
species like orange bellied parrots. The physiology and 
behavioral biology of lorikeets might have played some 
role in such genetic segregation of lorikeet associated 
BFDV which should be tested by conducting transmission 
studies.  
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Figure 1.   Left; Bayesian phylogenetic inference of evolutionary relationship among BFDV full genome sequences from 
Australian budgerigar and lorikeets in global context. Maximum clade credibility tree automatically rooted using a 
relaxed molecular clock model in Beast v1.7.5. Labels at branch tips refer to GenBank accession number with country 
name, species (abbreviation), taxonomic tribe of host and year of sampling. Clade posterior probability values are 
shown at tree nodes. Background shading highlights birds under same taxonomic tribe or geographical location. Red 
text highlights BFDV genomes from tribe ‘loriini’ (lorikeet species) and blue text denotes ‘Melopsittacini’ (budgeri-
gars). Right; Genetic population structure of BFDV of Australian budgerigar and lorikeets in global context inferred by 
STRUCTUR v2.3.4. Individual genome showed by a horizontal bar plot with color coded according to the membership 
probability to a particular genetic subpopulation [STRUCTURE inferred nine genetic subpopulation (k=9) in global BFDV 
population, each represents a particular color].  Multiple colors within individual bars are indicative of admixture. Note 
distinct pattern of subpopulation clustering in BFDV created by Australian and New Caledonian lorikeets apparently 
without significant admixture while budgerigar genomes from different part of the world cluster together with signifi-
cant admixture with distant subpopulations.
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Figure 2. Neighbor-Net network analysis of Australian BFDV population.  Result demonstrates phylogenetic evidence 
of separate recombination networks between BFDV genomes in lorikeets and other psittacine species. In both cases, 
formation of a reticular networks rather than a single bifurcated tree is suggestive of non-tree like evolution or recom-
bination. The BFDV genomes were labeled with corresponding GenBank accession number and color coded according 
to the host’s taxonomic tribe.
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Figure 3.  A graphical summary of the well-supported (BF>3.0) epidemiological linkage viral migration patterns inferred 
from the phylogeographic analysis of BFDV genomes in lorikeets. Countr1y names were represented as AU (Australia), 
ID (Indonesia), NC (New Caledonia) and TH (Thailand).  


