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Abstract
The establishment of viral pathogens in new host environments following spillover events probably requires adaptive changes 
within both the new host and pathogen. After many generations, signals for ancient cross-species transmission may become 
lost and a strictly host-adapted phylogeny may mimic true co-divergence while the virus may retain an inherent ability to 
jump host species. The mechanistic basis for such processes remains poorly understood. To study the dynamics of virus–
host co-divergence and the arbitrary chances of spillover in various reservoir hosts with equal ecological opportunity, we 
examined structural constraints of capsid protein in extant populations of Beak and feather disease virus (BFDV) during 
known spillover events. By assessing reservoir-based genotype stratification, we identified co-divergence defying signatures 
in the evolution BFDV which highlighted primordial processes of cryptic host adaptation and competing forces of host co-
divergence and cross-species transmission. We demonstrate that, despite extensive surface plasticity gathered over a longer 
span of evolution, structural constraints of the capsid protein allow opportunistic host switching in host-adapted populations. 
This study provides new insights into how small populations of endangered psittacine species may face multidirectional 
forces of infection from reservoirs with apparently co-diverging genotypes.
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Introduction

Forces of co-divergence and cross-species transmission have 
been suggested to play key roles in the evolution of viruses 
and emergence of disease in naive populations [1]. However, 

emerging evidence suggests that true viral co-divergence is 
a rarity, whereas cross-species transmission plays a greater 
role in the evolution of both DNA and RNA viruses [2]. Suc-
cessful cross-species transmission occurs more frequently 
among phylogenetically related hosts because it is easier to 
infect and replicate in genetically similar hosts that share 
less divergent cell receptors [3]. Moreover, related hosts may 
sometimes occupy the same geographic region or overlap-
ping ecological niches which increases the probability of 
cross-species transmission through more frequent exposure 
[4]. Host radiation may also allow a virus to expand into a 
new ecological niche, although the viruses’ ability to infect a 
diverse range of hosts may decrease due to different replica-
tion rates according to host physiology and tissue tropism; 
altered virulence; and concurrent adaptation to multiple 
habitats [5].

On a timescale of many millions of years, host jumps 
and subsequent cross-species transmission events can result 
in new host-adapted genotypes which can mimic co-diver-
gence since temporal signals may become lost in phyloge-
netic reconstructions [6]. Estimating such co-divergence 
defying signals requires co-phylogenetic analyses that can 
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interrogate the degree of topological congruence between 
host and virus in which a clear congruence provides strong 
evidence for co-divergence while incongruence is compat-
ible with cross-species transmission [7].

Following a host-switch any subsequent genetic diver-
sity can arise through a range of ecological and evolution-
ary mechanisms [8]. Under suitable ecological conditions 
when multiple host species are equally available, a balance 
between forces of host co-divergence and host-switching 
should result from episodes of selection and counter-
selection [9, 10]. Viral genotypes from reservoir hosts may 
require to go through selective ‘sieve’ to be established into 
new host population after initial spillover, where adaptive 
substitutions may occur owing to long-term selection into 
the new host followed by adaptive phenotypic changes [8, 
11]. These adaptive changes often affect the likelihood of 
successful emergence of a virus into a new host species, 
therefore, surveillance for adaptive genetic markers are cru-
cial for predicting the risk of disease emergence [8]. Nev-
ertheless, empirical studies have shown that the evolution 
and adaptation of viruses in fluctuating host environments 
can lead to fitness improvements for both host and virus 
with alternating host transmission cycles and not necessarily 
affecting inter-host fitness [12, 13]. Stable virus-host co-
divergence sits in marked contrast to processes of deeper 
phylogenetically based cross-species transmission that char-
acterizes many emerging infectious viral diseases. The latter 
is the likely method by which Beak and feather disease virus 
(BFDV), the dominant pathogen of Australasian psittacine 
birds, has adversely affected several critically endangered 
psittacine species to the verge of extinction [14, 15].

BFDV is a member of the Circoviridae family and has 
a relatively simple but compact circular, ambisense single-
stranded DNA (ssDNA) genome of approximately 2000 
nucleotides which encode a replicase (Rep) and a single-
capsid protein (Cap). The Cap is the only exposed protein 
of the virion that forms the capsid shell in T = 1 icosahedral 
symmetry [16]. BFDV Cap is genetically diverse and prone 
to mutation but relatively antigenically conserved with lit-
tle evidence of different antigenic serotypes [17]. Whilst 
BFDV is subject to a high mutation rate, approaching that 
of RNA viruses, spillovers and genetic recombination occurs 
frequently amongst contemporary genotypes circulating 
in psittacine reservoirs [15, 18, 19]. Recent research have 
highlighted an ancient cretaceous origin of BFDV in Gond-
wanaland from Psittacopasserae progenitors [20], while the 
contemporary BFDV lineages circulating within extant psit-
tacine reservoirs act like host generalist [18], although strong 
host-dependent phylogenetic clades has also been discovered 
[20, 21].

With multi-host ecological niches, frequent spillover 
events and evidences of host adaptation make BFDV a suit-
able model for studying competing forces of co-divergence, 

host-switches and associated phenotypic plasticity. In this 
study, we survey the genetic population structure of extant 
BFDV genotypes in the psittacine reservoir hosts in light 
of host-virus co-divergence and host-switches. We used 
homology models based on empirical capsid structure for 
understanding the phenotypic plasticity of circulating BFDV 
lineages. We argue that inherent structural constraints of 
the BFDV capsid shell allow flexible host switches against 
forces of genetic co-divergence. We also highlight some 
adaptive markers on the capsid shell that might be useful 
for monitoring emergence of new infection.

Materials and methods

Compliance with ethical standards

Animal sampling was obtained using guidelines set by the 
Australian Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes (1997) and authorised by the 
Charles Sturt University Animal Care and Ethics Committee 
(permit 09/046). All applicable international, national, and/
or institutional guidelines for the care and use of animals 
were followed. The authors declare no competing financial 
or other conflict of interest.

Sampling and extraction of genomic DNA

Samples from different species of wild psittacine birds in 
close proximity to Healesville sanctuary (n = 97) were col-
lected to detect BFDV infection in wildlife and to evaluate 
the divergence of the BFDV population. This included sam-
ples obtained from wild sulphur-crested cockatoo (Cacatua 
galerita), musk lorikeet (Glossopsitta concinna), rainbow 
lorikeet (Trichoglossus haematodus), little corella (Cacatua 
sanguinea), eastern rosella (Platycercus eximius), crimson 
Rosella (Platycercus elegans) and Australian king parrot 
(Alisterus scapularis). Total genomic DNA was extracted 
from blood or tissue samples using standard protocols 
[22–24].

The extracted DNA samples were screened for BFDV 
infection using routine BFDV diagnostic PCR at the Veteri-
nary Diagnostic Laboratory (VDL), Charles Sturt University 
using established protocols [23] and also using HRM-Cap 
[25]. From positive samples, full-length BFDV genomes 
(n = 23) were amplified using multiple overlapping PCR 
fragments using previously developed primers and ther-
mal conditions [15, 20, 25] and sequenced by Sanger dide-
oxy sequencing in Australian Genome Research Faculty 
(AGRF). To obtain a comprehensive assessment of BFDV 
population structure across Australia all usable (without 
ambiguous base call) full-length sequences from previous 
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studies were compiled and 160 full-length genomes were 
used for bioinformatics analysis.

Reconstructing phylogeny and median joining 
network

Individual sequences were annotated with accession num-
ber, geographic origin, host species and taxonomic tribe 
and sampling year. Genomes were aligned in Geneious 
(Geneious version 9.2, Biomatters, New Zealand) with 
MAFFT v7.017 using G-INS-i (gap open penalty 1.53; off-
set value 0.123) alignment algorithm [26]. For the BFDV 
phylogeny, a general time reversible model with gamma 
distribution rate variation and a proportion of invariable 
sites (GTR + I + G4) provided the lowest Akaike informa-
tion criterion using the programme jModelTest 2.1.3 [27]. 
Maximum-likelihood (ML) phylogenetic tree of full-length 
BFDV genomes across Australian landscape (n = 160) were 
estimated using the program PhyML v3.1 [28]. Raven cir-
covirus was used as an out-group for the full-genome phy-
logenetics reconstruction.

Host‑dependent genetic stratification in Australian 
BFDV population

A series of sequence-based multivariate analyses were per-
formed to investigate stratification in the BFDV population 
across Australia. The non-hierarchical statistical parsi-
mony network was used to explore genealogical relation-
ships between BFDV haplotypes and their respective host 
population using TempNet, a freely available R script [29]. 
An unsupervised Bayesian genetic stratification approach 
was also used to discriminate the Australian BFDV sub-
population structures to derive an unbiased estimation of 
probable genetic clustering of BFDV sequences across the 
Australian landscape. This was achieved by analysing full-
length BFDV sequences using STRU​CTU​RE v 2.3.4 [30]. 
XMFA2Struct (http://www.xavie​rdide​lot.xtree​mhost​.com/
index​.htm) was used to convert the genomic sequences to 
STRU​CTU​RE compatible files. To estimate the number of 
population structures (the K parameter), the BFDV data-
set was analysed allowing the value of K to vary from 1 
to 12 with an initial burn-in of 10,000 iterations followed 
by 50,000 iterations. Five independent runs were carried 
out for each K value (equating to 60 runs in total). Default 
parameters and an admixture model with the option of cor-
related allele frequencies between populations were used 
since the model could account for BFDV recombination 
and producing some individuals with mixed ancestry or 
for allele frequencies in sub-populations being similar due 
to admixture or shared ancestry. Structure Harvester was 
used to detect the optimum number of population structures 
[31] by inferring the appropriate ΔK (highest change of 

likelihood function). After obtaining the optimum K value 
at least 30 independent reruns in STRU​CTU​RE were per-
formed to obtain the final result. Genetic stratification was 
visualised using CLUMPAK [32] using a suitable dis-
tract setting and default colour parameters. The number 
of genetic sub-populations thus obtained by unsupervised 
clustering was subsequently coupled with spatial or host-
dependent analysis and subjected for molecular variance 
analysis (AMOVA) implemented in Arlequin v 3.1 using 
locus by locus format with 1000 permutations for each [33]. 
Genetic differentiation parameters such as segregating sites 
(S), haplotype frequency (H), haplotype diversity (Hd) and 
nucleotide diversity (Pi) for each putative population were 
determined using DnaSP v 5. Tajima’s D neutrality test and 
was also performed in each population.

Assessing host–virus coevolutionary association

To test the significance of the phylogenetic congruence 
between psittacine species and BFDV genotypes in Aus-
tralian landscape, the Procrustes approach to co-phylogeny 
(PACo) was used [34]. This procedure performs a principal 
coordinate analysis on the host genetic distance matrix fol-
lowed by a Procrustes rotation of the BFDV genetic distance 
matrix, while retaining the information of host-virus asso-
ciation using an empirically observed host–pathogen pair-
ing matrix (H–P link). A sum of squared residuals was then 
calculated that represents the fitness of host-virus co-phy-
logeny. The host-BFDV pairing matrix, i.e., which BFDV is 
paired with which host, was randomised 10,000 times and 
the sums of square values recalculated. The observed sum 
of squares value was then compared to the distribution of 
values from the randomisations to determine the probabil-
ity of obtaining the observed result under random expecta-
tion. In this study, patristic distance of mitochondrial DNA 
(partial Cyt-B and Cox-1 genes) was used for host matrix 
while patristic distance of BFDV genotypes were based 
on whole-genome, Cap and Rep sequences. Both host and 
viral genome were carefully selected from each STRU​CTU​
RE-inferred genetic sub-populations to obtain maximum 
coverage. Aside of determining significance of individual 
host-BFDV association, ParaFit analysis implemented in 
CopyCat [35] was also used to obtain the global fit statistics 
between psittacine hosts and BFDV genotypes.

Directional evolution and structural plasticity 
of BFDV lineages

Directional selection pressure in milieu of structural diver-
gence of BFDV lineages was assessed on capsid protein 
sequences (N = 45, representing all sub-populations) using 
site-specific detection tools (SLAC, FEL, REL and FUBAR) 
in datamonkey web server. Positively selected sites detected 

http://www.xavierdidelot.xtreemhost.com/index.htm
http://www.xavierdidelot.xtreemhost.com/index.htm
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by all methods were analysed and compiled together using 
an integrated multi-program platform IMPACT_S [36]. In 
addition, the episodic diversifying selection on each branch 
of the phylogeny was computed by MEME [37] and Branch 
site RAL (BSR) analysis. To explore the evolutionary tra-
jectories of these selected residues on BFDV structure over 
the host specific lineages, a capsid protein phylogeny (Align-
ment Algorithms: MUSCLE, RAxML Model: PROTCA​
TWA​G) was constructed using PhyloBot interactive server 
[38] to generate ancestral state of capsid protein sequences 
in every bifurcating node.

Homology modelling and illustration of structural 
conservation

Homology modelling of representative capsid protein 
sequences from each putative population structures was 
conducted using the SWISS-MODEL server [39]. Empiri-
cal X-Ray Crystal structure of 60-mer BFDV capsid assem-
bly (PDB id. 5j36) was used as the template model and 
the best output models were selected according to Global 
Model Quality Estimation (GMQE) and QMEAN statistical 
parameters. The resulted models were checked for overall 
stereochemical quality, including backbone torsional angles 
through the Ramachandran plot using PROCHECK [40] as 
implemented in Structural analysis and verification (SAVES) 
server (https​://servi​ces.mbi.ucla.edu/SAVES​). Lastly, each 
model structure was minimized using molecular modelling 
toolkit (MMTK) implemented in UCSF Chimera [41]. To 
visualise the comparative conservation of the BFDV capsid 
structure across the different lineages, amino acid sequence 
from each lineage was aligned using clustal omega [42]. The 
structural conservation was depicted in Chimera using the 
reference X-ray crystal model (PDB: 5j36) as pentameric 
protomer for higher-order structural symmetry. In addition, 
superposition of nine newly generated homology models 
representing of genotypic populations were conducted in 
Chimera. The root mean-squared deviation (R.M.S.D) and 
conservation scores among the models were calculated 
based on Needleman–Wunsch algorithm with block substi-
tution matrix BLOSUM62.

Results

Host‑dependent genetic structure and spillover 
infection

The updated maximum-likelihood (ML) phylogenetic tree 
from all publicly available full-length BFDV genomes in 
Australian landscape including those generated from this 
study highlighted a clear pattern of host-dependent cluster-
ing with frequent spillover infections amongst the reservoir 

species (Fig. 1). The BFDV genomes sampled from a single 
geographical area (Healesville, VIC) did not form any spa-
tially segregated clade, rather they were distributed through-
out the phylogenetic tree (shown in blue taxa) and clustered 
with closely related reservoir clades highlighting co-diverg-
ing population. For example, BFDV isolated from sulphur-
crested cockatoos were incorporated within the cockatoo 
clade whereas those from rainbow lorikeets clustered with 
BFDV-Loriini clade (Fig. 1). The three-dimensional statisti-
cal parsimony networks (Fig. 2) also demonstrated shared 
BFDV haplotypes between reservoir host tribes (amongst 
Pezoporini, Cacatuidae and Platycercini) as evidence of 
multiple intrusions of diverse BFDV genotypes as spillover 
infections.

The unsupervised Bayesian clustering approach revealed 
nine (K = 9) statistically supported host family/tribe-depend-
ent BFDV genetic population structures across Australia 
(Fig. 3). Each individual genome was given a membership 
probability to the respective population using a distinct col-
our while multiple colour patterns represented probability 
of genetic admixture between populations. Based on STRU​
CTU​RE membership probability, three distinct populations 
within cockatoo hosts (Cacatuidae 1, 2 and 3); one Platyc-
ercini, one Polytelini, two distinct Pezoporini (Pezoporini-1 
and Pezoporini-2), one Melopsittacinae and one Loriini pop-
ulation were identified (Fig. 3). Analysis of molecular vari-
ance (AMOVA) which uses genetic differentiation index or 
fixation index as a predictor of population structure validated 
the STRU​CTU​RE-defined populations demonstrating posi-
tive values for all fixation indices (FCT, FSC and FST) with 
high statistical significance (Table S1). Hence, the overall 
FST value within populations was 0.27 demonstrating fre-
quent exchange of genetic material or gene flow among the 
populations resulting from spillover and host switch events. 
Molecular diversity and genetic parameters were also cal-
culated in each of the STRU​CTU​RE-defined populations 
(Table S2).

Co‑evolutionary trajectory of BFDV lineages 
in reservoir hosts

Since the population genetic analyses pointed towards host-
adapted clustering of BFDV across Australia, the coevo-
lutionary trajectory of BFDV genotypes in respective host 
species was assessed. The patristic distance among host 
mtDNA sequence data and BFDV genome data, respec-
tively, sampled from each host were used to calculate 
contributions of individual host–virus links to the Procru-
stean fit and visualised these in Jacknifed-squared residu-
als plots (Fig. 4). The bar plots of squared residuals indi-
cated that several links of psittacine reservoirs and BFDV 
genotypes were relatively low (for example in lorikeets and 
budgerigars) and thus representative for strong host–virus 

https://services.mbi.ucla.edu/SAVES
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Fig. 1   Maximum-likelihood (ML) tree generated from beak and 
feather disease virus (BFDV) whole-genomes (n = 160) from Aus-
tralian birds rooted to raven circovirus. Different clade colours high-
light different host taxonomy. Labels at branch tips refer to GenBank 
accession numbers with species abbreviation state of origin, Victo-

ria (VIC), New South Wales (NSW), Tasmania (TAS), Queensland 
(QLD) and Western Australia (WA) and year of sampling. Blue text 
highlights newly sequenced full BFDV genomes from this study. Per-
centage bootstrap values are highlighted as shaded circles
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Fig. 2   Relationship between BFDV Rep sequences grouped into host-
dependent populations illustrated using a three-dimensional statisti-
cal parsimony network. Unique haplotypes are represented by circles, 
colours indicate the presence of haplotypes in a sample from a par-
ticular host population. While size of the circle represents the hap-

lotype frequency. Within each layer, haplotypes are connected by a 
horizontal line if they are separated by one mutation, each additional 
mutation is indicated by small black dot. Shared haplotypes between 
adjacent layers are joined by vertical lines

Fig. 3   Inference of BFDV population structure by Bayesian cluster-
ing methods using complete genome sequences (n = 160). STRU​CTU​
RE analysis inferred nine genetic populations (K  =  9) where Indi-
vidual genomes are shown by a vertical bar plot and colour coded 
according to the membership probability (percentage) to a particu-
lar genetic sub-population. Multiple colours within individual bars 
are indicative of admixture of genetic material between populations. 
a Genomes grouped using host variables (host taxonomic family/
tribe) showing clear evidence of host-dependent genetic population 
structure. Asterisks represents individual genomes from gang gang 

cockatoo (GGC), sulphur-crested cockatoo (SCC), little corella (LC), 
twenty-eight parrot (RP), Australian king parrot (AKP), budgerigar 
(BDG) and rainbow lorikeet (RBL) resampled from each structured 
population for coevolutionary hypothesis testing. b Individual figures 
beneath the selected genomes (arrows) show amino acid diversity 
(blue shading) and conservation (grey shading) of respective cap-
sid proteins against empirical crystallographic structure (PBD ID: 
5j36). Note the structural plasticity of BFDV in a single host species 
(orange-bellied parrots) indicating three separate spillover infections 
from diverse genotypes
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coevolutionary associations. However, it is notable that, 
residuals from several other host-virus links, particularly 
those with orange-bellied parrot and cockatoos, were far 
above the median-squared residual value representing co-
phylogenetic incongruence or dispersion from coevolution-
ary trajectory. AxParafit results for overall co-phylogenetic 
structures were mostly non-significant (p > 0.02). The value 
of significance in BFDV full genome, Cap and Rep against 

host mitochondrial Cox-1 gene was 0.01, 0.03 and 0.04, 
respectively, whereas against host Cyto-B gene was 0.03, 
0.03 and 0.04, respectively. This approach demonstrated that 
although some BFDV lineages might have enjoyed undis-
rupted co-evolution with their respective psittacine hosts to 
some extent, most lineages showed evidence of relatively 
chaotic evolutionary history resultant from frequent cross-
species transmission and host jumps.

Fig. 4   Psittacine hosts and BFDV co-phylogeny analysis; contri-
butions of individual host-parasite links to the Procrustean fit. Host 
mtDNA (Cox-1 and Cyt-B) and complete genome, Cap and Rep 
genes were used to test the host–virus coevolution. Jacknifed-squared 
residuals (bars) shows individual host–virus link with upper 95% con-
fidence intervals (error bars) by applying PACo to patristic distances. 

Orange-bellied parrots (host) and BFDV associations are highlighted 
as shaded bars. To ease comparisons the median-squared residual 
value is shown (dashed line). Squared residuals below the median 
value indicates significant co-divergence, whereas those above the 
median indicate likely host jumps or spill over
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Surface plasticity and structural constraints of BFDV 
Cap

To better understand the phenotypic traits of BFDV in host-
adapted populations and to recognise the plausible cause of 
host flexibility and frequent interspecies transmissions, the 
structural conservation of the Cap protein were analysed. 
Overall, different host-adapted BFDV population demon-
strated extensive diversity on the surface residues of capsid 
pentameric protomers in both 60 mer and 10 mer assembly 
(Figs. 3 and 5), also watch as a movie URL; https​://youtu​
.be/6R2Sr​0WatV​Y The degree of diversity was depicted by 
surface view using gradients of blue where the bright blue 

and light blue illustrated maximum and minimum diversity, 
respectively; the conserved residues were represented by 
pale grey. Most striking differences were found around in 
the surface residues around the central pore region of the 
five-fold axis symmetry (Fig. 5a).

Several residues that mediated intra-pentamer (positions 
119, 120, 121, 123, 124, 157 and 162) and inter-pentamer 
interfaces (positions 177, 179, 182, 207, 212 and 214) were 
highly diverse from different hosts while residues on the 
inner surface of the capsid were relatively more conserved 
(Fig. 5 and Table S3). Amino acid diversity on the outer 
surface of the capsid was not confined or exclusive to the 
protruding loop region, as degeneracy was also detected in 

Fig. 5   Structural conservation of BFDV capsid protein across 
host-adapted populations depicted as capsid pentameric protomers 
obtained from empirical 60-mer assemblies of a BFDV crystallog-
raphy structure (PDB ID: 5j36). Each model is made of five identi-
cal and interlocking capsid proteins centred on a star-shaped central 
pore. a The outer surface of the capsid fragment is shown on the 
left and the internal surface on the right. Light brown surfaces show 
conserved amino acid (aa) residues retained in all BFDV genotypes 
with blue-shaded surfaces showing the degree of aa diversity among 
BFDV clades with darker blue sites having the greatest aa diver-
sity. The external surface on the left displays much greater diversity 

than the internal surface on the right. Bright red sites indicate those 
evolving under positive selection pressure. Conservation scores were 
calculated using clustal omega matrix. b Transparent models of the 
outer and internal surfaces as above showing the binding interfaces 
between individual capsid proteins. The diversity within each penta-
meric morphological units (involving all five subunits) are shown as 
shades of blue, whereas inter-pentameric interfaces (involving neigh-
bouring subunits) are shown as shades of red. Intensity of colour 
refers to the conservation score among the 11 models shown in Fig. 3. 
Strands that comprise β-sheets are shown as grey ribbons with direc-
tional arrows deep within each capsid protein

https://youtu.be/6R2Sr0WatVY
https://youtu.be/6R2Sr0WatVY
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the β-sheets which form the core of capsomere (Fig. 5b and 
Table S3). Although evolutionary fingerprinting of Cap pro-
tein sequences (data not shown) pointed towards an overall 
trend of purifying selection, consensus of codon-based site-
specific likelihood methods identified some particular sites 
(positions 71, 84, 182 and 211) consistently evolving under 
directional positive selection (Fig. 6 and Table S4). These 
particular sites were examined in the BFDV Cap phylogeny 
at host adapted clades in response to their radiation from 
ancestral nodes (Fig. 7). The capsomere structure for each 
BFDV population were also modelled and compared for any 
evidence of structural incongruence. As shown in Fig. 7, the 
BFDV lineage from 2015 outbreak in wild orange-bellied 
parrots (Pezoporini-2) involved a directional mutation from 
threonine (T) to proline (P) at position 71, radiating from an 
ancestor shared with Cacatuidae-2.

These directional mutations were represented as red ball 
and stick (also circled red) in the ribbon view in their respec-
tive models. It is notable that the residues evolving under 

positive selection were located on the loop regions protrud-
ing externally on the capsid surface and therefore possibly 
involved with extensive host receptor–virus interactions. 
Other mutations (depicted blue) were most likely transient 
mutations and under ongoing purging process by purifying 
selection. The phylogeny could not resolve the closest rela-
tive of BFDV in captive orange-bellied parrot population 
as the posterior probability support at this node was quite 
low (> 60%), however, the mutations from an ancestral node 
were detected in loop regions as well as the β-sheets of cap-
somere structure. Similar to the complete genome phylog-
eny, spillover events between populations were also detected 
in the structural phylogeny as a Cap phenotype from host 
Polytelini (KF850537) was positioned in a monophyletic 
clade of Cacatuidae-3. Similarly, close phenotypic relation-
ship between BFDV from Platycercini hosts (KY189066-67) 
and Pezoporini-1 was detected. Despite large variation in 
surface residues BFDV capsid proteins from different host 
adapted populations demonstrated structural robustness as 

Fig. 6   BFDV capsid protein alignment including representative num-
ber of sequences from all nine STRU​CTU​RE-inferred host-adapted 
BFDV populations. Consensus of site-specific selection pressure 

detection tools (SLAC, FEL, REL, FUBER) identified residues 
at alignment position 71, 84, 182 and 211 (red boxed) are evolving 
under positive selection pressure
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the average root mean-standard deviation (R.M.S.D) value 
was 0.08 Å (ranging from 0.05 to 0.14 Å between any two 
models) reflecting high structural similarity without any 
steric clashes (Table S5).

Discussion

This study utilized all available BFDV sequence data sam-
pled over two decades across Australia and incorporated 
novel whole-genome sequences from hitherto unrepresented 
reservoir hosts to ascertain the background forces for infec-
tion and genetic distribution of BFDV. The results uncovered 
strong host-based BFDV stratification across the Austral-
ian landscape highlighting primordial processes of cryptic 
host adaptation and competing forces of host co-divergence 
and cross-species transmission while phenotypic or struc-
tural plasticity of the virus might explain the high degree 
of host-switch flexibility against a background of reservoir 
host-convergence.

Numerous interacting strains [5] may dominate natural 
populations of pathogens which may impact on host-path-
ogen dynamics and the evolution of virulence. Geographic 
considerations need to be considered as well since recent 
work has shown that spatial structure can influence the shape 
of host-pathogen dynamics and transmission-virulence 
trade-offs [43]. Recent phylogeographic studies have high-
lighted the Gondwanan origin of BFDV [20, 44] with an 
association in parrots and cockatoos that is likely to have 
existed for at least 10 million years [20]. This is sufficient 
time to allow the development of host-based stratification 
despite BFDV retaining an ability to jump host species. 
The co-divergence defying signature shown in multiple 
host-based BFDV populations (Fig. 4) is highlighted as a 
marked incongruence generated between virus and host phy-
logeny as a result of spillover events and host jumps. Such 
intrusions may create epidemic expansion of certain viral 
genotypes such as in the critically endangered orange-bellied 
parrots (as shown in Table S2) and are often associated with 
increased virulence in naïve populations [15].

Fig. 7   Evolutionary trajectory of capsid protein and structural plas-
ticity of host-adapted BFDV populations. Representative capsid 
protein sequences (at least four) from each population were used for 
reconstructing phylogeny by MrBayes (rate matrix = Wag, gamma 
category = 4 with 10,00000 MCMC chain length). As for Figs. 1 and 
2, each coloured clade represent a particular host-adapted population 
(STRU​CTU​RE inferred) and clade Loriini used as out-group. Poste-
rior probability value presented by node circles (dark circle > 90%, 
light grey circle > 80%, empty circle > 60%). Directional mutations 
from most recent common ancestors (MRCA) to the extant popula-
tions at positively selected sites are indicated using alignment posi-

tion and abbreviation of mutated residue (on each arrowhead). 
Homology models from each population (colour coded triangle) 
shows the amino acid diversity radiation from the ancestral state 
while the positively selected residues shown by ball and sticks view 
in red (and circled red). For example, radiation of BFDV KM887951 
in a budgerigar (Melopsittacus) involved two directional mutations 
shown at sites 71 and 211 each with different aa mutations T/P (thre-
onine to proline) and A/V (alanine to valine), respectively, from the 
most recent progenitor. Residues undergoing transient mutations are 
also shown as blue segments
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Understanding the speed by which viruses evolve and 
how evolutionary rates might differ among viruses or fluc-
tuate through time has been difficult to accurately determine 
because high-contemporaneous mutation rates create an illu-
sion of fast evolution [45]. Great discrepancies have been 
recently shown for evolutionary rates of extant DNA and 
RNA viruses; however, advances in analytic methods that 
include a variety of host biology and paleobiological factors 
showed that the cumulative evolution of viruses more likely 
extends over millions of years [20]. The recent demonstra-
tion of sympatric sequestration of BFDV in lorikeet hosts 
alongside the paleovirological and genetic recombination 
events points to an ancient Cretaceous origin of BFDV in 
Australia [24]. This high mutation rate of BFDV maximizes 
genetic diversity which undoubtedly broadens the capacity 
to opportunistically change hosts [15, 18, 46]. In fact, psitta-
cine beak and feather disease is well recognised across Aus-
tralia where it occurs in relatively high prevalence among the 
more common cockatoo, lorikeet and parrot species, leading 
to high rates of endemicity [47].

Like many other ssDNA viruses, BFDV has a broad 
available sequence space among potential host populations 
(Table S2) which is not detrimental to capsid structure. 
Unsurprisingly, the outer most surface of the virus dem-
onstrated highest diversity along with inter-pentameric 
interfaces [48, 49]. The outer most loops on the capsid sur-
face demonstrated maximum plasticity even between the 
host-adapted lineages and their putative common ancestors 
(Fig. 5). This suggests either for a deep sympatric specia-
tion or existence of undiscovered intermediate host in the 
evolutionary trajectory of BFDV. In fact, a recent study 
demonstrated high prevalence of BFDV in non-psittacine 
birds which could expand the horizon of known reservoir 
populations [50].

Despite high-surface degeneracy, capsid protein models 
from different BFDV populations superimposed perfectly 
with low average root-mean-square deviation (RMSD) sug-
gesting for a robust structural constraint on different geno-
types (Table S5). This highlights the plasticity of BFDV cap-
sids, flexible enough to adapt to surface mutations exerted 
by adaptive drivers during host jumps or sympatric specia-
tion without being altered by minor rearrangement or sub-
tle conformational changes. Phenotypic innovation among 
circoviruses is likely heavily constrained due to threshold 
structural limitations for encapsidation and the multiple 
functions of Cap in attachment, uncoating, nuclear localiza-
tion and compartment shuttling, then DNA binding in virus 
assembly [16].

Conventional wisdom dictates that changes in the Cap 
are more likely to reflect host–viral interactions and immu-
nological selective pressure with recent research demon-
strating the Cap gene evolving more rapidly than Rep [15, 
44]. While there is a high degree (76–83%) of amino acid 

diversity within the BFDV Cap there is little serological evi-
dence that this is driven by immune evasion given the lack 
of evidence of different serotypes even between sympatri-
cally segregated BFDV lineage in lorikeets [17, 20, 51, 52]. 
Nevertheless, the extensive diversity in surface architecture 
of BFDV capsids may allow subtle difference in antibody 
affinity since only a few epitopes are important for antibody 
recognition as shown in porcine circovirus 2 capsids [53].

Adaptation processes dictate whether a virus will be able 
to successfully evolve in a new host range or fadeout sto-
chastically. Genetic markers of adaptive drivers often emerge 
following host jumps or cross-species transmission [8]. As 
the results presented here have shown that the BFDV genetic 
population across the Australian landscape was structured 
by host adaptation (Figs. 1, 2, 3, 4, 5, Table S1), such adap-
tive genetic changes can originate either in the new host 
or in the reservoir hosts associated with phenotypic traits 
such as receptor binding, tissue tropism, antigenicity and or 
virulence [8]. Surveillance for genetic markers for adapta-
tion could help to predict the risk of disease emergence in a 
multi-host-pathogen such as BFDV. The positively selected 
amino acid residues on the capsid surface are plausible can-
didates for adaptive genetic markers of BFDV (Table S4, 
Figs. 6, 7) as they have evolved directionally and fixed into 
host-adapted lineages from their most recent common ances-
tors. Site-directed mutagenesis of these predicted residues 
in cell culture or animal models experiments could unveil 
exciting new insights for receptor attachment, tissue tropism 
and in general pathogenesis of BFDV in the near future.

Our BFDV population genetic analyses has demonstrated 
that BFDV populations in parrots and cockatoos are highly 
admixed with signatures of cross-species transmission and 
genome-wide recombination (Figs. 2, 3). When a population 
replicates in a heterogeneous environment, genotypic varia-
tion arises through mutation and recombination, and the fate 
of this variation depends on the natural selection and random 
drifts where different outcomes are plausible [54, 55]. The 
population may either become adapted to a specific niche 
with fitness landscape similar to those in homogeneous envi-
ronments, or the population may replicate across the hetero-
geneous environment and adapt to all the niches within the 
environment, rather than adapting to a single niche and thus 
become a host generalist [54, 56, 57]. In this case, the popu-
lation may experience cost of generalisation, i.e. suboptimal 
adaptation to each niche within the environment. The popu-
lation is able to survive in each niche, but cannot reach the 
fitness level achieved by a specialist for that niche [57]. The 
level of host adaptation is influenced by the degree of varia-
tion amongst niches and the amount of time spent in specific 
niches [58]. The host generalist BFDV population could be 
stratified into host tribe specific minor sub-populations with 
significant fixed polymorphisms for each population. How-
ever, these populations also possessed signature of frequent 
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genetic admixture as a result of genome-wide inter-popu-
lation recombination following cross-species transmission 
or spillover events (Figs. 2 and 3). Therefore, it is conclu-
sive that the extant BFDV population has inherent tendency 
towards attaining host specificity with narrower niches, but 
because of the evolutionary memory exerted by capsid struc-
tural constraint and the varying fitness, multi-host niches 
can be explored in the form of cross-species transmission 
when environmental condition suits. It is therefore safe to 
predict that novel BFDV infection in a particular psittacine 
host will more likely to be transmitted from closely related 
reservoir species.
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