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Virome of Australia’s most endangered parrot in captivity 
evidenced of harboring hitherto unknown viruses
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ABSTRACT The detection of emerging infectious diseases (EIDs) within endangered 
animal populations is increasing rapidly because of many factors, such as anthropo­
genic influences and climate change. Their impacts can be extensive and may further 
contribute to the processes risking the threat of extinction of these species. EIDs may 
be caused by a range of pathogens, including viruses, bacteria, parasites, and fungi. 
However, detection and diagnosis can be challenging with limited knowledge of existing 
pathogens in endangered wildlife. The critically endangered orange-bellied parrot (OBP, 
Neophema chrysogaster), with as few as 70 wild individuals, is a species at risk of 
extinctions, yet little research has been conducted into their existing viral diversity 
(virome). To determine the virome in a subset of the captive OBP population, this study 
characterized the fecal virome using a viral metagenomic approach. Analysis of the 
generated sequence data sets identified 11 viruses belonging to the families Adenoviri­
dae, Circoviridae, Parvoviridae, and Picornaviridae. Strikingly, eight viruses were detected 
in the OBPs housed in Aviary 1 compared to only three viruses in OBPs housed at Aviary 
2. In addition to detecting six novel viruses, this study also demonstrated ongoing 
infection with psittacine siadenovirus F. This study highlights the need to broaden 
this research to other populations of this species. Further virome characterization of 
co-habiting birds could also identify potential novel viruses and provide insight into their 
evolutionary relationship. These findings may contribute to strategic management and 
biosecurity plans for the conservation of endangered parrots.

IMPORTANCE The impact of circulating viruses on the critically endangered, orange-bel­
lied parrot (OBP) population can be devastating. The OBP already faces numerous threats 
to its survival in the wild, including habitat loss, predation, and small population impacts. 
Conservation of the wild OBP population is heavily reliant on supplementation using 
OBPs from a managed captive breeding program. These birds may act as a source for 
introduction of a novel disease agent to the wild population that may affect survival and 
reproduction. It is, therefore, essential to monitor and assess the health of OBPs and take 
appropriate measures to prevent and control the spread of viral infections. This requires 
knowledge of the existing virome to identify novel and emerging viruses and support 
development of appropriate measures to manage associated risk. By monitoring and 
protecting these animals from emerging viral diseases, we can help ensure their ongoing 
survival and preserve the biodiversity of our planet.
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I t is widely cited across literature that the presence of viral emerging infectious diseases 
(EIDs) that threaten avian species is increasing at an unprecedented rate, exacerbat­

ing biodiversity decline and species extinction (1–7). EIDs may arise in various ways, 
including mixing of different species in captivity, release of captive birds to the wild, 
introduction of exotic species to new environments, transmission between populations, 
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or mutation of the viruses. Avian populations naturally harbor a range of viral pathogens, 
with healthy individuals possessing significant viral diversity and potentially acting as 
natural reservoirs of infection (8). Imbalances to the natural ecology of such populations 
may influence factors affecting exposure, transmission, and expression of disease caused 
by these viruses. Many viral outbreaks have been documented in avian populations over 
the past few decades, including high pathogenicity avian influenza (HPAI) (9–13), West 
Nile virus (6, 13–15), and numerous bacterial pathogens (6, 16–20), yet little is known 
about the natural virome of many captive Australian species, making it challenging to 
understand the risks around viruses and the impacts that they may have on such species.

A species of concern is the critically endangered, orange-bellied parrot (OBP) 
(Neophema chrysogaster), a small migratory ground parrot endemic to south-eastern 
Australia. With roughly 70 wild individuals and a captive insurance population of 
around 500 individuals, this species faces a high risk of extinction and remains heavily 
dependent on conservation interventions, such as the release of captive-bred birds to 
the wild (21). Various factors affect the conservation of this species, including a small 
wild population size, inbreeding depression, and associated decline in genetic diversity, 
which in turn increases the impacts of stochastic events and infectious disease outbreaks 
(21). Knowledge of infectious agents in this species is limited, with previous research 
having focused on viruses that have caused observed morbidity and/or mortality. One 
circovirus known to affect the species is beak and feather disease virus (BFDV), which has 
been shown to contribute to the death of wild and captive OBPs (22, 23); however, 
neither the prevalence of infection nor the ecological impacts of this virus on the 
captive and wild population are well understood (21). Similarly, psittacine siadenovirus F 
(PsSiAdV-F) has been found to be enzootic across the captive OBP population, although 
its impact on health and risk to the OBP population are unclear (2). Beyond this, our 
knowledge about the viruses of the OBP is limited; however, there is potential for 
the presence of novel viruses within these populations for which we have very little 
understanding of the impacts on health and reproduction and risks to conservation.

Before metagenomics, there was limited understanding of the viromes present in 
animal and human hosts. With the advent of metagenomics, information on eukaryotic 
and prokaryotic viruses and even on viruses that infect other viruses (virophages) has 
increased (24–29). Metagenomics or metatranscriptomics is a relatively new techni­
que that enables the detection and characterization of entire microbiomes, including 
bacterial, viral, and host genomes, rather than singular species in isolation, in animals 
and human hosts (4, 5, 27). It employs either long-read platforms or short-read platforms, 
such as Illumina, a second-generational system which generates short reads in parallel, 
which are typically able to produce results with greater quantification, accuracy, and 
sensitivity (30, 31). These sequences are sifted via computational methods to produce 
detailed mathematical models without constraint of reference genome data (30, 31). 
These platforms sequence extracted genetic data from prepared libraries, and due to the 
decline in cost, metagenomic research has become more accessible (30). However, these 
techniques rely on reference catalogues, whether being entire genomes or sections 
of coding regions, yet many genomic reference databases possess considerable gaps 
in available references. Viral genomes are considerably smaller than other prokaryote 
genomes, with fewer genes encoded within. Viruses also possess greater diversity 
between taxa; thus, determining their role can prove difficult to characterize.

The aims of this study were to use metagenomics to detect and characterize known 
and novel viruses that may exist in the OBP captive breeding population, broadening our 
knowledge of viruses that may create risk to the future survival of this species.

RESULTS

Detected viruses within the captive orange-bellied parrot flocks

There were eight viral contigs detected in Aviary 1 (Table 1), with seven viral contigs 
identified from one sample (OBP1) and one viral contig identified from the second 
sample (OBP2). Of the seven viral contigs in OBP1, four were found to be complete 
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genomes, with the remaining three being partial genome sequences, while the single 
contig from OBP2 represented the full genome of an adenovirus. These viral sequences 
showed high read counts, ranging from 710 to 29,436 reads, providing a great level 
of coverage across the entire sequence (average coverage ranged between 48.64× and 
639.40×) (Table 1). The detected viruses belong to various families such as Adenoviridae, 
Circoviridae, and Parvoviridae (Table 1).

Three viral contigs were detected in Aviary 2—all from one sample (OBP4). One 
contig represented a complete genome, and the remaining two were found to be partial 
genomes. These sequences had high read counts, ranging from 11,865 to 15,115, with 
a high average coverage ranged from 300× to 406×. The first two viral contigs detected 
belong to the taxonomic family of Picornaviridae, and the final virus belonged to the 
Parvoviridae family (Table 2).

Detected virus described by taxonomic family Adenoviridae: evidence of 
ongoing infection of PsSiAdV-F in OBP

In this study, two complete genomes of psittacine siadenovirus F strains were sequenced 
from Aviary 1 (OBP1/FE1/02/2022 and OBP1/FE2/01/2022), with an average coverage of 
158.57× and 926.43×, respectively. Genome analysis of the detected strains of PsSiAdV-F 
matched most closely with a known siadenovirus (SiAdV) genome, the PsSiAdV-F strain 
OBP2209 (percent identity >99.90 for both genomes), followed by the PsSiAdV-F strain 
S10/AU (percent identity, 99.84%) and PsSiAdV-F strain WVL19065-01E (OBP1, 99.76%; 
OBP2, 99.77%). These matches had a query coverage of approximately 99% (e-value, 0.0) 
for both OBP1 and OBP2, indicating a high similarity. Comparative analysis of two strains 
of PsSiAdV-F complete genomes (PsSiAdV-F; GenBank accession no. OP377084 and 
OP377085) sequences can be seen in Fig. S1 and Table S2. Both the strains of PsSiAdV-F 
sequenced in this study were predicted to contain 25 methionine-initiated open reading 

TABLE 1 Summary of the detected viruses in the Aviary 1

Aviary 1, orange-bellied parrot 1 (OBP1)

Virus taxonomy Virus GenBank 

accession

Novel COVa Read count Genome length, 

completeness

Best Blast hit (GenBank 

accession)

% Identity

Adenoviridae, 

Siadenovirus

Psittacine siadenovirus OP377084 No 158.57 29,436 25,393 nt, yes Psittacine siadenovirus F 

(MW365934)

99.96

Circoviridae Curcivirus sp. OP564891 Yes 272.68 7,829 3,935 nt, yes DNA virus sp.

(MZ244324)

97.43

Parvoviridae Psittaciform 

parvoviridae sp.

OP577479 No 46.50 1,140 3,321 nt, no Phoenicopteridae 

parvo-like hybrid virus 

(MW046375)

94.17

Parvoviridae Psittaciform 

parvoviridae sp.

OP577481 Yes 74.94 1,508 2,738 nt, no Accipiter gentilis 

parvoviridae

sp. (MW046523)

99.81

Parvoviridae Psittaciform 

parvoviridae sp.

OP577480 Yes 75.84 1,529 2,562 nt, no Accipiter gentilis 

parvoviridae

sp. (QTE03962)

37.85

CRESSDNA-viricota CRESS virus sp. OP564892 No 48.64 710 1,999 nt, yes Wastewater CRESS DNA 

virus 1 (MK583726)

87.50

Circoviridae, 

unclassified

Tick-associated circular 

DNA virus

OP564893 Yes 639.40 9,661 1,850 nt, yes Tick-associated circular 

DNA virus (ON668995)

100.0

Aviary 1, orange-bellied parrot 2 (OBP2)

Virus taxonomy Virus GenBank accession Novel COVa Read count Genome length, 

completeness

Blast top hit (GenBank 

accession)

% Identity

Adenoviridae, 

Siadenovirus

Psittacine Siadenovirus OP377085 No 926.43 172,651 25,383 nt, yes Psittacine siadenovirus F 

(MW365934)

99.96

aCOV, average coverage/depth of unique reads per nucleotide.
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frames (ORFs) (numbered from left to right) that were annotated as putative genes, 
showing a high similarity with the PsSiAdV-F strain OBP2209 (GenBank accession no. 
MW365934) and PsSiAdV-C (GenBank accession no. MN687905), which were chosen for 
comparison (Fig. S1 and Table S2).

Comparative analysis of the protein sequences encoded by the predicted ORFs, using 
BLASTX and BLASTP, identified homologs with high sequence similarities for 23 of 25 
ORFs (percent identity, ≥98.0%). The AA sequence similarities of the remaining two ORFs 
(ORF17 and ORF25) were significantly lower (34.4% and 66.3%, respectively) (Table S2). 
No unique genes were identified in the PsSiAdV-F genomes sequenced in this study. 
Of the 25 predicted ORFs, 20 were common/conserved siadenovirus gene products; the 
remaining five were hypothetical proteins. All the predicted protein-coding genes of 
PsSiAdV-F genomes sequenced in this study showed the highest sequence similarities 
with the genes of psittacine siadenovirus F strain OBP2209 at the range of 34% to 100% 
identity (Table S2).

Phylogenetic analysis was performed, based on concatenated AA sequences of 
two non-structural (DNA polymerase, pTP) and two structural (penton, hexon) pro­
tein sequences. The resulting maximum likelihood (ML) tree (Fig. 1) supported the 
inclusion of the two new sequences of the PsSiAdV-F strains (OBP1/FE1/02/2022 
and OBP1/FE2/01/2022) in the Siadenovirus genus. The sequenced PsSiAdV-F strains 
OBP1/FE1/02/2022 and OBP1/FE2/01/2022 were positioned in a distinct subclade with 
PsSiAdV-F (GenBank accession no. MW365934), a sequence recovered from liver samples 
collected from a deceased captive OBP in 2020 (100% bootstrap support) (Fig. 1) (32).

Numerous novel circoviruses and CRESS-DNA viruses

Three unique circoviruses were detected in Aviary 1, including one crucivirus, a tick-
associated DNA virus, and a CRESS-DNA virus. Genome analysis was conducted to 
identify genes, ORFs, or hypothetical genes, as illustrated in Fig. 2. There were no 
circoviruses identified from Aviary 2, and none of the detected circoviruses appeared 
to be BFDV.

The detected complete genome of a crucivirus strain OBP1/FE1/23/2022 in Aviary 1 
was 3,935 bp in size (average coverage of 272.68×, GenBank accession no. OP564891). 
Genome analysis identified a match with a circovirus capsid-protein gene sequenced 
from a tick in China in 2021 (GenBank accession no. MZ244324), with an identity of 
97.43% (query coverage, 14%; e-value, 0.0), followed by a crucivirus sequenced from 
a water sample in New Zealand (percent identity of 68.33%, GenBank accession no. 
MT263643). Further comparative analysis identified three ORFs (Fig. 2A) and found that 
the replication-associated gene and capsid-protein gene showed identities of 28.57% 
and 96.91% with the representative genes of a tick-associated DNA virus and crucivirus, 
respectively (Table S3). The detected complete genome of a tick-associated circular DNA 
virus strain OBP1/FE1/85/2022 within the OBP1 sample was 1,850 bp in size (average 
coverage of 639.40×, GenBank accession no. OPOP564893). Comparative analysis of the 
detected tick-associated circular DNA virus based on complete genome and their known 

TABLE 2 Summary of the detected viruses in Aviary 2

Virus taxonomy Virus GenBank 
accession

Novel COV Read count Genome length, 
completeness

Blast top hit 
(GenBank accession)

% Identity

Riboviria; 
Picornavirus

Psittacine picornavirus 1 OP577483 Yes 300.43 15,115 6,549 nt, no Beihai sipunculid 
worm virus 5 
YP_009333461

29.77

Riboviria; 
Picornavirus

Psittacine picornavirus 2 OP577484 Yes 340.23 11,865 4,853 nt, no Wuhan arthro­
pod virus 
(YP_009342255)

26.46

Parvoviridae Psittaciform ambidensovi­
rus 1

OP577482 Yes 406.03 13,582 4.644 nt, yes Parvoviridae sp. 
(BK022927)

71.88
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functional protein coding genes showed a 100% identity with another tick-associated 
circular DNA virus sequenced from a tick (Haemaphysalis japonica) in China in 2022 (Fig. 
2B and Table S3).

A CRESS DNA virus sp. strain OBP1/FE1/74/2022 was sequenced within the Aviary 
1 (OBP1, GenBank accession no. OP564892). The complete genome of this virus had a 
length of 1,999 bp (average coverage of 48.64×) and found the most closely related 
known genome was a wastewater CRESS DNA virus (GenBank accession no. MK583726; 
identity of 87.50%), followed by an Alphasatellitidae isolate (GenBank accession no. 
MT203185.1; identity of 73.50%) and a Circoviridae isolate (GenBank accession no. 
MT203185.1, identity of 88.37%). However, these matches had a low query coverage. 
Additionally, the predicted ORFs also showed a low identities value (Fig. 2C and Table S3).

FIG 1 A maximum likelihood phylogenetic tree was generated, showing a possible evolutionary relationship of the PsSiAdV-F strain OBP/FE1/02/2022 and 

OBP/FE2/01/2022 (GenBank accession no. OP377084 and OP377085, respectively), with other selected adenoviruses. The phylogenetic tree was generated via a 

MAFFT alignment L-INS-I (version 7.450) of concatenated AA sequences of the complete DNA-dependent DNA polymerase protein (DNA pol), pTP, penton, and 

hexon genes utilizing Geneious Prime (version 2022.1.1, Biomatters, Ltd., Auckland, New Zealand). The scoring matrix BLOSUM62 and a gap open penalty of 1.53 

were selected (offset value = 0.123). The tree was constructed with 1,000 bootstrap re-samplings in CLC Genomic Workbench (version 9.0.1). The numbers on 

the left show bootstrap values as percentages, and the labels at branch tips refer to original AdVs host species followed by AdVs name and GenBank accession 

numbers in brackets. The PsSiAdV-F strains detected within this study are highlighted in pink and asterisk.
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In the resulting ML based on conserved rep-associated protein coding gene of the 
selected circular DNA viruses (Fig. 3), the crucivirus (GenBank accession no. OP564891) 
detected in this study showed the closest evolutionary link with arizlama virus 3 
(GenBank accession no. QXP44108.1) sourced from an environmental sample in France. 
This may indicate that crucivirus detected in this OBP population may not have a close 
relative of Australian origin or has not yet been described. The tick-associated circular 
DNA virus sequenced in this study (GenBank accession no. OP564893) emerged as a 
novel subclade with two other circular DNA viruses, one sequenced from tick (Haema­
physalis japonica, GenBank accession no. UTM74954) in China and another one from 
kangaroo rat (Dipodomys merriami, GenBank accession no. UPW41431) in the United 
States of America (USA) indicating that the circular DNA virus found in this study may 
have originated from a likely common progenitor. Finally, the CRESS virus discovered 
in this study (GenBank accession no. OP564892) appears to be most closely evolution­
ary related to the delphin virus 2 found in kidney tissue of killer whale (Orcinus orca, 
GenBank accession no. QSX73072) in the USA in 2021 and positioned in a novel subclade 
(Fig. 3).

Parvoviridae: evidence of novel parvoviruses in the OBP population

Within Aviary 1, three parvoviruses were detected, two of which matched most closely 
with viruses isolated from a Northern Goshawk (Accipiter gentilis) (Table 1). The three 
parvoviruses had identities between 37.85% and 99.81%, but most of them had 
a low query coverage (Table 1). At gene level, Psittaciform parvoviridae sp. strain 
OBP1/FE1/44/2022 (GenBank accession no. OP577481) showed a significant identity with 
the representative parvoviruses (replication-associated gene, NS1, and capsid gene, VP1, 
66.77% and 39.77%, respectively) (Table S4), whereas another parvovirus, Psittaciform 
parvoviridae sp. strain OBP1/FE1/49/2022 (GenBank accession no. OP577480), showed 
a low identity at NS1 gene level (28.82%) compared to the parvovirus sequenced 
from Northern goshawk (Accipiter gentilis) in China (GenBank accession no. QTE03962) 
(Table S4). The third parvovirus, Psittaciform parvoviridae sp. strain OBP1/FE1/29/2022 
(GenBank accession no. OP577479), showed the highest identities (94.17%) with a 
parvo-like hybrid virus sequenced from anal swabs of Psittacidae bird in China (GenBank 
accession no. MW046375).

The complete genome of a psittaciform ambidensovirus 1 strain OBP4/DE2/13/2022 
was identified from Aviary 2. The viral contig was 4,644 bp in size (GenBank accession 

FIG 2 The colored arrows indicate the genes and ORFs encoded within the sequence, with their orientation representative of the direction of transcription. The 

ORFs are color coded following the conventions set in the legend. Within the three complete genomes, a rep-associated gene (blue), capsid-protein gene (pink), 

and a hypothetical protein (black) were identified. (A) Crucivirus, (B) tick-associated circular DNA virus, and (C) CRESS DNA virus.
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no. OP577482) and surrounded by two matching inverted terminal repeat regions, 
constituting 264 bp each. The genome showed the highest identity (71.88%) with 
another Ambidensovirus sequenced from a human metagenomic study in the USA 
(GenBank accession no. BK022927.1) (33); however, there was a very low query coverage 
(5%). Consequently, three predicted ORFs also showed low identities with the represen­
tative gene sequences of parvoviruses, ranging from 25.77% to 43.13% (Table S4).

In the resulting ML tree (Fig. 4) using the conserved rep-associated NS1 pro­
tein coding sequences, the three parvoviruses (GenBank accession no. OP577479-81) 
sequenced from the Aviary 1 (highlighted in pink) in this study emerged as novel 
lineages with other three Parvoviridae sp., indicating that these viruses may be circulat­
ing within the population and have not yet been reported. The psittaciform ambiden­
sovirus 1 (GenBank accession no. OP577482) detected Aviary 2 in this study showed 
the closest evolutionary link with a Parvoviridae sp. (GenBank accession no. DAN51445) 
sequenced from a human metagenomic study in the USA (33) and two other ambidenso­
viruses (Fig. 4).

FIG 3 A maximum likelihood phylogenetic tree was generated, showing a possible evolutionary relationship of circular DNA viruses detected in this study 

(GenBank accession no. OP564891-93), with other selected circular DNA viruses. The tree was generated utilizing selected rep-associated protein coding gene 

sequences in CLC Genomic Workbench (version 9.0.1). The tree was constructed with 1,000 bootstrap re-samplings. The numbers on the left show bootstrap 

values as percentages, and the labels at branch tips refer to original host species (if host species are defined) followed by virus name and GenBank accession 

numbers in brackets. The circular DNA viruses detected within this study and related subclades are highlighted in pink color and blue background, respectively.
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Picornaviridae

In this study, a partial genome of psittacine picornavirus 1 strain OBP4/DE2/3/2022 
(6,549 bp in length, average coverage of 300.43×, GenBank accession no. OP577483) was 
detected in the Aviary 2 (sample OBP4). Nonetheless, BlastN analysis failed to identify 
a match with any viruses; predicted ORFs showed a good match (29.77% identity) with 
the hypothetical protein 1 gene of Beihai sipunculid worm virus 5 sequenced from 
peanut worms in China (Table S5) (27). Another picornavirus detected within Aviary 2 
was a partial genome (4,853 bp in size, average coverage 340.23×, GenBank accession 
no. OP577484) of psittacine picornavirus 2 strain OBP4/DE2/9/2022, which showed the 
closest match (26.46% identity) with Wuhan arthropod virus (GenBank accession no. 
YP_009342255). Further comparative analysis on the predicted ORFs showed that the 
two of three ORFs were linked with picornaviruses of arthropod origin (Table S5).

Phylogenetic analysis based on the single hypothetical protein sequences or 
structural RNA-dependent polymerase gene sequences of the selected picornaviruses 
supported the inclusion of the two new psittacine picornavirus sequences (GenBank 
accession nos. OP577483 and OP577484, respectively) in the Picornaviridae family (Fig. 
5). The two picornaviruses sequenced within this study do not appear to be closely 
related, having diverged quite early from each other. The first picornavirus sequenced 

FIG 4 A maximum likelihood phylogenetic tree was generated, showing a possible evolutionary relationship of parvoviruses detected in this study (GenBank 

accession no. OP564879-82), with other selected parvoviruses. The tree was generated utilizing selected rep-associated protein coding gene (NS1) sequences 

in CLC Genomic Workbench (version 9.0.1). The tree was constructed with 1,000 bootstrap re-samplings. The numbers on the left show bootstrap values as 

percentages, and the labels at branch tips refer to virus name followed by GenBank accession numbers in brackets. The parvoviruses detected within this study 

and related subclades are highlighted in pink color and blue background, respectively. Except two clades related to this study, all other clades are collapsed 

(please see Supplementary tree S2 for details).
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within this study is a psittacine picornavirus 1 (GenBank accession no. OP577483) 
emerged in a unique subclade; however, it showed a likely evolutionary link with another 
picornavirus, Beihai sipunculid worm virus 5 sequenced from China (GenBank accession 
no. YP_009333461) (27). The second picornavirus isolated in this study is a psittacine 
picornavirus 2 (GenBank accession no. OP577484) that emerged in a subclade with four 
other picornaviruses. The psittacine picornavirus 2 appears to be most closely related to 
a virus isolated from a sea cucumber (Apostichopus japonicus) (GenBank accession no. 
DAZ87473DAZ87473) in the USA in 2022 (Fig. 5).

DISCUSSION

Metagenomics is a widely adopted technique for screening and characterizing microbes 
including viruses and bacteria and can provide more insight into the diversity of such 
microbiomes in poorly studies populations (30, 31, 34), such as the orange-bellied parrot 
(Neophema chrysogaster). Furthermore, metagenomic studies on these populations 
can facilitate the development of preventative and mitigation strategies to preserve 
endangered species (1). Many recent viral outbreaks involve avian hosts, such as the 
H5N1 avian influenza (12). However, there remains a considerable gap in the literature 
regarding the evolution and spread of viruses within captive populations of endangered 
Australian parrots, including the presence of any potentially unidentified strains or their 
contribution to the decline of the endangered species (1). The OBP remains at risk of 
the impacts from the emergence of a novel disease; however, their existing virome 
is presently uncharacterized. This study aimed to explore this gap and characterize 
the virome of a subpopulation of captive OBPs via a high-throughput next-generation 
sequencing technology to determine viral diversity.

Eleven viruses were successfully detected and characterized from the extracted 
nucleic acids, coming from a range of taxa, including two within the Siadenovirus genus, 
three unique circoviruses, four parvoviruses, and two picornaviruses. Interestingly, there 
was greater viral diversity found in samples from Aviary 1, with 8 of 11 viruses exclu­
sive to this aviary, and only one virus identified that was common to both aviaries: 
PsSiAdV-F strain. The first two sequences detected in Aviary 1 were complete genomes 

FIG 5 A maximum likelihood phylogenetic tree was generated, showing a possible evolutionary relationship of picornaviruses detected in this study (GenBank 

accession no. OP577483-84), with other selected picornaviruses. The tree was generated utilizing selected rep-associated protein coding gene (NS1) sequences 

in CLC Genomic Workbench (version 9.0.1). The tree was constructed with 1,000 bootstrap re-samplings. The numbers on the left show bootstrap values as 

percentages, and the labels at branch tips refer to virus name followed by GenBank accession numbers in brackets. The picornaviruses detected within this study 

and are highlighted in pink color.
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of PsSiAdV-F strain, an expected finding given previous detections within captive OBP 
population (32). The three circoviruses were sequenced from OBPs in Aviary 1, including 
a crucivirus and circovirus, both of which appeared to most closely resemble a tick-
associated virus isolated in China (GenBank accession nos. MZ244324 and MT263643, 
respectively), as well as a CRESS DNA virus, which matched most closely with a virus 
isolated from wastewater in Florida, USA (GenBank accession no. MK583726). In addition 
to these viruses, interestingly, a total of four parvoviruses were detected within this study 
(GenBank accession no. OP577479-81) with three being isolated from Aviary 1.

The Adenoviridae family is made up of six recognized genera (Atadenovirus, Aviade­
novirus, Ichtadenovirus, Mastadenovirus, Siadenovirus, and Testadenovirus) and contain a 
linear, medium-sized, non-enveloped dsDNA genome. Many adenoviruses are patho­
genic, typically occupying the respiratory and gastrointestinal tracts in various verte­
brate hosts (humans, birds, and ungulates) (35). Among them, PsSiAdV-F under the 
genus Siadenovirus had been reported previously in the OBP, elegant parrot (Neophema 
elegans), scarlet-chested parrot (Neophema splendida), and an African gray parrot (2, 
32, 36). Avian SiAdVs are prevalent in both wild and captive avian populations, having 
been detected across all continents (3, 37). The resulting ML tree of adenoviruses (Fig. 
1) showed that the siadenoviruses detected in this study were placed in a monophyletic 
clade alongside the PsSiAdV-F sequenced from the liver sample of a deceased captive 
OBP in 2020. Considering the phylogenetic position and genome-wide identities (>99%) 
among PsSiAdV-F sequenced so far, this study provides further evidence that ongoing 
infection or reinfection is occurring within the captive OBP. The release of captive-bred 
OBP harbors the risk of introducing PsSiAdV-F into the wild population, which may affect 
their survival and reproduction. Thus, it is critical that the health of captive OBPs is 
monitored, the spread of viral agents is controlled, and the conservation of the species 
is ensured. However, it is difficult to confer the biological consequences of this PsSiAdV-F 
from this study.

Members of the Circoviridae family are small, circular ssDNA viruses that range from 
1.7 kb to 2.1 kb in size, with two major ORFs encoding a rep-associated protein gene and 
a capsid-protein gene (38), and CRESS viruses are small, rep-associated, circular ssDNA. 
They can be found in various families, including Alphasatellitidae, Genomoviridae, and 
Circoviridae (38). Circoviruses possess one of the highest mutation rates among DNA 
viruses (39, 40), which significantly contribute to the adaptability of these viruses in 
changing environments. It is evident that circoviruses, such as BFDV, are persistently 
detected in psittacine birds, which is particularly concerning for a critically endangered 
species, given its pathogenesis and high mortality rate (2, 22, 23, 41, 42). A prior study 
conducted by Sarker (2) had identified BFDV along with other circoviruses sampled 
from two other species within the same genus (Neophema) as OBP, the elegant parrot 
(Neophema elegans), and scarlet-chested parrot (Neophema splendida). So, the detection 
of some circoviruses during this study is not surprising. Notably, no BFDV was detected 
from the samples analyzed in this study, indicating no current infection with BFDV. 
However, whether previous infections had occurred cannot be determined. Subsequent 
phylogenetic tree analysis using the conserved rep-associated genes positioned the 
detected circoviruses in distinct clades (Fig. 3), highlighting an unknown evolutionary 
history.

The Parvoviridae family, made up of the Parvovirinae and Densovirinae subfamilies, 
encompasses non-enveloped ssDNA viruses, typically 4–6 kb in length and 25 nm in 
diameter (43). The Parvovirinae viruses are often isometrically shaped, infecting the small 
intestine and bone marrow of vertebrate host cells of mammals and birds (43). Recently, 
many novel parvoviruses were detected across a range of hosts, from pigs, rats, and 
a range of avian species (44), yet little is known about the pathology of avian parvovi­
ruses or their transmission between hosts, particularly within the Neophema genus. In 
a study conducted by Sarker (2), parvovirus genomes were identified and characterized 
in two other species of Neophema parrots. As OBPs belong to the same genus, this 
study sought to determine what novel parvoviruses were present within the captive 
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OBP insurance population. A phylogenetic tree was produced (Fig. 4) comparing the 
evolutionary relationship between the four parvoviruses detected, which had indicated 
a strong phylogenetic signal between the three viruses detected in Aviary 1, and a 
strong bootstrap support (100%), as well as positioning them in a monophyletic clade. 
Interestingly, the fourth parvovirus psittaciform ambidensovirus 1 strain shares a close 
phylogenetic relationship with several densoviruses and has been placed in a clade 
alongside some viruses that belong to the genus Ambidensovirus. The evolution of the 
virus and its route of transmission are unknown, warranting further investigation.

Non-avian host-associated picornaviruses have regularly been detected within wild 
and captive Australian birds (4, 5). Viruses under the family Picornaviridae are non-envel­
oped and contain a positive-sense, single-stranded RNA genome that often transcribes 
RNA-dependent RNA polymerase in the reverse direction (44). Picornaviruses infect many 
vertebrates, including mammals, birds, and wild animals (2, 4). These insect-host-associ­
ated viruses are commonly detected within avian hosts. This suggests that the transmis­
sion of non-avian viruses into avian hosts is potentially via contaminated feed; direct 
consumption during transportation (2); parasites, such as lice and mites; or vectors, such 
as mosquitos and biting flies. Sarker (2) had also characterized a picorna-like virus, which 
showed a close evolutionary link with picorna-like viruses sequenced from flying insects. 
In this study, the detected viruses appear to be unique, given the lack of comparable 
NCBI BlastN and BlastP matches, and seem to share some common ancestors with other 
insect-hosted picornaviruses, as indicated by Fig. 5. This suggests that the virome of the 
captive OBP population encompasses a diverse virome that is not well characterized 
or understood, in addition to a significant gap in genomic data available for such 
viruses. Further study is necessary in sequencing more circoviruses to enable a clearer 
understanding of the phylogenetic relationship between avian circoviruses, particularly 
non-BFDV strains. Moreover, the impact of a limited database is further highlighted 
by the genomic analysis results, which found that the closest match to the detected 
crucivirus and tick-associated virus had a low query coverage of 14% and 12%, respec­
tively, despite the high percentage identities (97.43% and 100%, respectively).

There are some limitations to the genomic and phylogenetic analysis techniques 
utilized in this study, including a notable gap in the database of sequenced viruses 
available for comparison. As indicated by the ML phylogenetic tree produced from the 
circoviruses detected within this study (Fig. 3), the lack of sequence data available can 
result in poor or varying confidence scores in the analysis of evolutionary relationships, 
such as query coverage and ML bootstrap value, and determining the significance of 
such finding may prove challenging. Furthermore, neither previous viral infections can 
be identified, nor future infection impacts can be predicted from these findings; thus, 
regular diagnostics would be necessary to identify the evolution and transmission of 
novel, unique, or significant pathogens. Expanding the database of sequenced viruses 
is essential for accurate evolutionary analysis, including the route of transmission and 
presence within populations.

This study has identified existing and novel viruses of Adenoviridae, Circoviridae, 
Parvoviridae, and Picornaviridae within this captive OBP population of which many 
appear to be unique and unreported. Critically, the findings of this study reflect only the 
captive population at one facility and does not reflect that of the wild OBP population or 
across other OBP captive insurance populations, highlighting the necessary continuation 
of research on the species virome, both across the captive and wild populations, to 
provide much needed clarification on the pathogen-host relationship, the evolutionary 
relationships, and likely transmission routes between populations. As many conservation 
methods require a comprehensive understanding of the species’ virome, the characteri­
zation of wild OBP viromes could provide insight into the predominant viruses threaten­
ing the species. Furthermore, determining the pathogen-host interactions and how they 
interact with other drivers of extinction may aid the development of a more appropriate 
conservation management strategy. Determining what viruses are present within the 
wild populations would enable comparison and identification of potential emerging 
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viruses and risks that may be introduced from captive-bred OBPs released to the wild as 
part of conservation support strategies to support the wild population.

MATERIALS AND METHODS

Sampling and ethical consideration

Fresh fecal samples were collected from captive OBPs maintained as part of the captive 
insurance population in Werribee Open Range Zoo, Victoria. Two pooled fecal samples 
were collected from each of two aviaries at the same institution (Aviary 1 = OBP1 and 
OBP2; Aviary 2 = OBP 3 and OBP4), each of which housed between 10 and 14 birds at 
the time of sampling. Fecal specimens were obtained from the food trays and aviary 
flooring during provision of routine animal care and were stored at −80°C in a cryovial 
with RNALater until further processing. Sample collection did not require handling or 
manipulation of OBPs, although it was conducted under approval from the Zoos Victoria 
Animal Ethics Committee (ZV21005). The Animal Ethics Committee at La Trobe University 
was informed that findings from the material (with no bird touching) were to be used in a 
publication, and a formal waiver of ethics approval was granted.

Virus enrichment and virus nucleic acid extraction

Potential impurities, such as host cells, bacteria, food particles, and free nucleic acids, 
from the fecal samples were removed, which was followed by enrichment of virus 
particles performed as per stated methods (5), with mirror variations. Briefly, the fecal 
material was aseptically resuspended and homogenized vigorously in sterile phosphate-
buffered saline (PBS) (1:10) and centrifuged at 17,000 × g for 3 minutes at room 
temperature. The supernatant was filtered using a 0.80-µm syringe filter, and the filtrate 
was processed downstream. The samples were then ultracentrifuged at 178,000 × g 
for 1 hour (30 psi for 1 hour) at 4°C using the Hitachi Ultracentrifuge CP100NX. The 
supernatant was discarded, and the pellet was suspended in 130 µL of sterile PBS. The 
filtrates were then nuclease treated using 2 µL of benzonase nuclease (25–29 U/µL, 
purity  >90%, Millipore) and 1 µL of micrococcal nuclease (2,000,000 gel units/mL, New 
England Biolabs) and incubated at 37°C for 2 hours. The nuclease reaction was stopped 
by adding 3 µL of 500 mM ethylenediaminetetraacetic acid. Viral nucleic acids were 
extracted using the QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, USA), without 
adding any carrier RNA, which allowed the extraction of both viral DNA and RNA 
simultaneously. The quantity and quality of the isolated nucleic acids were determined 
using Nanodrop and an Agilent Tape Station (Agilent Technologies, Mulgrave, VIC, 
Australia) by the Genomic Platform, La Trobe University.

Next-generation sequencing

Before library construction, extracted nucleic acids were subjected to cDNA synthe­
sis, and amplification was carried out using the Whole Transcriptome Amplification 
Kit (WTA2, Sigma-Aldrich, Darmstadt, Germany) as per manufacturer’s instructions. 
Amplified PCR products were then purified using the Wizard SV Gel and PCR Clean-Up 
kit (Promega, Madison, WI, USA). The quantity and quality of the purified product were 
checked using a Qubit dsDNA high sensitivity assay kit with Qubit Fluorometer v3.0 
(Thermo Fisher Scientific, Waltham, MA, USA).

The library construction was performed on the four pooled samples using the 
Illumina DNA Prep (Illumina, San Diego, CA, USA) as per kit instructions, starting with 
250 ng of DNA as measured by Qubit (Invitrogen). The quality and quantity of the 
prepared libraries were assessed by the Australian Genome Research Facility, Melbourne, 
Australia. The prepared libraries were normalized and pooled in equimolar quantities. 
The quality and quantity of the final pooled libraries were further assessed as described 
above before sequencing by the facility. According to the manufacturer’s instructions, 
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cluster generation and sequencing of the libraries were performed with read lengths of 
150 bp paired-end on Illumina NovaSeq chemistry.

Bioinformatic analyses

Preliminary quality evaluation for all raw reads was generated and pre-processed to 
remove ambiguous base calls and poor-quality reads and then trimmed to remove the 
Illumina adapter sequences. More than 37.99 million reads per library were generated, 
of which 35.59 million reads per library (93.21%) remained after adapter sequence and 
poor-quality read trimming, where 10 nucleotides were trimmed from both 5′ ends 
(Table S1). Trimmed sequence reads were mapped against the chicken genome (Gallus 
gallus, GenBank accession no. NC_006088) to remove likely host DNA contamination. 
In addition, reads were further mapped to Escherichia coli bacterial genomic sequence 
(GenBank accession no. U00096) to remove possible bacterial contamination, which 
yielded an average of 28.06 million unmapped reads (78.99%) per library (Table S1), 
which were used for de novo viral assembly. Unmapped reads were used as input 
data for de novo assembly using a SPAdes assembler (version 3.10.1) (45) under the 
“careful” parameter in the LIMS-HPC system (a high-performance computer specialized 
for genomics research in La Trobe University). The resulting contigs were compared 
against the nonredundant nucleotide and protein databases on GenBank using BLASTN 
and BLASTX (46), respectively, with an E-value threshold of 1 × 10−5 to remove potential 
false positives. Contigs that were significant BLAST hits with bacteria, eukaryotes, or 
fungi were filtered out to remove non-viral reads. Non-phageous viral contigs of interest 
greater than 300 nucleotides were imported in Geneious Prime software (Biomatters 
Ltd., New Zealand, version 2022.1.1) for further functional analysis. Average coverage of 
the viral contigs was calculated using the clean raw reads in CLC Genomics Workbench 
(version 9.0.1).

Functional annotations

The assembled complete and partial viral genomes detected in this study were 
annotated as per stated protocol (2, 47) using Geneious Prime (version 2022.1.1, 
Biomatters, Ltd., Auckland, New Zealand). The viral taxonomy was determined through 
comparative analysis via GenBank’s BlastN, BlastX, and BlastP, with the highest match 
being chosen against selection criteria (E-value ≤0.0, percentage identity >35%). 
Annotation of the ORFs in the identities of viral genomes was completed by comparison 
against specific criteria (>30 AA, methionine start codon, <50% overlap of a gene) via 
NCBI’s database. The genome for all the detected circoviruses was annotated using 
Geneious software (version 2022.1.1, Biomatters, New Zealand), where representative 
circovirus genomes were used as reference guidelines (2, 48). The identified ORFs were 
converted into FASTA files and compared for similarity using both NCBI’s BlastP and 
BlastX. They were then compared against conserved domain databases (NCBI, Bethesda, 
MA, USA) (46). This was done to determine whether any of the ORFs or proteins shared a 
highly similar sequence.

Comparative genomic and phylogenetic analyses

Genomic comparison of the newly sequenced complete viral genomes was visualized 
using Geneious (version 2022.1.1). The sequence similarity between the selected viral 
sequences was identified against representative viral sequences by MAFFT alignment 
L-INS-I in Geneious (version 2022.1.1, Biomatters, Ltd., Auckland, New Zealand).

For phylogenetic analyses, representative viral genome or gene sequences were 
downloaded from GenBank, and virus-specific trees were constructed using CLC 
Genomics Workbench (version 9.0.1) and Geneious software (version 2022.1.1, Biomat­
ters, New Zealand). Amino acid sequences of protein-coding genes and nucleotide 
sequences of the selected partial genes were aligned using the MAFTT L-INS-I algo­
rithm implemented in Geneious (version 7.388) (49). To determine the best-fit model 
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to construct phylogenetic analyses, a model test was performed using CLC Genomics 
Workbench (version 9.5.4) using default parameters, favoring a general-time-reversible 
model gamma distribution rate variation and a proportion of invariable sites (GTR + G 
+ I). Phylogenetic analyses for nucleotide and protein sequences were performed using 
the GTR and WAG substitution model, respectively, with 1,000 bootstrap support in CLC 
Genomics Workbench (version 9.0.1).
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