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only 42.1% and 41.2 % pairwise identity in NS gene and VP gene with this virus (accession

no: QGX73405.1), respectively (Figure 4).

Figure 3. Bearded dragon chaphamaparvovirus in comparison to related
chaphamaparvoviruses. The amino acid sequence size of the ORFs of each virus is shown.
Yellow and orange boxes refer to the NS and VP genes, respectively. The classic motif features

HXH (blue asterisk) and GPXNTGKX (green asterisk) on NS genes are labelled.
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Figure 4. Genome characterization and phylogenetic relationships of central bearded dragon

chaphamaparvovirus. (A) Genome depiction and reads mapping coverage of bearded dragon

chaphamaparvovirus. (B) Phylogenetic analysis of the non-structural protein gene (NS gene) of

parvoviruses, including other chaphamaparvoviruses and members of the Dependovirus,

Tetraparvovirus, Copiparvovirus, Erythroparvovirus, Protoparvovirus, Amdoparvovirus,

Aveparvovirus and Bocavirus genera. Bootstrap values >70% were presented for key nodes

(1,000 replicates). The tree was midpoint rooted for clarity only. Scale bar shows the number of

substitutions per site.

Prevalence of BDCV and BDchPV through PCR screening

The nucleic acid extracted from archived bearded dragon cases in the 2014 (n=5) and 2020

(n=12) outbreaks were screened using BDCV and BDchPV specific primers, respectively

(Table 3). The circovirus was detected from kidney and lung samples from one animal
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(case: 10043.3) in the original respiratory disease outbreak. A total of 3/12 liver samples
from the second outbreak were BDCV positive. In total, the chaphamaparvovirus was
detected in the liver samples of 7/15 cases, including three original respiratory cases in
2014 and four additional cases in 2020 (Table 3). Sanger sequencing results from PCR

products showed 95-99% nucleotide identity to the index cases.

Table 3. PCR testing of captive reptiles from the 2014 and 2020 outbreaks.

Case Species Clinical sign | Organ PCR results
no. BDCV BDchPV
10043.1 CBD Respiratory Kidney
Lung
10043.2 CBD Respiratory Liver
10043.3 CBD Respiratory Kidney
Lung
10043.4 CBD Respiratory Liver
10043.5 CBD Respiratory Liver
13270.1 CBD Mild Brain
neurological Liver
13270.2 CBD Normal Brain
Liver
13270.3 CBD Mild non- Brain
specific illness [ jyer
132704 CBD Neurological Brain
Liver
13270.5 CBD Normal Brain
Liver
13270.6 CBD Neurological Brain n.a. n.a.
Liver
13270.7 CBD Neurological Brain n.a. n.a.
Liver
13270.8 CBD Neurological Brain n.a. n.a.
Liver
132709 JL Normal Brain
Liver
13270.1 JL Neurological Brain
Liver
13270.11 JL Neurological Brain
Liver
13270.12 GED Moribund Brain
Liver
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CBBD: central bearded dragon (Pogona vitticeps), JL: jacky lizard (Amphibolurus muricatus), GED:
grassland earless dragon (Tympanocryptis pinguicolla), n.a.: non-applicable, green: negative, red:

positive.

Discussion

Our knowledge of the viruses of herpetofauna is expanding rapidly. Herein, we describe the
meta-transcriptomic discovery and characterization of two complete genomes of DNA
viruses, and their prevalence from mass mortality events of captive reptiles.

Circoviruses are one of the smallest DNA viruses that infect a wide range of
vertebrates, with most pathogenic consequences in association with immunocompromised
or immunosuppressed hosts, including canine [39], psittacine [40], porcine [41] and mink
[42] species. In 2019, a circovirus was detected in the liver and gut of black-headed
pythons (Aspidites melanocephalus) with spinal osteopathy [43]. The virus was then
identified in tissues of a Boelen’s python (Morelia boeleni) and two annulated tree boas
(Corallus annulatus). That investigation claimed to be the first to describe a reptilian
circovirus, although other circo-like viruses had been described previously in testudines
and squamates [44,45]. In all cases, the association between the circovirus and disease
was either weak or absent. Endogenous circoviruses have also been detected in snake
genomes [46]. It is notable that the bearded dragon circovirus newly identified here
clustered with a bat-associated circoviruses lineage. However, these bat viruses were
identified through metagenomic sequencing of environmental related samples (i.e. fecal
viromes) such that their true hosts remain unclear.

Parvoviruses are associated with disease in a variety of host species, ranging from
canines [49], livestock [50-53], rodents [36], and humans [54]. Reptile parvoviruses were
identified in several snake species (snake adeno-associated virus) [11,55-59] , some lizard
species [11] including bearded dragons [11,12]. To date, most of the exogenous reptilian
parvoviruses identified belong to the genus Dependoparvovirus and it has been thought
that these viruses require helper viruses (usually adenoviruses) for replication [13], although
more recent work is challenging this notion [60]. Chaphamaparvoviruses (ChPVs) are a
newly identified genus of parvoviruses [47]. Many ChPVs were previously unassigned
members of the now-defunct Chapparvovirus genus; a genus that had been identified in
rodents, birds, pigs, bats, Tasmanian devils, dogs, cats, primates and even invertebrates
[33-37,48]. Although a ChPV was previously identified in crocodile feces [36], it is possible

that this virus originated in the tilapia fish fed to these crocodiles. Our documentation of a
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novel and exogenous reptile chaphamaparvovirus in central bearded dragons extends the
host range of these parvoviruses.

Interestingly, co-infection with circoviruses and parvoviruses is increasingly reported in
different animal species, often in association with immunosuppression and exacerbated
disease severity. For example, previous studies have indicated that Porcine circovirus 2
(PCV-2) associated diseases are augmented by concurrent viral infections such as Porcine
parvovirus, and these viruses may serve as important cofactors in the pathogenesis of
Porcine multisystemic wasting syndrome (PMWS) [61]. Similarly, Canine circovirus 1 (CaCV-
1) and Canine parvovirus 2 (CPV-2) infection are linked to recurrent outbreaks of bloody
diarrhea and sudden death in puppies [62], and a novel lorikeet chaphamaparvovirus co-
infected with psittacine circovirus (beak and feather disease virus) in wild birds has been
described [63]. Recently, a similar coexistence of Tasmanian devil-associated circovirus
and chaphamaparvovirus was identified in a Tasmania devil metagenomic virome study, but
with no disease association [64].

Despite our description of these pathogens, their roles in the disease syndromes
described here remain uncertain and require additional investigation. Indeed, the
examination of feeding and husbandry practices surrounding brumation is warranted,
particularly since the animals that did not undergo brumation appeared to be unaffected in
the mortality event. Although the association between the two viruses and proliferative lung
disease was not clearly established, the role of these viruses as predisposing factors for
disease or reduced fitness merits further investigation.

Reptiles comprise a considerable proportion of the vertebrate biomass of many
ecosystems and play an important role in the food-web, and the delivery of ecosystem
services through pollination, seed dispersal and pest control. Australia has the highest
diversity of lizards of any country, yet our understanding of the biological threats to these
animals is scarce. It has been difficult to obtain an accurate understanding of the health
status of wildlife that are free-living, maintained for research, education, or species
recovery, using traditional diagnostic techniques. This study illustrates the value of
metagenomic approaches to disease investigation as a complement to traditional histology
and pathogen culture. The identification of bearded dragon circovirus and the bearded
dragon chaphamaparvovirus provides insight into reptilian viral diversity and reptile health,

and undoubtedly merits broader surveillance.
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Data Availability

The genome sequence of BDCV and BDchPV are available on NCBI/GenBank (accession
numbers: MT732118 and MT73219). Raw sequencing reads are available at the Sequence
Read Archive (SRA) under accession PRINA644669.
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