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A B S T R A C T   

Parvoviruses are known to be significant viral pathogens that infect a wide range of species globally. However, 
little is known about the parvoviruses circulating in Australian birds, including yellow canaries. Here, we present 
four parvoviral sequences including three novel parvoviruses detected from 10 yellow canaries (Crithagra fla
viventris), named canary chaphamaparvovirus 1 and -2 (CaChPV1 and CaChPV2), canary dependoparvovirus 1 
and -2 (CaDePV1 and CaDePV2). The whole genome sequences of CaChPV1, CaChPV2, CaDePV1, and CaDePV2 
showed the highest identity with other parvoviruses at 76.4%, 75.9%, 84.0%, and 59.1%, respectively. Phylo
genetic analysis demonstrated that CaChPV1 and CaChPV2 were clustered within the genus Chaphamaparvovirus. 
Meanwhile, CaDePV1 and CaDePV2 fall within the genus Dependoparvovirus and have the closest evolutionary 
relationship to the bird-associated dependoparvoviruses. Overall, this study enriched our understanding of the 
genetic diversity among avian parvoviruses within the Parvoviridae family.   

1. Introduction 

Parvoviruses are nonenveloped, icosahedral DNA viruses with di
ameters ranging from 19 to 24 nm, a relatively small genome consisting 
of single-stranded DNA arranged in a linear configuration, spanning 
between 4 and 6 kilobases (kb)(Day and Zsak, 2010; Kisary et al., 1984). 
The parvovirus genome contains two major expression cassettes, one of 
which encodes non-structural proteins (NS), the enzymes required for 
replication, such as the nonstructural protein 1 (NS1), which is a repli
case, and also encoding NS2 and NS3 through alternative splicing. The 
other expression cassette, designated capsid gene (VP1) that encodes 
structural proteins(Kailasan et al., 2015). Parvoviruses are considered 
significant viral pathogens capable of infecting a wide range of hosts, 
including many vertebrate and invertebrate species(Kapgate et al., 
2018). The family Parvoviridae is divided into three subfamilies, Parvo
virinae, Densovirinae, and Hamaparvovirinae, which are classified based 
on phylogenetic analysis. The subfamily Parvovirinae includes ten 
genera, which comprise viruses infecting mammals, birds, and reptiles. 
Whereas, the subfamily Densovirinae contains eight genera consisting of 

viruses that infect invertebrate hosts, including insects, crustaceans, and 
echinoderms; Hamaparvovirinae has five genera that contain viruses 
identified in vertebrate and invertebrate hosts(Cotmore et al., 2014, 
2019; Penzes et al., 2020). 

Within the subfamily Hamaparvovirinae, parvoviruses under the 
genus Chaphamaparvovirus, have been detected in the fecal samples of 
chickens, turkeys, peafowls, rats, pigs, grus japonensis and eidolon 
helvums, as well as in a variety of tissue samples, including serums, 
rectal swabs, nasal swabs, and lung lavages sourced from pigs (Kapgate 
et al., 2018; M et al., 2019; Palinski et al., 2016; Reuter et al., 2014; 
Sarker, 2022). In addition, chaphamaparvoviruses were also identified 
in the liver tissue samples from parrot species, including the rainbow 
lorikeet (Trichoglossus moluccanus) and little corella (Cacatua sanguinea) 
(Chang et al., 2020; Sutherland and Sarker, 2023). Among the ten 
genera within the subfamily Parvovirinae, the genus Dependoparvovirus 
has been found in various species such as snake, muscovy duck, and 
goose, with additional adeno-associated viruses included in the genus 
Dependoparvovirus(Farkas et al., 2004; Zadori et al., 1995). 

The yellow canary (Crithagra flaviventris) which belongs to the order 
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Passeriformes, family Fringillidae, genus Crithagra. Currently, the yel
low canary is listed as ‘least concern’ under the International Union for 
Conservation of Nature (IUCN) red list of threatened species. 
Geographically, the existing habitats of yellow canary are mainly 
located in the southern regions of Africa, such as Angola, Botswana, 
Lesotho, Namibia, and South Africa(Cardoso et al., 2016). Although the 
population trend of the yellow canary is currently described as ‘stable’ 
by the IUCN, it is essential to be aware of several potential factors 
affecting the population of this species, such as parvovirus infection, 
which has been identified as a critical risk factor for the conservation of 
threatened bird populations(Kapgate et al., 2018; Shan et al., 2022). 

Over the past few decades, epidemiological investigations have 
demonstrated a wide distribution of parvovirus-infected species, 
including the members of the order Passeriformes(Shan et al., 2022). In 
detail, there has been only one report of parvovirus identification in 
Spinus spinus of the family Fringillidae, further categorized in the genus 
Carduelis(Shan et al., 2022). To our knowledge, there have been no re
ports about the parvovirus infection on the species classified under the 
family Fringillidae, genus Crithagra, including the yellow canary. Very 
little is known about the parvoviruses that may be harbored by yellow 
canary bird species. Therefore, this study aims to characterize four novel 
parvoviruses identified during a viral metagenomic study in the faecal 
materials collected from a group of yellow canary (Crithagra flaviventris). 

2. Materials and methods 

2.1. Sampling, ethical considerations, and extraction of DNA 

Faecal materials from a group of 10 yellow canaries (Crithagra fla
viventris) were obtained from a pet shop in Victoria during the provision 
of routine animal care and were stored at − 80 ◦C in a cryovial with 
RNALater until further processing. 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. Potential impurities from the faecal sam
ples, such as host cells, bacteria, food particles, and free nucleic acids, 
were removed and was followed by enrichment of virus particles per
formed as per stated methods (Sarker, 2021a; Vibin et al., 2018) Briefly, 
the faecal sample was aseptically resuspended and vigorously homoge
nized in sterile phosphate-buffered saline (PBS) (1:10) and centrifuged 
at 2500×g for 90 min at 4 ◦C. The supernatant was filtered using a 0.80 
μm syringe filter, and the filtrate was then ultracentrifuged at 178, 
000×g and 30 psi for 1 h at 4 ◦C using a Hitachi Ultracentrifuge 
CP100NX (Hitachi Koki Co., Ltd., Tokyo, Japan). 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; Merck KgaA, Darmstadt, Germany) 
and 1 μL of micrococcal nuclease (2,000,000 gel units/mL; New England 
Biolabs, Ipswich, Massachusetts, USA) and incubated at 37 ◦C for 2 h. 
The nuclease reaction was stopped by adding 3 μL of 500 mM ethyl
enediaminetetraacetic acid. The viral nucleic acids were extracted using 
a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, USA) without 
carrier RNA, which allowed the simultaneous extraction of viral DNA 
and RNA. The quantity and quality of the isolated nucleic acids were 
determined using a Nanodrop and an Agilent Tape Station at the 
Genomic Platform, La Trobe University. 

2.2. Next-generation sequencing 

Before library construction, extracted nucleic acids were subjected to 
cDNA synthesis, and amplification was carried out using the Whole 
Transcriptome Amplification Kit (WTA2, Sigma-Aldrich, Darmstadt, 
Germany) as per manufacturer instructions. Amplified polymerase chain 
reaction (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 products were checked using a Qubit dsDNA high 

sensitivity assay kit with Qubit Fluorometer v4.0 (Thermo Fisher Sci
entific, Waltham, MA, USA). The library construction was performed 
using the Illumina DNA Prep (Illumina, San Diego, CA, USA) as per kit 
instructions, starting with 250 ng of DNA as measured by a Qubit 
Fluorometer v4.0 (Thermo Fisher Scientific, USA). The quality and 
quantity of the prepared library were assessed by the Australian Genome 
Research Facility, Melbourne, Australia. Cluster generation and 
sequencing of the library were performed with 150 bp paired-end reads 
on the Illumina® NovaSeq chemistry, according to the manufacturer’s 
instructions. 

2.3. Bioinformatic analyses 

The resulting raw sequencing reads were analyzed as per the estab
lished pipeline (Athukorala et al., 2021; Sarker et al., 2017, 2019; 
Sutherland et al., 2019) using Geneious Prime® (version 2023.1.1, 
Biomatters, New Zealand) and LIMS-HPC system (a High-Performance 
Computer specialized for genomics research at La Trobe University). 
Briefly, preliminary quality evaluation for all raw reads was generated 
and pre-processed to remove ambiguous base calls, and poor-quality 
reads and trimmed to remove the Illumina adapter sequences. Trim
med sequence reads were mapped against the chicken genome Gallus 
(GenBank accession no. NC006088.5) to remove likely host DNA 
contamination. In addition, reads were further mapped to the Escher
ichia coli bacterial genomic sequence (GenBank accession no. U00096) 
to remove possible bacterial contamination. Cleaned and unmapped 
reads were used as input data for de novo assembly using a SPAdes 
assembler (version 3.10.1) (Bankevich et al., 2012) under the ‘careful’ 
parameter in the LIMS-HPC system (a High-Performance Computer 
specialized for genomics research at La Trobe University). The resulting 
contigs were compared against the nonredundant nucleotide and pro
tein databases on GenBank using BLASTN and BLASTX (Benson et al., 
2013b), respectively, with an E-value threshold of 1 × 10− 5 to remove 
potential false positives. Contigs that had significant BLAST hits with 
bacteria, eukaryotes, or fungi were filtered out to remove non-viral 
reads. Virus contigs of interest greater than 500 nucleotides (nt) were 
imported into Geneious Prime® (version 2023.1.1) for further func
tional analysis. The detected viruses were annotated using Geneious 
Prime® (version 2023.1.1), where genus-specific published viruses were 
used as a reference guideline. 

2.4. Comparative genomics and phylogenetic analyses 

Genomic comparison of the newly sequenced complete viral ge
nomes of parvoviruses were visualized using Geneious (version 
2023.1.1). The sequence identity between the selected viral sequences 
was identified against representative parvovirus sequences by MAFFT 
software (Version 11.0.11)(Katoh and Standley, 2013). A comparative 
analysis of the protein sequences encoded by the predicted ORFs was 
conducted using BLASTX and BLASTP, leveraging the GenBank data
base, and the relevant information on parvoviruses used in this study are 
shown in Table 1 and Table 2. 

Phylogenetic analysis of the novel parvoviruses genome sequence 
identified in this study was performed with other selected parvoviruses 
genome sequences available in the GenBank database. The amino acid 
sequences of replication protein (nonstructural protein, NS1) and capsid 
protein (VP1) were aligned by MAFFT software with the L–INS–I algo
rithm (gap open penalty 1.53 and offset value 0.123). Thereafter, to 
determine the best-fit model to construct maximum-likelihood (ML) 
analysis, the best model testing was performed in MEGA software 
(Version 11.0.11)(Tamura et al., 2021). Phylogenetic analysis for the 
amino acid sequences of complete NS1 and VP1 were performed using 
the WAG model with gamma distribution rate variation and a proportion 
of invariable sites (WAG + G + I). All positions with less than 95% site 
coverage were eliminated and the number of bootstrap replicates for the 
phylogenetic analysis was 1000. 
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3. Results 

3.1. Genomes of four parvoviral sequences 

A total of four, including three novel parvoviruses genome sequences 
from faecal materials obtained from 10 yellow canaries (Crithagra fla
viventris) were fully sequenced using NGS. There were no further 
eukaryotic viral contigs detected in this study. 

Based on the origin, sequence characterization, and evolutionary 

linkage of these four parvoviruses, named canary chaphamaparvovirus 1 
and -2 (CaChPV1 and CaChPV2, respectively), canary depend
oparvovirus 1 and -2 (CaDePV1, CaDePV2, respectively). These assem
bled genomes were all linear single-stranded DNA (ssDNA) molecules 
with lengths of 4292 bp, 4243 bp, 4813 bp, and 4126 bp for CaChPV1, 
CaChPV2, CaDePV1 and CaDePV2, respectively. The A + T content of 
these parvoviral complete genomes detected were found to be 40.7% 
(CaChPV1), 41.3% (CaChPV2), 54.4% (CaDePV1), and 47.4% 
(CaDePV2), which corresponds well to other parvoviruses detected in 

Table 1 
Related chaphamaparvovirus genome sequences used in further analysis.  

Chapparvoviruses Abbreviation Host Year of 
detectiona 

Country of 
origina 

GenBank accession 
number 

References 

Canary chaphamaparvovirus 1 CaChPV1 Crithagra flaviventris 2023 Australia OR670978 This study 
Canary chaphamaparvovirus 2 CaChPV1 Crithagra flaviventris 2023 Australia OR670979 This study 
Psittaciform 

chaphamaparvovirus 1 
PsChPV1 Trichoglossus moluccanus 2013 Australia MT457858 Chang et al. (2020) 

Psittaciform 
chaphamaparvovirus 2 

PsChPV2 Neophema elegans/N. 
splendida 

2020 Australia MZ364297 Sarker (2021b) 

Psittaciform 
chaphamaparvovirus 3 

PsChPV3 Cacatua sanguinea 2020 Australia OK482703 Sutherland and Sarker 
(2023) 

Peafowl parvovirus 1 PfPV1 Pavo cristatus 2013 China MK988619 Liu et al. (2020) 
Galliform chaphamaparvovirus 1 GaChV1 Meleagris gallopavo 2012 Hungary KF925531 Reuter et al. (2014) 
Chicken chapparvovirus 1 CChV1 Gallus gallus 2015 Brazil MG846441 *b 

Galliform chaphamaparvovirus 2 GaChV2 Gallus gallus 2015 Brazil MG846443 * 
Parvoviridae sp. RcPV9 Grus japonensis 2014 China KY312548 Wang et al. (2019) 
Parvoviridae sp. RcPV10 Grus japonensis 2014 China KY312549 Wang et al. (2019) 
Rodent chaphamaparvovirus 1 RoChV1 Mus musculus 2014 USA MF175078 Williams et al. (2018) 
Chiropteran 

chaphamaparvovirus 1 
ChiCPV1 Desmodus rotundus 2010 Brazil NC032097 Souza et al. (2017) 

Bat parvovirus BtPV Eidolon helvum 2013 Cameroon MG693107 Yinda et al. (2018) 
Rodent chaphamaparvovirus 2 RoChV2 Rodent 2014 China KX272741 Yang et al. (2016) 
Ungulate chaphamaparvovirus 1 UChPPV1 Sus 2015 USA KU563733 Palinski et al. (2016) 
Parvoviridae sp. EcPV150 Emberiza chrysophrys 2018 China MT138311 Shan et al. (2022) 
Parvoviridae sp. EsPV36 Emberiza schoeniclus 2018 China MT138291 Shan et al. (2022) 
Parvoviridae sp. WbPV1 Wild bird 2018 China MT138217 Shan et al. (2022)  

a If the collection date/country was not available, the year/country of submission to GenBank is reported. 
b unpublished. 

Table 2 
Related dependoparvovirus genome sequences were used in further analysis.  

Dependoparvoviruses Abbreviation Host Year of detectiona Country of origina GenBank accession number References 

Canary dependoparvovirus 1 CaDePV1 Crithagra flaviventris 2023 Australia OR670977 This study 
Canary dependoparvovirus 2 CaDePV2 Crithagra flaviventris 2023 Australia OR670980 This study 
Adeno-associated virus 2 AdDePV2 Homo sapiens 1993 USA NC001401 Cao et al. (2014) 
Goose parvovirus GoDePV Anser anser anser 2000 USA NC001701 Zadori et al. (1995) 
Muscovy duck parvovirus MdDePV Cairina moschata 2004 USA NC006147 Zadori et al. (1995) 
Snake adeno-associated virus SaDePV Python regius 2003 Germany NC006148 Farkas et al. (2004) 
Adeno-associated virus 5 AdDePV5 Homo sapiens 1998 USA NC006152 Chiorini et al. (1999) 
Parvoviridae sp. AiPV1 Anser indicus 2016 China MT138284 Shan et al. (2022) 
Parvoviridae sp. SsPV142 Spinus spinus 2018 China MT138314 Shan et al. (2022) 
Parvoviridae sp. TnPV173 Turdus naumanni 2018 China MT138317 Shan et al. (2022) 
Parvoviridae sp. AiPV4 Anser indicus 2016 China MT138330 Shan et al. (2022)  

a If the collection date/country was not available, the year/country of submission to GenBank is reported. 

Fig. 1. A schematic illustration of the CaChPV1, CaChPV2, CaDePV1, and CaDePV2 genome was performed using Geneious Prime software (version 2023.1.1). The 
arrow represents the transcriptional direction of each gene, and the numbers at the top of the illustration represent the corresponding nucleotide positions of these 
putative novel parvoviruses. 
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other avian host species (Supplementary Tables S1 and S2). The overall 
genomic organization of these four novel parvoviral sequenced in this 
study are similar to other parvoviruses, with two major predicted open- 
reading frames (ORFs) that typically contain a replication initiator 
protein or nonstructural protein (NS1) and a viral capsid protein (VP1) 
(Fig. 1). Additionally, detailed information on the whole genome 
structures of these parvoviruses is shown in Supplementary Table S3. 
Like other parvoviruses, the lengths of complete NS1 genes of four 
detected parvoviral sequences in this study range from 501 to 668 amino 
acids. As can be seen in Table 3, they encode helicases, including the 
conserved ATP- or GTP-binding Walker A loop (GPxNTGKT/S), Walker 
B (xxxWEE), Walker B’ (KQxxEGxxxxxPxK), Walker C (PxxxTxN) as 
motifs, and a conserved replication initiator (endonuclease) motif, 
xxHuHxxxx (where, conserved amino acids are indicated in bold 
letters). 

3.2. Comparative analyses 

Comparative analysis of the protein sequences revealed significant 
identity (E-value ≤10− 5) in the protein sequences of all ORFs among the 
four parvoviruses. However, there was an ORF in the CaChPV2 genome 
that encoded for a hypothetical protein (Fig. 1). In the case of CaChPV1, 
the nonstructural protein 3 (NS3) exhibited the highest amino acid 
sequence identity (50.36%) to the hypothetical protein of Phoeni
copteridae parvo-like hybrid virus (GenBank accession no. QTE03742.1) 
when analyzed with BLASTX. Furthermore, the NS1, NS2, and VP1 of 
CaChPV1 displayed the highest amino acid sequence identity with 
Parvoviridae sp. (WbPV1, GenBank accession no. MT138217.1), at 
79.3%, 67.3%, and 76.5%, respectively. As for CaChPV2, the NS1 pro
tein exhibited amino acid sequence identities ranging from 33.0% to 
75.8% when compared to other related chaphamaparvoviruses, and the 
highest identity was observed with Parvoviridae sp. (EsPV150, GenBank 
accession no. MT138311) from Emberiza schoeniclus (Supplementary 
Table S1). Similarly, the VP1 protein of CaChPV2 displayed amino acid 
sequence identities between 30.7% and 72.0%, with the greatest iden
tity seen in Parvoviridae sp. (EsPV36, GenBank accession no. MT138291) 
(Supplementary Table S1). As shown in Supplementary Table S2, at both 
the nucleotide and amino acid levels, the NS1 and VP1 proteins of 
CaDePV1 shared the highest sequence identity with Parvoviridae sp. 
(SsPV142, GenBank accession no. MT138314) from Spinus spinus. 
Meanwhile, in the case of CaDePV2, the NS1 protein and VP1 protein 
exhibited the highest sequence identity at the amino acid level with 
Parvoviridae sp. (TnPV173, GenBank accession no. MT138317) from 
Turdus naumanni, at 74.9% and 63.2%, respectively. Overall, there were 
significant differences in the NS1 protein between three detected canary 
parvoviruses (CaChPV1, CaChPV2 and CaDePV2) and other isolated 
parvoviruses, thus these results indicates that the canary parvoviruses 
identified in this study should be considered as novel. 

Furthermore, an alignment of multiple complete genome sequences 
unveiled interesting relationships. For the two canary chaphamaparvo
viruses identified in this study, the CaChPV1 genome displayed the 
closest relatedness to WbPV1, exhibiting 76.4% identity (Supplemen
tary Table S1). In contrast, CaChPV2 displayed the highest identity to 
EsPV36 at 75.4%, followed by EcPV150 at 73.9% and CaChPV1 at 
57.2%. Similarly, for the newly discovered canary 

dependoparvoviruses, the CaDePV1 genome showed the closest rela
tionship to SsPV142, with a striking 84.0% identity (Supplementary 
Table S2). Meanwhile, CaDePV2 demonstrated the most consistent 
genome sequence alignment with AiPV1 at 59.1%, followed by 
TnPV173 at 58.5% and AiPV4 at 56.7%. 

3.3. Evolutionary relationships 

To explore the evolutionary relationships of the detected parvoviral 
sequences in this study, we utilized the full-length amino acid sequences 
of the NS1 protein and VP1 protein to construct phylogenetic trees 
(Cotmore et al., 2019). The Maximum Likelihood (ML) tree of the NS1 
gene unequivocally places the two newly discovered sequences such as 
CaChPV1, and CaChPV2 in the genus Chaphamaparvovirus, subfamily 
Hamaparvovirinae (Fig. 2 and Supplementary Fig. S1). Whereas the se
quences belonging to the CaDePV1, and CaDePV2 are placed within the 
genus Dependoparvovirus, subfamily Parvovirinae (Fig. 3 and Supple
mentary Fig. S1), and the detailed genetic relationships observed in 
these trees align with the comparisons made based on the genome se
quences. As shown in Fig. 2, in the ML tree, CaChPV1 and CaChPV2 are 
situated within a subclade of chaphamaparvoviruses, alongside other 
chaphamaparvoviruses identified in diverse hosts. Specifically, 
CaChPV1 exhibits the closest relationships with WbPV1 (GenBank 
accession no. MT138217), which originates from wild birds. CaChPV2 
occupies a central position in a subclade and is most related to EsPV36 
and EcPV150 with robust bootstrap support (100%). Both EsPV36 and 
EcPV150 were isolated from Emberiza Chrysophrys in 2018, indicating 
that the canary chaphamaparvoviruses and Emberiza Chrysophrys cha
phamaparvoviruses were more closely related in terms of viral evolution 
(Fig. 2). 

The ML tree of the NS1 protein reveals that CaDePV1 and CaDePV2 
form a distinct subclade alongside other parvoviruses, including adeno- 
associated virus, goose parvoviruses, duck parvoviruses, Parvoviridae sp, 
and other dependoparvoviruses (Fig. 3 and Supplementary Fig. S1). 
Within this subclade of dependoparvoviruses, CaDePV1 demonstrates its 
closest genetic connection with SsPV142 (GenBank accession no. 
MT138314) from Spinus spinus, boasting robust 100% bootstrap support. 
Conversely, CaDePV2 shows its closest evolutionary affiliation with 
TnPV173 (GenBank accession. MT138317) from Turdus naumanni, fol
lowed by AiPV1 (GenBank accession. MT138284) and AiPV4 (GenBank 
accession no. MT138330) from Anser indicus(Fig. 3). 

To better correlate the evolutionary linkage of these four newly 
identified parvoviruses, the phylogenetic analysis using amino acid se
quences of the VP1 protein was performed. As shown in Supplementary 
Figs. S2 and S3, the results similarly reveal an evolutionary genetic 
connection between these newly discovered parvoviruses (CaChPV1, 
CaChPV2, CaDePV1, and CaDePV2) and some other parvoviruses. 
Among them, it was discovered that the parvoviruses identified from 
wild birds, Emberiza schoeniclus, Spinus spinus, and Turdus naumanni 
exhibited the closest resemblance to the newly identified CaChPV1, 
CaChPV2, CaDePV1, and CaDePV2, respectively, within the corre
sponding fragment of the genome (Supplementary Figs. S2 and S3). 
Thereafter, using the same set of VP1 protein sequences, the maximum 
inter-lineage sequence identity values for the novel parvoviruses were 
observed to be 76.5% (CaChPV1 vs. WbPV1), 72.1% (CaChPV2 vs. 

Table 3 
Conserved motifs in NS1 protein.  

Conserved motif CaChPV1 CaChPV2 CaDePV1 CaDePV2 

ATP- or GTP-binding Walker A loop (GPxNTGKT/S) GPATTGKT GPSNTGKS GPATTGKT GPPTTGKT 
Walker B (xxxWEE) IIWWEE LAIWEE IIWWEE LIWWEE 
Walker B′ (KQxxEGxxxxxPxK) KAILGGSKVRVDQK KQIFEGMTCSIAIK KAILGGSKVRVDQK KCILGGVSCRVDRK 
Walker C (PxxxTxN) PVIITSN PVLMTTN PVIITSN PVIITSN 
Replication initiator (endonuclease) motifs: xxHuHxxxx -VHLHCCIE VFHTHALLR -VHLHCCIE GAHVHLMVP 
Replication initiator (endonuclease) motifs: YxxK YLLG YMMK YLMK YLLK 

Conserved amino acids are indicated in bold letters. 
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EsPV36), 92.2% (CaDePV1 vs. SsPV142) and 63.7% (CaDePV2 vs. 
TnPV173), respectively, compared to the most genetically related vi
ruses. These results of sequence identity also mirrored the phylogenetic 
position of the parvoviruses detected in this study. 

4. Discussion 

The advancement of metagenomic sequencing technology has 
opened avenues for genomic-level analysis of numerous viruses, 
enabling the exploration of the diverse viral landscape within avian 
species(Sarker, 2021b, 2022; Shan et al., 2022). In this study, we utilized 
a metagenomic approach to investigate the spectrum of circulating vi
ruses in yellow canaries (Crithagra flaviventris) housed in a pet shop in 
Victoria, Australia. Our finding presents the genomic characterization of 
four parvoviral sequences (CaChPV1, CaChPV2, CaDePV1, and 
CaDePV2) in yellow canaries. 

The results demonstrated a notable consistency in the genome 
structures of these newly identified parvoviral sequences, including 
genome size and number of ORFs, with other characterized parvoviruses 
available in the GenBank database(Benson et al., 2013a). Nevertheless, 
CaChPV1, CaChPV2, CaDePV1, and CaDePV2 were also exhibited sig
nificant distinctions from other parvoviruses, their whole genome se
quences demonstrating the highest sequence identities of 76.4% 
(CaChPV1 vs. WbPV1), 75.4% (CaChPV2 vs. EsPV36), 84.0% (CaDePV1 
vs. SePV142) and 59.1% (CaDePV2 vs. AiPV1), respectively (Supple
mentary Table S1 and Table S2). In essence, these parvoviral sequences 
differ sufficiently from known parvoviruses to be considered novel 
members of the family Parvoviridae. 

Phylogenetic analyses based on amino acid sequences of the 

parvovirus NS1 and VP1 proteins demonstrate that the four newly 
identified parvoviruses are part of the genera Chaphamaparvovirus and 
Dependoparvovirus (Shan et al., 2022). Although the classification of 
parvoviruses primarily relies on the protein sequences of the NS1 gene, 
furthermore, a well-supported ML phylogenetic tree based on the amino 
acid sequences of the VP1 gene, further confirmed the close evolutionary 
relationships among these novel parvoviral sequences (Supplementary 
Figs. S2 and S3)(Penzes et al., 2020). Interestingly, phylogenetic ana
lyses revealed that the four newly identified parvoviruses bear a close 
evolutionarily relationship to parvoviruses identified in China from 
2016 to 2018 (Supplementary Fig. S1). Yet, these viruses were derived 
from a wide range of hosts, such as Emberiza chrysophrys, Spinus spinus, 
Turdus naumanni, Anser indicus, and wild birds (Tables 1 and 2). These 
findings underscore the intricate genetic interplay among parvoviruses 
in various avian species. 

Although the infections of many parvoviruses are frequently asso
ciated with gastrointestinal disease in a variety of animals(Kapgate 
et al., 2018; Koo et al., 2015; Sanchez et al., 2023; Sarker, 2021b), 
pathogenic consequences of parvoviral sequences identified in this study 
are unknown. In 2019, metagenomic sequencing of 93 fecal samples 
from wild and captive red-crowned cranes revealed six novel parvovi
ruses, with four viruses belonging to the genus Chaphamapparvovirus and 
the remaining two to the genus Aveparvovirus(Wang et al., 2019). 
Likewise, virome sequencing of fecal samples from wild birds in Brazil 
indicated that parvoviruses accounted for roughly 16% of the total 
dataset generated by the sequencing(M et al., 2019). In 2022, a collec
tion of 3182 fecal samples from wild and breeding birds in China, sub
jected to metagenomic sequencing, demonstrated that the parvoviruses 
accounted for approximately 17% of the total number of detected 

Fig. 2. The maximum likelihood (ML) tree was constructed using the amino acid sequences of complete nonstructural protein (NS1) of chaphamaparvoviruses by 
MEGA software (Version 11.0.11) with 1000 bootstraps, and the multiple alignments were performed using MAFFT software (Version 7.490). The numbers on the left 
show bootstrap values as percentages. The labels at the branch tips refer to the parvovirus names, followed by the GenBank accession numbers in parentheses. The 
position of novel parvoviruses identified in this study are highlighted using red text. 
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viruses (n = 707)(Shan et al., 2022). These findings collectively high
light the presence of parvoviruses in fecal samples from both wild and 
captive birds, suggesting a diverse range of undetected parvoviruses 
may be present in these fecal samples. However, the clinical significance 
of these parvoviruses identified from faecal samples is unclear, as the 
definitive causal relationship between the viruses and the disease pro
cess in the host has not been established. Further virus isolation and 
animal infection experiments on yellow canaries may provide additional 
insight into its pathogenicity, which has not been conducted as part of 
our work yet. Simultaneously, given the limitation of the parvovirus’s 
replication mechanisms in infected cells, studying parvovirus-host in
teractions remains a major challenge(Kapgate et al., 2018). Thus, 
further studies on novel avian parvovirus species in both wild and 
captive birds are essential to determine the evolutionary relationships 
and pathogenicity of these viruses. 

5. Conclusions 

This study reports four previously unidentified parvoviral sequences 
sourced from faecal materials of 10 yellow canaries (Crithagra flavi
ventris) and designated as CaChPV1, CaChPV2, CaDePV1, and CaDePV2. 
Comparative examination of their whole genome sequences revealed 
significant divergence from other known parvoviruses in terms of 
sequence identity and evolutionary linkage. Except for CaDePV1 which 
has a 92% NS1 amino acid identity, three other novel parvoviral se
quences should be considered as new parvoviruses under the family 
Parvoviridae, under the genera Chaphamaparvovirus (CaChPV1 and 
CaChPV2) and Dependoparvovirus (CaDePV2). Our findings not only 
enrich the genomic information within the family Parvoviridae but also 
shed light on the presence of parvovirus infecting yellow canary, 

providing valuable insights into the genetic connections of parvovirus 
infections in this species. 
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