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Abstract
Spotty liver disease (SLD) causes substantial egg production losses and chicken mortality; therefore, it is a disease that concerns Australian egg farmers. Over
the last few decades, much research has been conducted to determine the etiologic agents of SLD and to develop potential therapeutics; however, SLD still
remains a major issue for the chicken industries globally and remained without the elucidation of potentially multiple pathogens involved. To help �ll this gap,
this study was aimed at understanding the viral diversity of bile samples from which the SLD-causing bacterium, Campylobacter hepaticus, has been isolated
and characterised. The collected samples were processed and sequenced using high-throughput next-generation sequencing. Remarkably, this study found 15
galliform chaphamaparvoviruses (GaChPVs), of which 14 are novel under the genus Chaphamaparvovirus. Among them, nine were complete genomes that
showed between 41.7% and 78.3% genome-wide pairwise similarities to one another. Subsequent phylogenetic analysis using the NS1 gene exhibited a
multiple incursion of chaphamaparvovirus lineages, including a novel lineage of unknown ancestral history in free-range laying chickens in Australia. This is
the �rst evidence of circulating many parvoviruses in chicken in Australia, which has increased our knowledge of the pathogen diversity that may have an
association with SLD in chickens.

Introduction
The chicken egg industry in Australia is one of the biggest industries supplying food for human consumption and makes a signi�cant contribution to the
Australian economy. One of the major issues the industry faces is tackling infectious diseases that can be spread directly or indirectly from one living
organism to another. These include bacteria (e.g., Salmonella, Campylobacter, Mycoplasma, Escherichia coli, infectious coryza, Ornithobacterium,
Gallibacterium, spirochaetosis) and viruses (e.g. infectious bronchitis virus, egg drop syndrome, swollen head syndrome, avian encephalomyelitis, in�uenza,
Newcastle disease, laryngotracheitis) 1–4. The emergence of spotty liver disease (SLD), caused by Campylobacter hepaticus, has been recognised by the
poultry industry in Australia (especially the free-range laying poultry sector) as ‘one of the most important disease challenges for the Australian egg industry’ 2.
In addition to this pathogen being a signi�cant problem in Australia, it is also a prevalent disease in the United Kingdom, the United States, New Zealand and
Jordan 3,4, and is considered a global poultry issue. SLD can cause an acute reduction in egg production – up to 25% – and mortality can reach up to 30% in
affected �ocks. As such, the egg farmers of Australia nominated SLD as a ‘priority concern’ 2,5.

The aetiology of SLD was determined in 2015 when a novel Campylobacter was isolated from infected birds in England 6. The following year, the same
species was independently isolated and characterised in Australia from the bile samples of SLD-affected chickens 7. It has been shown that isolated C.
hepaticus can induce SLD in experimentally inoculated egg-laying chickens 8. Despite numerous research efforts, there is still no commercially available
vaccine or effective method to reduce or eliminate SLD in chickens.

Metagenomics, or metatranscriptomics, is a relatively new technique that enables the detection and characterisation of entire viromes in animals 9–11 rather
than one single species of virus in isolation. 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, has increased 12–17. However,
there has been no focus given to investigate the potential presence of viral pathogens in chickens that may or may not be associated with SLD. To help �ll this
gap, we performed a virome study on bile collected from free-range chickens showing SLD. Moreover, all the chaphamaparvoviruses that were detected for the
�rst time using high-throughput next-generation sequencing were further analysed to reveal their diversity and evolutionary history.

Results

Genomic characteristic and diversity of sequenced GaChPV
A total of nine complete and six partial genomes of GaChPVs were sequenced and assembled from the bile of free-range laying chickens showing gross
pathology consistent with SLD. The length of the GaChPV genomes sequenced in this study ranged from 4367 bp to 4032 bp. Except for GaChPV-2 (GenBank
accession no. OM920509), a genome sequenced in this study that shows highest similarity with a previously isolated GaChPV-2 (87.39% and 88.26% for the
genomic level and protein sequence of NS1 gene, respectively), all other genomes of GaChPV were highly divergent (Table 1 and Table 2). According to the
recent nomenclature of considering species of parvovirus (i.e. same species if their NS1 proteins share more than 85% amino acid sequence identity) 18, our
study detected 14 GaChPVs demonstrating less than 80% similarity at both genomic and individual NS1 protein levels (Table 1 and Table 2); therefore, all 14
GaChPVs found are to be considered as novel parvoviruses under the genus Chaphamaparvovirus, family Parvoviridae and subfamily Hamaparvovirinae.
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Table 1
Comparative analysis of Galliform chaphamaparvovirus (GaChPV) sequenced in this study.

SL GaChPV [GenBank accession
no.]

Length
(nt)

Best BlastN match (Organism/query coverage (%)/E-value/GenBank accession
no.

nt similarity
(%)

1 GaChPV-4 [OM920501] 4367 Galliform chaphamaparvovirus 2 /97/0.0/MG846442.1 79.90

2 GaChPV-5 [OM920502] 4311 Galliform chaphamaparvovirus 3/63/0.0/MW306779.1 74.90

3 GaChPV-6 [OM920503] 4270 Peafowl parvovirus 2/33/3.00E-44/MK988620.1 64.11

4 GaChPV-7 [OM920504] 4230 Peafowl parvovirus 1/29/1.00E-125/MK988619.1 73.95

5 GaChPV-8 [OM920505] 4225 Chestnut teal chaphamaparvovirus 1/87/0/MT247758.1 73.73

6 GaChPV-9 [OM920506] 4212 Pavo cristatus parvoviridae sp./30/0/MW046349.1 76.56

7 GaChPV-10 [OM920507] 4211 Peafowl parvovirus 1/36/6.00E-79/MK988619.1 71.12

8 GaChPV-11 [OM920508] 4070 Cygnus columbianus Chaphamaparvovirus/19/4.00E-30/MW046623.1 76.22

9 GaChPV-2 [OM920509] 4032 Galliform chaphamaparvovirus 2 /97/0.0/MG846443.1 87.39

10 GaChPV-12 [OM920510] 3429 Peafowl parvovirus 2/67/2.00E-127/MK988620.1 71.15

11 GaChPV-13 [OM920511] 2582 Peafowl parvovirus 2/30/6.00E-62/MK988620.1 73.30

12 GaChPV-14 [OM920512] 1948 Parvoviridae sp./19/6.00E-17/MT138323.1 67.62

13 GaChPV-15 [OM920513] 1914 Ara ararauna Chaphamaparvovirus/52/4.00E-52/MW046364.1 71.59

14 GaChPV-16 [OM920514] 1894 Pavo cristatus parvoviridae sp./77/0.0/MW046349.1 78.66

15 GaChPV-17 [OM920515] 1622 Peafowl parvovirus 2/92/0.0/ MK988620.1 71.29
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Table 2
Comparative analysis of ORFs of Galliform chaphamaparvovirus (GaChV) detected in this study

    NS3 NS2 NS1 VP1

SL
no

Genome
(GenBank
accession
no)

Gene
coordinate
(nt length)

AA
similarity
(%)

Best BLAST
match

Gene
coordinate
(nt length)

AA
similarity
(%)

Best BLAST
match

Gene
coordinate
(nt length)

AA
similarity
(%)

Best BLAST
match

Gene
coor
(nt le

1 GaChPV-4
[OM920501]

297–740
(444)

74.83 NS3 [GaChV-
3,
QRK03700.1]

1917–
2525
(609)

81.14 GaChV-3,
QRK03699.1

623–2647
(2025)

77.63 GaChV-3,
QRK03698.1

2644
4317
(167

2 GaChPV-5
[OM920502]

285–728
(444)

69.39 NS3 [GaChV-
3,
QRK03700.1]

2067–
2519
(453)

72.67 WDChPV,
QMI57952.1

611–2629
(2019)

64.45 GaChV-3,
QRK03698.1

2626
4290
(166

3 GaChPV-6
[OM920503]

343–780
(438)

44.76 ORF1 [ChFV,
QSH48278.1]

1906–
2580
(675)

53.63 PfPV-2,
QGJ83205.1

684–2684
(2001)

45.94 PfPV-2,
QGJ83204.1

2659
4173
(151

4 GaChPV-7
[OM920504]

335–778
(444)

51.35 ORF1 [ChFV,
QSH48278.1]

1946–
2587
(642)

65.71 PfPV-1,
QGJ83202.1

670–2673
(2004)

58.15 PfPV-2,
QGJ83201.1

2666
4216
(155

5 GaChPV-8
[OM920505]

81–524
(444)

61.22 NS3 [GaChV-
3,
QRK03700.1]

1695–
2312
(618)

68.91 CTChPV-1,
QMI57830.1

407–2434
(2028)

61.63 GaChPV-2,
AXL64657.1

2431
4110
(168

6 GaChPV-9
[OM920506]

335–778
(444)

42.86 HP [PsChPV-
1,
QZW33714.1]

1991–
2590
(600)

68.97 PfPV-1,
QGJ83202.1

685–2673
(1989)

59.21 PfPV-1,
QGJ83201.1]

2666
4135
(150

7 GaChPV-10
[OM920507]

307–759
(453)

49.65 HP [PsChPV-
1,
QZW33714.1]

1858–
2571
(714)

64.29 PfPV-1,
QGJ83202.1

651–2657
(2007)

56.29 PfPV-1,
QGJ83201.1]

2650
4194
(154

8 GaChPV-11
[OM920508]

145–582
(438)

45.14 ORF1 [ChFV,
QSH48278.1]

1708–
2382
(675)

52.75 AAPV,
QTE04008.1

474–2486
(2013)

45.29 PfPV-2,
QGJ83204.1

2461
3978
(151

9 GaChPV-2
[OM920509]

346–789
(444)

74.15 NS3 [GaChV-
3,
QRK03700.1]

1966–
2577
(612)

78.86 GaChV-3,
QRK03699.1

672–2693
(2022)

88.26 GaChPV-2,
AXL64657.1

2690
3997
(130

10 GaChPV-12
[OM920510]

61–477
(417)

48.53 ORF1 [ChFV,
QSH48278.1]

1600–
2280
(681)

67.63 PfPV-2,
QGJ83205.1

369–2357
(1989)

59.16 PfPV-2,
QGJ83204.1

2287
3327
(104

11 GaChPV-13
[OM920511]

8-403
(396)

54.00 ORF1 [ChFV,
QSH48278.1]

1583–
2209
(627)

62.43 PfPV-1,
QGJ83202.1

292–2292
(2001)

56.59 PfPV-1,
QGJ83201.1

2250
2543
(294

12 GaChPV-14
[OM920512]

      2-202
(201)

36.92 PfPV-1,
QGJ83202.1

      281–
(151

13 GaChPV-15
[OM920513]

      908–1525
(618)

63.90 CTChPV-1,
QMI57830.1

25-1659
(1635)

54.73 DAChPV-2,
QRK03694.1

1830
1681
(150

14 GaChPV-16
[OM920514]

      388–936
(549)

72.13 PfPV-1,
QGJ83202.1

147–1022
(876)

55.67 PfPV- 1,
QGJ83201.1

980–
(216

                      1430
1729
(300

                      1882
1721
(162

15 GaChPV-17
[OM920515]

      498–1181
(684)

64.16 PfPV-2,
QGJ83205.1

74-1258
(1185)

56.93 PfPV-2,
QGJ83204.1

1227
1586
(360

Note: NS3, nonstructural protein 3; NS2, nonstructural protein 2; NS1, nonstructural protein 1; VP1, capsid protein; AA, amino acid; nt, nuclotides;, percentage; H
Galliform chaphamaparvovirus 2; GaChV-3, Galliform chaphamaparvovirus 3; PsChPV-1, Psittaciform chaphamaparvovirus 1; PfPV-1, Peafowl parvovirus 1; 
ChFV, Chu�evirus sp.; WDChPV, Wood duck chaphamaparvovirus; CTChPV-1, Chestnut teal chaphamaparvovirus 1; AAPV, Ara ararauna parvoviridae sp.; DAC
chapparvovirus 1; DAChPV-2, Duck-associated chapparvovirus 2; PCPV, Pavo cristatus parvoviridae sp.; RcPV, Parvoviridae sp.

Nine complete genomes of GaChPV sequenced in this study showed between 41.7% and 78.3% genome-wide pairwise similarity to one another, and 64.1–
87.4% similarity to the other parvovirus genomes available in GenBank that have been isolated globally (Table 1 and Fig. 1). The highest numbers of
chaphamaparvoviruses sequenced in this study (GaChPV-4, GaChPV-5, GaChPV-6, GaChPV-7, GaChPV-9, GaChPV-10, GaChPV-2, GaChPV-12, GaChPV-13,
GaChPV-14, GaChPV-16 and GaChPV-17) showed topmost similarity with other chaphamaparvoviruses detected in other galliform species (e.g., chicken,
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turkey and peafowl) (Table 1). Importantly, three chaphamaparvoviruses sequenced in this study (GaChPV-8, GaChPV-11 and GaChPV-15) exhibited highest
similarities with the chaphamaparvoviruses isolated from chestnut teal ducks (Anas castanea) in Australia 19, tundra swans (Cygnus columbianus) in China
and black swans (Cygnus atratus) in China – 73.73%, 76.22% and 71.59%, respectively.

Comparative analyses of coding genes of GaChPV
At the genomic level, GaChPV genomes (GaChPV-2 GaChPV-4 to GaChPV-11) contained four genes with the same relative order and orientation (Fig. 2).
Furthermore, there were several occurrences of gene truncation and elongation observed among GaChPVs detected in this study (Fig. 2 and Table 2).

The NS1 genes of GaChPVs detected in this study demonstrate signi�cantly low sequence similarities compared to other parvovirus isolates (Fig. 2A and
Table 2). At the amino acid level, GaChPV NS1 genes exhibit 45.29–88.26% identities compared to other parvoviruses (Table 2). The NS1 genes of GaChPV-2
and GaChPV-11 show the highest and lowest amino acid similarities to the previously identi�ed GaChPV-2 (protein similarity 88.26.%, GenBank accession no.
AXL64657.1) and peafowl parvovirus 2 (protein similarity 45.29.%, GenBank accession no. QGJ83204.1). Except for the NS1 gene of GaChPV-15, which
shows the highest amino acid similarity to the previously identi�ed duck-associated chaphamaparvovirus 2 (protein similarity 54.73.%, GenBank accession
no. QRK03694.1), all other NS1 genes of GaChPVs detected in this study show highest amino acid similarities with chaphamaparvoviruses detected in other
galliform species (e.g. chicken, turkey and peafowl) (Table 2).

Like other parvoviruses, the lengths of complete NS1 genes of 11 GaChPVs detected in this study range from 662to 673 amino acids, and they encode
helicases, including the conserved ATP- or GTP-binding Walker A loop (GPxNTGKT/S; 324GxSBxGKT/S331), Walker B (xxxWEE; 363xGxWEE368), Walker B’
(KQxxEGxxxxxPxK; 380KxxxEGMxxxxxxK393) and Walker C (PxxxTxN; 404PIxxxxN410) as motifs. In addition, the NS1 protein contains two conserved replication
initiator (endonuclease) motifs, xxHuHxxxx (xF112HuH115xxxx) and YxxK (171YxxK174). (Conserved amino acids are indicated in bold letters, and u indicates a
hydrophobic residue; residue numbers correspond to position in consensus sequence) (Fig. 2B).

All the GaChPV genomes predicted to contain an open-reading frame (ORF), which was shown to be homologous to the NS2 gene of parvoviruses (Fig. 2A and
Table 2). At the amino acid level, the complete NS2 gene of GaChPV exhibited 53.63–81.14% identities compared to other parvoviruses (Table 2). Except for
the NS2 protein of GaChPV-5, GaChPV-8, GaChPV-11 and GaChPV-15, which show the highest amino acid similarities (from 52.75–72.67%) to the previously
identi�ed wood duck chaphamaparvovirus (WDChPV), chestnut teal chaphamaparvovirus 1 (CTChPV-1) and ara ararauna parvoviridae sp. (AAPV), all other
NS2 genes of GaChPVs detected in this study show highest amino acid similarities with chaphamaparvoviruses detected in other galliform species (e.g.
chicken and peafowl) (Table 2). The NS3 genes of GaChPVs detected in this study show similarities with other parvoviruses previously isolated in a range
from 42.86–74.83% (Table 2). Importantly, only 4 out of 11 GaChPVs that encoded the NS3 gene (GaChPV-2, GaChPV-4, GaChPV-5 and GaChPV-8)
demonstrated high similarities with GaChPVs detected in other galliform species.

The major 3  ORF is the structural Parvoviridae capsid protein VP1. Except for the VP1 gene of GaChPV-2, which shows highest homology with a previously
isolated GaChPV-2 from chickens, all other GaChPV VP1 genes exhibited somewhat low amino acid similarities (44.04–70.02%) to the VP1 of other
parvoviruses. Except for the VP1 gene of GaChPV-5, GaChPV-8, GaChPV-9, GaChPV-13, GaChPV-14 and GaChPV-15, which show the highest amino acid
similarities to the previously identi�ed CTChPV-1, DAChPV-1, pavo cristatus parvoviridae sp. (PCPV), Parvoviridae sp. (RcPV) and WDChPV (59.33%, 60.34%,
65.00%, 63.95%, 48.04% and 51.02%, respectively), all other VP1 genes of GaChPVs detected in this study show highest amino acid similarities with
chaphamaparvoviruses detected in other galliform species (e.g. chicken, turkey and peafowl) (Table 2).

Emergence of GaChPV into multiple lineages
Phylogenetic analysis based on complete NS1 protein-coding sequences of 12 GaChPVs discovered in this study and other representative parvoviruses
retrieved from the GenBank clearly supported that there was a multiple incursion of chaphamaparvovirus lineages in the free-range chicken farm in Australia
chosen for this study (Fig. 3). Although the amino acid sequence similarities among NS1 genes of 12 GaChPVs were within a range of 45.29–88.26%, the
GaChPVs sequenced in this study were clustered into four distinctive lineages in the resulting maximum likelihood (ML) tree. Lineage-II, consisting of four
GaChPVs isolated in this study (GaChPV-7, GaChPV-9, GaChPV-10 and GaChPV-13 with GenBank accession numbers OM920504, OM920506, OM920507 and
OM920511, respectively) demonstrated a strong clade support (99%) with a chaphamaparvovirus – peafowl parvovirus 1 – and shared from 51.1–58.7%
amino acid identities among them. GaChPV-12, an isolate sequenced in this study (GenBank accession no. OM920510) showed strongest clade support
(100%) with two other chaphamaparvoviruses: peafowl parvovirus 2 and galliform chaphamaparvovirus 1, which was sequenced from Indian peafowl (Pavo
cristatus) and domestic turkeys (Meleagris gallopavo) in China 20 and Hungary 21 (lineage-III), indicating that the GaChPVs found in this study may have
originated from a different ancestor. Strikingly, two GaChPVs sequenced in this study (GaChPV-6 and GaChPV-11; GenBank accession numbers OM920503
and OM920508, respectively) emerged as a novel lineage (lineage-IV) with a strong bootstrap support (100%), indicating that the chosen chicken farm may be
circulating unique chaphamaparvoviruses that have never been reported. Lineage-VII is dominated by the chaphamaparvoviruses isolated from chickens in
Switzerland and Australia, dabbling ducks (Anas castanea) in Australia 19 and black swans (Cygnus atratus) in China and the GaChPV-3, which has been
isolated from ring-billed gulls (Larus delawarensis) in Canada 22. Most strikingly, it is evident that chaphamaparvoviruses in Australia may have �rst evolved
in a bird species – dabbling duck (Anas castanea) 19 – that was present before the Galliformes (mainly chickens) and Charadriiformes (mainly ring-billed
gulls, Larus delawarensis) (lineage-VII, Fig. 3). Based on the ML tree (lineage-VII), it appears that chaphamaparvoviruses potentially originated in ducks; then
host-switching events resulted in infections in galliform birds and several other bird species.

Discussion
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This study presents evidence of many highly divergent novel chaphamaparvoviruses in the bile of free-range laying chickens showing gross pathology
consistent with SLD. Strikingly, this study reports for the �rst time 14 novel GaChPVs circulating in laying chickens that show from 64.1–87.4% similarities to
other parvoviruses isolated globally. All novel genomes of GaChPV sequence derived from free-range laying chickens contain all the major structural and
functional genes, and NS1 genes exhibit from 45.29–88.26% amino acid identities compared to other parvoviruses. Except for the NS1 gene of GaChPV-2, all
other NS1 genes of GaChPVs sequenced in this study are signi�cantly divergent and clearly represent separate species, as demonstrated by the low degree of
amino acid identities (between 45.29% and 77.63%) to the closest parvovirus genes. Following the recent nomenclature of considering species of parvovirus
18, we propose the 14 GaChPVs found to be novel parvoviruses under the genus Chaphamaparvovirus, family Parvoviridae and subfamily Hamaparvovirinae.

Although this is an interesting �nding and opens a lot of opportunities for further investigation, some aspects of this case are di�cult to explain fully without
conducting ethically debatable virus-transmission experiments. The direct or indirect effect of these parvoviruses on the livers of laying chickens is unknown.
However, a recent �nding in another Galliformes species – pheasants (Phasianus colchicus) – shows several outbreaks of hepatitis with high mortality, which
were caused by a novel chaphamaparvovirus. The aetiology of hepatitis outbreaks in pheasants was con�rmed by pathology, sequencing and in-situ
hybridisation 23; pathologically, extensive areas of severe diffuse degeneration and hepatic necrosis with sparse in�ltration of mononuclear in�ammatory cells
and heterophils were observed in liver tissue, with degenerative hepatocytes presenting large amphophilic to acidophilic intranuclear inclusion bodies.
Additionally, parvovirus strains from the Anseriform dependoparvovirus 1 species within the Dependoparvovirus genus, are also capable of causing acute
disease in young geese and ducks, with characteristic lesions (including hepatitis) and the presence of similar intranuclear inclusion bodies 24. In contrast, the
etiological agent of SLD-causing bacterium, C. hepaticus, is isolated and characterised from the bile of laying chickens, and the organism produces
histological changes in liver tissue 25,26 very similar to hepatitis in pheasants (Phasianus colchicus) 23. However, authors Phung, et al. 25 reported that
infection with C. hepaticus may not be su�cient to induce disease; some other predisposing factors may also be required 25; this claim is supported by
various previous research efforts 26. For example, due to the absence of bacteria in necrotic hepatic foci, it has been suggested that a bacterial toxin, such as a
member of the cytolethal distending toxin (CDT) group commonly found in C. jejuni, could be associated with liver pathology 27. In contrast, a study by
Petrovska, et al. 28 reported that CDT genes were not detected in their studies of C. hepaticus. Though the presence of toxin-induced pathology cannot be
discounted, the in�uence of such entities in C. hepaticus pathology remains inconclusive. It is likely possible that there are other pathogens, including viruses
that might contribute to the development of liver pathology, which require further investigation. The pathogenic effects of parvoviruses detected in this study
on the liver is largely unknown; however, considering that several outbreaks of hepatitis in pheasants 23, geese and ducks 24 were caused by parvoviruses, the
long-term consequences in susceptible populations and their pathology remain to be determined.

Our phylogenetic analysis provides strong evidence of multiple circulating chaphamaparvovirus lineages in the free-range chicken farm in Australia (Fig. 3)
and supports that the newly sequenced GaChPVs are representative species of the genus Chaphamaparvovirus. The detected GaChPVs are divergent from the
viruses belonging to other genera of the subfamily. Thus, our results suggest that there are multiple lineages, including a unique lineage of
chaphamaparvoviruses that has emerged during the evolution of parvoviruses in free-range chickens in Australia. Interestingly, the GaChPVs detected in this
study were shown to be highly divergent genetically from chaphamaparvoviruses that infect other galliform species, such as chickens, turkeys and peafowl
20,21. In the absence of any parvovirus sequence in Australian chickens, it is di�cult to elucidate the origin of the GaChPVs from this case alone. It is likely that
these viruses are circulating in free-range and/or captive chickens in Australia but have not been detected yet. In support of our �ndings, two recent studies on
peafowl 20 and pheasants 23, in which the authors discovered novel chaphamaparvoviruses in tissues, showed that case fatalities were linked to parvoviruses;
however, many viruses designated as Chaphamaparvovirus were identi�ed from faecal samples 21,29−31, swabs 32 or asymptomatic tissues 33.

Interestingly, CTChPV-2 is basal to many known avian chaphamaparvoviruses, including �ve GaChPVs detected in this study (lineage-VII, Fig. 3), which
suggests that all the avian chaphamaparvoviruses clustered in this lineage may have evolved from the ancestral duck species that gave rise to CTChPV-2. The
duck species (chestnut teal, Anas castanea) from which CTChPV-2 was isolated, is one of the few species of Australian ducks 19 and is found in southwestern
and southeastern Australia, Rockhampton, Queensland to Ceduna, South Australia, and is most common in New South Wales, Victoria and Tasmania.
However, it is not documented whether free-range chickens intimately share any ecological niche with any known duck species. Free-range chickens are
usually reared to roam and forage outdoors for at least eight hours a day, an activity that has increased in the last decades. Such husbandry systems present
more biosecurity challenges than conventional poultry farms, implying a higher risk of the introduction and transmission of pathogens. A possible scenario for
transmission could be the ingestion of wild duck-contaminated food within their pasture since parvovirus is likely to persist in the environment for a time,
facilitating exposure to susceptible animals 34. It is well known that wild birds harbour a number of bacterial, fungal, viral and parasitic diseases, which can be
transmitted to captive and/or free-range poultry; the potential for diseases to transfer from wildlife to poultry may increase when poultry have access to the
outdoors 35.

Conclusions
We have reported the emergence of many novel chaphamaparvoviruses circulating in free-range laying chickens in Australia. The GaChPV genomes are
structurally similar to those of other chaphamaparvoviruses and likely originated from a common ancestor that deviated from its GaChPV-like progenitor. This
is the �rst report of the detection of a parvovirus in chickens in Australia, and the �ndings of this study have increased our knowledge of pathogen diversity
among chickens in Australia. These �ndings highlight important and unexpected aspects of likely parvovirus disease emergence and host-switching or host-
virus coevolution pertinent to other situations when viruses undergo host-switching across relatively deep phylogenetic divides. Additional investigations will
be required to better understand relevant host–pathogen dynamics, including routes of transmission and factors leading to infection, associated pathology
and disease prevalence in other organs/tissues.

Materials And Methods
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Sampling and ethical approval
In 2021, six bile samples were collected from chickens pathologically diagnosed with SLD (Fig. 4) at a free-range chicken farm in Seymour, Victoria. Samples
were collected aseptically (using sterile syringes and needles) directly from the gallbladder, transported in sterile Eppendorf tubes at ambient temperature and
stored at -20° C temperature until further processing. The reason for choosing bile samples for this study was that the SLD-causing bacterium C. hepaticus
has been isolated and characterised mainly from the bile of chickens 25,36. The chickens were necropsied by a registered veterinarian for routine diagnostic
purpose, and bile samples were collected using aseptic techniques. The Animal Ethics Committee at La Trobe University was informed that �ndings from the
diagnostic material were to be used in a publication, and a formal waiver of ethics approval was granted.

Virus enrichment and virus nucleic acid extraction
Virus particle enrichment was performed under the stated methods after the elimination of impurities (e.g. host cells, bacteria and free nucleic acids) from bile
samples 11,30 with minor variations. Brie�y, the bile samples were aseptically resuspended and vigorously homogenised in sterile phosphate-buffered saline
(PBS) (1:10) and centrifuged at 2,500 × g for 90 min at 4° C. The supernatant was �ltered using a 0.80 µm syringe �lter, and the �ltrate was processed
downstream. The samples were then ultracentrifuged at 178,000 × g and 30 psi for one hour 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 �ltrates 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 two hours. The nuclease reaction was stopped by adding 3 µL of 500 mM
ethylenediaminetetraacetic 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.

Next-generation sequencing
Before library construction, extracted nucleic acids were subjected to cDNA synthesis, and ampli�cation was carried out using the Whole Transcriptome
Ampli�cation Kit (WTA2, Sigma-Aldrich, Darmstadt, Germany) as per manufacturer instructions. Ampli�ed polymerase chain reaction (PCR) products were
then puri�ed using the Wizard® SV Gel and PCR Clean-Up kit (Promega, Madison, WI, USA). The quantity and quality of the puri�ed products were checked
using a Qubit dsDNA high sensitivity assay kit with Qubit Fluorometer v4.0 (Thermo Fisher Scienti�c, Waltham, MA, USA). The library construction was
performed as a pool that contained six samples 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 Scienti�c, USA). The quality and quantity of the prepared library was assessed by the Australian
Genome Research Facility, Melbourne, Australia. According to the manufacturer’s instructions, cluster generation and sequencing of the pooled library were
performed with 150 bp paired-end reads on the Illumina® NovaSeq chemistry.

Bioinformatic analyses
The resulting 47.7 million raw sequencing reads were analysed as per established pipeline 37–40 using Geneious Prime® (version 2022.1.1, Biomatters, New
Zealand) and CLC Genomics Workbench (version 9.0.1). Brie�y, 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. Trimmed sequence reads were mapped against the
chicken genome Gallus (GenBank accession number NC_006088.5) 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. A total of 45.5 million cleaned and
unmapped reads were used as input data for de novo assembly using a SPAdes assembler (version 3.10.1) 41 under the ‘careful’ parameter in the LIMS-HPC
system (a High-Performance Computer specialised for genomics research at La Trobe University). The resulting contigs were compared against the
nonredundant nucleotide and protein databases on GenBank using BLASTN and BLASTX 42, respectively, with an E-value threshold of 1 × 10− 5 to remove
potential false positives. Contigs that had signi�cant BLAST hits with bacteria, eukaryotes or fungi were �ltered out to remove non-viral reads. Virus contigs of
interest greater than 300 nucleotides (nt) were imported into Geneious Prime® (version 2022.1.1) for further functional analysis. The detected parvoviruses
were annotated using Geneious Prime® (version 2022.1.1), where Galliform chaphamaparvovirus 3 (GaChPV-3, GenBank accession no. MW306779) was used
as a reference guideline.

Comparative genomics and phylogenetic analyses
Genomic features of the newly sequenced parvoviral genomes were visualised using Geneious Prime® (version 2022.1.1). Sequence similarity percentages
between representative viruses were determined using tools available in Geneious Prime® (version 2022.1.1). For phylogenetic analysis, demonstrative
parvoviral gene sequences were downloaded from GenBank, and trees were constructed using CLC Genomics Workbench (version 9.0.1). The amino acid
sequences of protein-coding genes of 75 nonstructural 1 (NS1) proteins were aligned using the MAFTT L-INS-I algorithm (version 7.388) 43 implemented in
Geneious Prime® (version 2022.1.1). Phylogenetic analysis was performed using the WAG substitution model, with 1000 bootstrap replicates in CLC Genomics
Workbench (version 9.0.1).

Declarations
Data availability

All sequences analysed have been deposited in NCBI GenBank under the accession numbers OM920501-OM920515. Raw sequencing data from this study
have been deposited in the NCBI Sequence Read Achieve (SRA) under the accession number SRR19134919 (BioProject ID: PRJNA835504, BioSample



Page 8/13

accessions: SAMN28104065) (http://www.ncbi.nlm.nih.gov/sra/).

Declaration/Institutional Review Board Statement
The dead chickens were necropsied by a registered veterinarian for routine diagnostic purpose. All other methods were performed in accordance with the
standard guidelines and regulations for PC2 laboratory. The Animal Ethics Committee at La Trobe University was informed that �ndings from the diagnostic
material were to be used in a publication, and a formal waiver of ethics approval was granted.

Contributions
Conceptualization, S.S.; Formal analysis, S.S.; Funding acquisition, S.S., T.T.H.V and S.P.; Investigation, S.S., S.T. and A.A.; Methodology, S.S. and A.A.; Writing—
original draft, S.S.; Writing—review and editing, S.S., S.T., A.A., T.T.H.V. and S.P.

Competing interests
The authors report no competing interest.

Funding

This study was funded by the La Trobe University ABC Scheme, ECRs and MCRs Awards 2021. S. Sarker is the recipient of an Australian Research Council
Discovery Early Career Researcher Award (grant no. DE200100367) funded by the Australian Government. The Australian Government had no role in study
design, data collection and analysis, the decision to publish, or preparation of the manuscript.

References
1. Roberts, J. R., Souillard, R. & Bertin, J. Avian diseases which affect egg production and quality. Improving the Safety and Quality of Eggs and Egg

Products, 376–393, doi:10.1533/9780857093912.3.376 (2011).

2. Phung, C. et al. Campylobacter hepaticus, the Cause of Spotty Liver Disease in Chickens: Transmission and Routes of Infection. Frontiers in Veterinary
Science 6, doi:10.3389/fvets.2019.00505 (2020).

3. Quinteros, J. A. et al. Isoquinoline alkaloids induce partial protection of laying hens from the impact of Campylobacter hepaticus (spotty liver disease)
challenge. Poultry science, 101423, doi:https://doi.org/10.1016/j.psj.2021.101423 (2021).

4. Crawshaw, T. A review of the novel thermophilic Campylobacter, Campylobacter hepaticus, a pathogen of poultry. Transbound Emerg Dis 66, 1481–1492,
doi:10.1111/tbed.13229 (2019).

5. Courtice, J. M., Mahdi, L. K., Groves, P. J. & Kotiw, M. Spotty Liver Disease: A review of an ongoing challenge in commercial free-range egg production. Vet
Microbiol 227, 112–118, doi:10.1016/j.vetmic.2018.08.004 (2018).

�. Crawshaw, T. R. et al. Isolation of a novel thermophilic Campylobacter from cases of spotty liver disease in laying hens and experimental reproduction of
infection and microscopic pathology. Vet Microbiol 179, 315–321, doi:https://doi.org/10.1016/j.vetmic.2015.06.008 (2015).

7. Van, T. T. H., Elshagmani, E., Gor, M. C., Scott, P. C. & Moore, R. J. Campylobacter hepaticus sp. nov., isolated from chickens with spotty liver disease.
International Journal of Systematic and Evolutionary Microbiology 66, 4518–4524, doi:https://doi.org/10.1099/ijsem.0.001383 (2016).

�. Van, T. T. H. et al. Induction of spotty liver disease in layer hens by infection with Campylobacter hepaticus. Vet Microbiol 199, 85–90,
doi:https://doi.org/10.1016/j.vetmic.2016.12.033 (2017).

9. Shi, M., Zhang, Y. Z. & Holmes, E. C. Meta-transcriptomics and the evolutionary biology of RNA viruses. Virus Res 243, 83–90,
doi:10.1016/j.virusres.2017.10.016 (2018).

10. Vibin, J., Chamings, A., Klaassen, M. & Alexandersen, S. Metagenomic characterisation of additional and novel avian viruses from Australian wild ducks.
Scienti�c Reports 10, 22284, doi:10.1038/s41598-020-79413-9 (2020).

11. Vibin, J. et al. Metagenomics detection and characterisation of viruses in faecal samples from Australian wild birds. Scienti�c Reports 8, 8686,
doi:10.1038/s41598-018-26851-1 (2018).

12. Shi, M. et al. Rede�ning the invertebrate RNA virosphere. Nature 540, 539–543, doi:10.1038/nature20167 (2016).

13. Temmam, S. et al. Characterization of Viral Communities of Biting Midges and Identi�cation of Novel Thogotovirus Species and Rhabdovirus Genus.
Viruses 8, 77, doi:10.3390/v8030077 (2016).

14. Lim, E. S. et al. Early life dynamics of the human gut virome and bacterial microbiome in infants. Nat Med 21, 1228–1234, doi:10.1038/nm.3950 (2015).

15. Zablocki, O. et al. High-level diversity of tailed phages, eukaryote-associated viruses, and virophage-like elements in the metaviromes of antarctic soils.
Appl Environ Microbiol 80, 6888–6897, doi:10.1128/aem.01525-14 (2014).

1�. Roux, S. et al. Ecogenomics of virophages and their giant virus hosts assessed through time series metagenomics. Nat Commun 8, 858,
doi:10.1038/s41467-017-01086-2 (2017).

17. Chang, W. S. et al. Metatranscriptomic Analysis of Virus Diversity in Urban Wild Birds with Paretic Disease. J Virol 94, doi:10.1128/jvi.00606-20 (2020).

1�. Pénzes, J. J. et al. Reorganizing the family Parvoviridae: a revised taxonomy independent of the canonical approach based on host association. Arch
Virol 165, 2133–2146, doi:10.1007/s00705-020-04632-4 (2020).



Page 9/13

19. Vibin, J., Chamings, A., Klaassen, M., Bhatta, T. R. & Alexandersen, S. Metagenomic characterisation of avian parvoviruses and picornaviruses from
Australian wild ducks. Scienti�c Reports 10, 12800, doi:10.1038/s41598-020-69557-z (2020).

20. Liu, X. et al. Genomic and transcriptional analyses of novel parvoviruses identi�ed from dead peafowl. Virology 539, 80–91,
doi:10.1016/j.virol.2019.10.013 (2020).

21. Reuter, G., Boros, Á., Delwart, E. & Pankovics, P. Novel circular single-stranded DNA virus from turkey faeces. Arch Virol 159, 2161–2164,
doi:10.1007/s00705-014-2025-3 (2014).

22. Canuti, M. et al. Investigating the Diversity and Host Range of Novel Parvoviruses from North American Ducks Using Epidemiology, Phylogenetics,
Genome Structure, and Codon Usage Analysis. Viruses 13, doi:10.3390/v13020193 (2021).

23. Matos, M. et al. A novel Chaphamaparvovirus is the etiological agent of hepatitis outbreaks in pheasants (Phasianus colchicus) characterized by high
mortality. Transbound Emerg Dis n/a, doi:https://doi.org/10.1111/tbed.14545 (2022).

24. Palya, V. J. Parvovirus infections of waterfowl. In: D. E. Swayne, M. Boulianne, C. M. Logue, L. R. McDougald, V. Nair, & D. L. Suarez (Eds.), Diseases of
poultry (14th edn., pp. 474–497). Hoboken, New Jersey: Wiley-Blackwell.. (2020).

25. Phung, C. et al. Campylobacter hepaticus, the Cause of Spotty Liver Disease in Chickens: Transmission and Routes of Infection. Frontiers in Veterinary
Science 6, doi:10.3389/fvets.2019.00505 (2020).

2�. Courtice, J. M., Mahdi, L. K., Groves, P. J. & Kotiw, M. Spotty Liver Disease: A review of an ongoing challenge in commercial free-range egg production. Vet
Microbiol 227, 112–118, doi:https://doi.org/10.1016/j.vetmic.2018.08.004 (2018).

27. Jenner, R.

2�. Petrovska, L. et al. Genome Reduction for Niche Association in Campylobacter Hepaticus, A Cause of Spotty Liver Disease in Poultry. Frontiers in Cellular
and Infection Microbiology 7, doi:10.3389/fcimb.2017.00354 (2017).

29. Yang, S., Peng, P., Zhaoyuan, Q., Wang, X. & Wang, C. Genetic Relationship of the 1780–1760 Ma Dykes and the Coeval Volcanics in the Lvliang Area,
North China. Acta Geologica Sinica - English Edition 90, 133–134, doi:https://doi.org/10.1111/1755-6724.12932 (2016).

30. Sarker, S. Metagenomic detection and characterisation of multiple viruses in apparently healthy Australian Neophema birds. Scienti�c Reports 11, 20915,
doi:10.1038/s41598-021-00440-1 (2021).

31. Sarker, S. Molecular and Phylogenetic Characterisation of a Highly Divergent Novel Parvovirus (Psittaciform Chaphamaparvovirus 2) in Australian
Neophema Parrots. Pathogens 10, 1559 (2021).

32. Palinski, R. M., Mitra, N. & Hause, B. M. Discovery of a novel Parvovirinae virus, porcine parvovirus 7, by metagenomic sequencing of porcine rectal swabs.
Virus genes 52, 564–567, doi:10.1007/s11262-016-1322-1 (2016).

33. Souza, W. M. d. et al. Chapparvoviruses occur in at least three vertebrate classes and have a broad biogeographic distribution. Journal of General Virology
98, 225–229, doi:https://doi.org/10.1099/jgv.0.000671 (2017).

34. Sykes, J. E. in Canine and Feline Infectious Diseases (ed Jane E. Sykes) 141–151 (W.B. Saunders, 2014).

35. Scott, A. B. et al. Biosecurity practices on Australian commercial layer and meat chicken farms: Performance and perceptions of farmers. PloS one 13,
e0195582, doi:10.1371/journal.pone.0195582 (2018).

3�. Van, T. T. H., Gor, M.-C., Anwar, A., Scott, P. C. & Moore, R. J. Campylobacter hepaticus, the cause of spotty liver disease in chickens, is present throughout
the small intestine and caeca of infected birds. Vet Microbiol 207, 226–230, doi:https://doi.org/10.1016/j.vetmic.2017.06.022 (2017).

37. Sarker, S. et al. Genomic characterization of two novel pathogenic avipoxviruses isolated from paci�c shearwaters (Ardenna spp.). BMC genomics 18,
298, doi:10.1186/s12864-017-3680-z (2017).

3�. Athukorala, A. et al. Genomic Characterisation of a Highly Divergent Siadenovirus (Psittacine Siadenovirus F) from the Critically Endangered Orange-
Bellied Parrot (Neophema chrysogaster). Viruses 13, doi:10.3390/v13091714 (2021).

39. Sutherland, M. et al. Disease surveillance in wild Victorian cacatuids reveals co-infection with multiple agents and detection of novel avian viruses. Vet
Microbiol 235, 257–264, doi:https://doi.org/10.1016/j.vetmic.2019.07.012 (2019).

40. Sarker, S. et al. Crocodilepox Virus Evolutionary Genomics Supports Observed Poxvirus Infection Dynamics on Saltwater Crocodile (Crocodylus porosus).
Viruses 11, doi:10.3390/v11121116 (2019).

41. Bankevich, A. et al. SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. Journal of computational biology: a journal
of computational molecular cell biology 19, 455–477, doi:10.1089/cmb.2012.0021 (2012).

42. Benson, D. A. et al. GenBank. Nucleic Acids Research 41, D36-42, doi:10.1093/nar/gks1195 (2013).

43. Katoh, K. & Standley, D. M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability. Mol Biol Evol 30, 772–
780, doi:10.1093/molbev/mst010 (2013).

Figures



Page 10/13

Figure 1

Comparison of galliform chaphamaparvovirus (GaChPV) genome sequences in this study. (A) Pairwise similarities percentage among GaChPV genome
sequences in this study. (B) Pairwise comparison among GaChPV complete coding sequences of major genes. Upper comparison panel indicates the
similarities percentage between two sequences of capsid gene (VP1), and lower comparison panel indicates the similarities percentage between two
sequences of nonstructural protein 1 (NS1). 
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Figure 2

A schematic illustration of the selected avian chaphamaparvoviruses. (A) A schematic map of the galliform chaphamaparvoviruses (GaChPVs) sequenced in
this study (GenBank accession no. OM920501–OM920515) compared to GaChPV-3 (GenBank accession no. MW306779) and the peafowl parvovirus 2
(PfPV-2, GenBank accession no. MK988620), using the CLC Genomic Workbench (version 9.0.1). The arrows symbolise chaphamaparvovirus genes and open-
reading frames (ORFs) predicted to code for proteins, indicating their transcriptional direction. Each gene or ORF is colour coded. The bottom graph represents
the sequence conservation among the aligned selected sequences at a given coordinate at each position in the alignment. The colour gradient re�ects the
conservation of that position in the alignment. Red presents 100 conserved regions across all viruses, black is 50 conserved regions, and blue is less than 50
conserved regions. *= denotes genes fragmented; #= denotes partial genomes. (B) Alignment of conserved domains of nonstructural protein 1 (NS1) from 11
GaChPVs sequenced in this study.
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Figure 3

Maximum likelihood phylogenetic tree shows the possible evolutionary relationship of novel galliform chaphamaparvoviruses (GaChPVs) detected in this
study with other selected parvoviruses. The numbers on the left show bootstrap values as percentages, and the labels at the branch tips refer to the original
parvoviruses’ species names (followed by the GenBank accession numbers in parentheses). The clade correspondence to the chaphamaparvoviruses
sequenced in this study has a purple background, and the GaChPVs sequenced in this study are shown in pink. All other clades relevant to other genera are
collapsed (details tree under supplementary Figure 1). 
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Figure 4

Illustrates liver with necrotic lesions characteristic of spotty liver disease (SLD) in chickens. (Photo courtesy, Dr Arif Anwar, Scolexia Pty Ltd, Moonee Ponds,
VIC, Australia). 
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