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A novel pathogenic aviadenovirus from red-bellied parrots (Poicephalus
ruﬁventris) unveils deep recombination events among avian host lineages
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Competing roles of coevolution, selective pressure and recombination are an emerging interest in virus
evolution. We report a novel aviadenovirus from captive red-bellied parrots (Poicephalus ruﬁventris) that
uncovers evidence of deep recombination among aviadenoviruses. The sequence identity of the virus was most
closely related to Turkey adenovirus D (42% similarity) and other adenoviruses in chickens, turkeys and
pigeons. Sequencing and comparative analysis showed that the genome comprised 40,930 nucleotides
containing 42 predicted open reading frames (ORFs) 19 of which had strong similarity with genes from other
adenovirus species. The new genome unveiled a lineage that likely participated in deep recombination events
across the genus Aviadenovirus accounting for an ancient evolutionary relationship. We hypothesize frequent
host switch events and recombination among adenovirus progenitors in Galloanserae hosts caused the
radiation of extant aviadenoviruses and the newly assembled Poicephalus adenovirus genome points to a
potentially broader host range of these viruses among birds.

1. Introduction
Adenoviruses are non-enveloped, double-stranded, linear, DNA
viruses in the family Adenoviridae which replicate with high ﬁdelity
in the host nuclei of vertebrates. Adenovirus pathogens of commercial
poultry and humans have been well characterised in terms of their
genetic diversity, pathogenicity and the diseases they cause. The
demonstration of novel adenovirus infections in psittacine birds has
alluded to the existence of psittacine coevolved adenovirus species
(Raue et al., 2005), yet most case reports have been associated with
likely spill-over of Fowl aviadenovirus infection (Capua et al., 1995;
McFerran et al., 1976; Mori et al., 1989). The International Committee
on Taxonomy of Viruses recognises ﬁve genera in the family with the
majority of avian adenoviruses so far characterised belonging to the
genus Aviadenovirus for which the type species is Fowl aviadenovirus
A. This genus mostly aﬀects gallinaceous birds with diseases of
commercial signiﬁcance in quail, poultry, ducks, geese, pheasants
and turkeys. The predominance of aviadenoviruses in gamefowl and
waterfowl has hinted towards an ancient host coevolution with the
Galloanserae. However there is widespread serological evidence of
adenoviruses in many wild birds such as albatross (Padilla et al., 2003),

cormorants (Travis et al., 2006) and other neoavian lineages including
pigeons, and parrots that points to a more widespread host diversity
(Dean et al., 2006; Hess et al., 1998a, 1998b; Katohi et al., 2010;
Mackie et al., 2003; Marlier and Vindevogel, 2006). Indeed avian hosts
also dominate the related genus Siadenovirus, for which the type
species is Frog siadenovirus A, but includes host species from
passerine birds, raptors and turkeys (Joseph et al., 2014; Katoh
et al., 2009; Wellehan et al., 2009). Similarly avian hosts have been
shown for the Atadenovirus genus (To et al., 2014) which hints
towards a deeper evolutionary history of the family that is yet to be
fully resolved. As has recently been demonstrated for other DNA
viruses (Buck et al., 2016; Das et al., 2016) the discovery of individual
novel adenovirus species in new hosts can provide more accurate
phylogenetic trees and improved taxonomic classiﬁcation for the family
Adenoviridae. In this paper we present analyses of a novel adenovirus
from the livers of captive red-bellied parrots (Poicephalus ruﬁventris)
that died with acute fulminant disease characterised by multisystemic
necrosis and intranuclear inclusions. The results point to evidence of
frequent host switch events and recombination among adenovirus
progenitors in avian hosts.
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was iterated up to 100,000 times. The alignment was checked manually
for low coverage areas and edited to generate better alignment. A
consensus sequence was generated from the alignment with gradient
thresholds (0%, 25%, 50% and 70%) which created ﬁrst draft genome
versions of the novel adenovirus in red bellied parrots. All these draft
versions were mapped again with the post-trimmed reads and the best
assembly with maximum coverage and 100% pairwise identity was
selected as the ﬁnal genome. The same approach was followed for all
three samples and the resulted three complete genome were subjected
to multiple alignment using MAFFT (Katoh et al., 2002) algorithm (LINS-i, Scoring matrix 2, Gap cost 1.53) which revealed negligible
variation among the sequences demonstrating that all three samples
represent the same virus.
De novo assembly was also performed using both Geneious v 7.1.7
and CLC Genomics Workbench v. 9.5.1. Since excess coverage can
result in a lower quality of the de novo assembly, we sub-sampled (10%
of the total reads) the paired reads equivalent to an expected coverage
of approximately 50 reads/site each time. This approach generated
fewer and larger contigs similar to the size of the entire adenovirus
genome. A BLAST search on the resulted major contigs conﬁrmed a
closest match with aviadenovirus sequences. The major contigs from
the sub-sampled dataset were mapped based on available aviadenovirus sequences in GenBank, gap tweaked, ordered and oriented
manually where necessary. The draft genome thus generated from de
novo assembly was then aligned with the complete genome obtained by
reference assembly which matched perfectly and produced a 40,930 bp
consensus genome for the adenovirus obtained from the red bellied
parrots.
Open reading frames (ORFs) longer than 50 amino acids with
minimal overlapping ( < 25%) to other ORFs were captured using the
Geneious software analysis tool Glimmer V. 3.0 (Delcher et al., 2007),
Viral Genome Organizer for genome organization comparisons (VGO)
(Upton et al., 2003), and Genome Annotation Transfer Utility for
annotation (GATU) (Tcherepanov et al., 2006). These ORFs were
subsequently extracted into a FASTA ﬁle, and similarity searches
including nucleotide (BLASTn) and protein (BLASTp) were performed
on annotated ORFs as potential genes if they shared signiﬁcant
sequence similarity to known viral genes (BLAST E value ≤ e-5) or
contained a putative conserved domain as predicted by BLASTp
(Benson et al., 2014). The ﬁnal annotation of ORFs was further
examined with other adenovirus orthologous alignments to determine
the correct start site, correct stop codons, signs of truncation, and
validity of overlaps.

2. Methods
2.1. Samples
Liver tissue stored at −20 °C from three male red-bellied parrots
(Poicephalus ruﬁventris) with histological evidence of acute necrotising hepatitis was used to extract and analyse viral DNA. The birds were
from a captive aviary ﬂock of mixed species including Senegal parrots
and purple crowned lorikeets in which only the red-bellied parrots had
experienced fatal infection. From the aﬀected birds histopathology of
tissues demonstrated widespread severe congestion and necrosis with
multifocal areas of necrosis throughout the intestines, liver and spleen
associated with karyomegaly and basophilic intranuclear inclusions.
Blood, intestinal swabs and frozen spleen and liver samples tested PCR
positive to adenovirus DNA (Raue et al., 2005) and negative for
herpesvirus, polyomavirus, and Beak and feather disease virus using
established PCR protocols (Phalen et al., 1999; Ypelaar et al., 1999).
PCR amplicon sequencing conﬁrmed the detection of adenovirus DNA.
2.2. Whole genome reconstruction
2.2.1. Library preparation
Genomic DNA was extracted from the liver samples from the three
birds using QIAamp DNA mini kit following manufacturer's instruction
with some modiﬁcation. In brief, virion enrichment from macerated
liver samples was performed by centrifugation for 2 min at 8000 g to
remove tissue debris, and the supernatants were subsequently ﬁltered
through 5 µm (Millipore) centrifuge ﬁlters (Jensen et al., 2015). The
ﬁltrates were RNase (Invitrogen) treated to remove any unprotected
nucleic acids. The ﬁltrates were used for viral DNA extraction using
QIAamp DNA mini (Qiagen). The extracted DNA was further sheared
using by ultrasound shearing using a Covaris S2 soniﬁer (Covaris, Inc.,
Woburn, MA) and paired-end libraries with 150 bp insert size using
the Illumina paired-end sample preparation kit (Illumina, San Diego,
CA) according to the manufacturer's instructions. Custom-made barcoded adapters were used to allow sequencing of several samples in one
lane.
2.2.2. Illumina sequencing
Whole genome sequencing was performed using Illumina Next
generation sequencing (NGS) technology on a HiSeq4000 platform by
Novogene, China. Reads corresponding to all three samples were
separated based on perfect match to the barcode sequence using a
custom perl script. The raw data were pre-processed to remove
ambiguous base calls, short reads and poor quality reads using default
parameters and datasets were trimmed to pass the quality control
based on PHRED score. To remove traces of contaminating host DNA
the trimmed reads were mapped against the closest available psittacine
host genome, the budgerigar (Melopsittacus undulatus) (Ganapathy
et al., 2014) and only unmapped reads thus obtained were used for
assembly of the virus genome.

2.2.4. Comparative Genomics
The genetic map of the newly assembled genome with other
aviadenoviruses was visualized and compared using EasyFig (Sullivan
et al., 2011) (tblastx, max e Value 0.001). Pairwise identity among full
length genomes and core proteins were obtained from Geneious
annotator.
2.3. Phylogenetic analysis

2.2.3. Genome assembly
Initial draft genome was assembled using Geneious assembler
(Geneious version 7.1.7, Biomatters, New Zealand) by mapping the
post-trimmed reads against reference genomes of the type species
within the family Adenoviridae (medium sensitivity, iteration 5 times).
Matching reads were found only against the genus Aviadenovirus type
species Fowl adenovirus A (FAdV-A) and around 10% of the reference
genome was mapped against these reads. Consequently the paired
reads were mapped individually against representative genome sequences of all member species of the genus Aviadenovirus in a similar
fashion to obtain the best matching reference sequence (FAdV-C, AC.
KM096544) which generated 6000 contigs from 1.8 million paired end
reads. Thereafter, all (9.8 million) post-trimmed paired reads were
mapped to the identiﬁed reference genome with highest sensitivity and

To ascertain the evolutionary relationship of the newly assembled
Poicephalus adenovirus we compiled all publicly available adenovirus
genomes (n=78) from NIH GenBank for phylogenetic reconstruction.
Individual sequences were annotated with accession number, host and
virus species. A global alignment of all full length genomes were
generated in Geneious with MAFFT v 7.017 using G-INS-i (gap open
penalty 1.53; oﬀset value 0.123) alignment algorithm (Katoh et al.,
2002). The initial neighbourhood joining (NJ) phylogenetic tree from
the Global alignment was performed in Geneious tree builder with
1000 bootstrap replicates (Tamura et al., 2004). Further maximum
likelihood (ML) based phylogenetic analysis was performed using
alignment comprising a set of 37 full length genomes representing
each recognised member of the Adenoviridae. For ML trees the
189
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Fig. 1. Comparative genome map of Aviadenovirus species visualized using EasyFig. Organization at the central part of the Poicephalus adenovirus is identical to other members of
genus Aviadenoviruses except for the ﬁber genes (red asterisks). The right ﬂanking end of the genome is most diverse and includes novel open reading frames (ORFs). Pairwise tblastx
hits between adenovirus genomes are indicated by diﬀerent shades of violet.

value of K to vary from 1 to 12 with an initial burn-in of 10,000
iterations followed by 50,000 iterations. Five independent runs were
carried out for each K value (equating to 60 runs in total). Default
parameters and an admixture model with the option of correlated allele
frequencies between populations were used since the model could
account for recombination and global spread producing some
individuals with mixed ancestry or for allele frequencies in subpopulations being similar due to admixture or shared ancestry.
Structure Harvester was used to detect the optimum number of
population structures (Earl and vonHoldt, 2012) by inferring the
appropriate ΔK (highest change of likelihood function). After
obtaining the optimum K value at least 30 independent reruns in
STRUCTURE were performed to obtain the ﬁnal result. Genetic
stratiﬁcation was visualized using CLUMPAK (Kopelman et al., 2015)
using a suitable distract setting and default colour parameters.

program jModelTest 2.1.3 favoured a general-time-reversible model
with gamma distribution rate variation and a proportion of invariable
sites (GTR+I+G4) for the adenovirus phylogeny (Darriba et al., 2012).
ML tree reconstructed using PhyMl with 100 bootstrap replicates
(Guindon and Gascuel, 2003). Amino acid sequence alignments of
selected proteins (hexon, penton and DNA polymerase) were also
generated from same selected set of genomes using the MAFFT L-INS-i
algorithm (scoring matrix=BLOSUM62; gap open penalty=1.53). The
ML tree from the protein alignments were performed under LG
substitution model with 1000 non-parametric bootstrap ramping in
PhyML implemented in Geneious.
2.4. Population structure of Adenoviridae based on Hexon gene
The genetic population among adenoviruses was analysed based on
the hexon coding genes using STRUCTURE v 2.3.4 (Pritchard and
Wen, 2004) by converting hexon gene sequences to STRUCTURE v
2.3.4 compatible ﬁles using XMFA2Struct (http://www.xavierdidelot.
xtreemhost.com/index.htm). To estimate the number of population
structures (the K parameter), the dataset was analysed allowing the

2.5. Recombination analysis
A global recombination analysis of the Adenoviridae whole genomes was screened using RDP, GENECONV, Bootscan, MaxChi,
190
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Chimaera, Siscan and 3Seq methods contained in the RDP4 program
(Martin et al., 2010). Full length genomes of the avian adenoviruses,
including avian host representatives of Siadenovirus and Atadenovirus,
was also assessed for in-depth detection of recombination signals.
Analyses of non-tree like evolutionary relationship amongst the avian
adenoviruses in the presence of extensive recombination was performed using Neighbour-Net algorithm, Bootstrap network, Cluster
network and minimum spanning network using default parameters
implemented in SplitsTree4 (Huson and Bryant, 2006).

Table 1
Open reading frames of Poicephalus adenovirus (PoAdV).

3. Results
3.1. Virus identiﬁcation
Histopathology of tissues samples from the three aﬀected birds
demonstrated widespread severe congestion and multifocal hepatocellular necrosis with multifocal areas of necrosis also present throughout
the intestines and spleen associated with karyomegaly and basophilic
intranuclear inclusions. Extracted DNA from blood, intestinal swabs
and frozen tissue samples (spleen and liver) tested PCR positive to
adenovirus DNA and initial Sanger sequencing conﬁrmed a small
segment of adenovirus hexon gene from PCR positive amplicons.
3.2. Genome organization
An initial BLAST search and pairwise genetic distance map of the
full length genome showed high genetic similarity with avian adenoviruses. The genome architecture of the proposed Poicephalus adenovirus (PoAdV) closely resembled that of other members of genus
Aviadenovirus with a similarly organised central core of the genome
(Fig. 1). A total of 42 open reading frames (ORFs) were predicted
within the genome with 19 having similarity to genes from other
adenovirus species (Table 1). The whole genome G+C content and the
percentage sequence identities of the full length genome and individual
proteins of Aviadenovirus species are presented in Table 2 with
predicted central genes (from IVa2 to ﬁber-2) having sequence
homology (up to 71.6%) and identical orientations to that of Fowl
adenovirus (A, C) and Turkey adenovirus D (TAdV-D) which were
overall the closest genetic neighbours to PoADV (Fig. 2, supplementary
Fig. S1). However, at the individual protein level, amino acid sequence
identity varied greatly (supplementary Figs. S2–S4). In PoAdV, the
predicted DNA polymerase, pIIIa, penton base, hexon, protease, pVIII
and DNA binding proteins demonstrated highest pairwise identity with
homologous proteins from FAdV-A, whereas other proteins (Iva2, pTp,
pIIIb, hexon associated protein and ﬁber proteins) showed the highest
match with respective proteins from other aviadenovirus species.
Among the major capsid proteins the penton base and ﬁber combine
to form the vertex capsomere which is critical for virus assembly. In
PoAdV, the predicted penton base protein had a length of 535 aa with
strong resemblance to the penton base proteins from fowl, duck, falcon
and turkey adenovirus species (Table 2, supplementary Fig. S4). Two
ﬁber genes (ﬁber-1 and ﬁber-2) were found in the positive sense strand,
with the predicted ﬁber-1 protein 453 aa long and the ﬁber-2 protein
slightly larger (618 aa length). Both ﬁber-1 and ﬁber-2 proteins showed
maximum similarity with that of Fowl adenovirus C (FAdV-C) with
30% and 27% pairwise identity respectively. Among the minor capsid
proteins, a predicted 382 aa long pIIIa capsid protein had high
similarity (57–65%) with homologous proteins from fowl, turkey,
pigeon and duck adenoviruses while the 596 aa long pIIIb protein also
had strong similarity (54–60%) to these avian adenovirus species. The
predicted hexon associated protein showed a close phylogenetic
relationship and maximum resemblance (Table 2, supplementary Fig.
S2) with the homologous 100k ORF of Fowl adenovirus E (FAdV-E).
Besides this, the predicted DNA polymerase of 1264 aa length had
highest (61.87%) similarity to Fowl aviadenovirus A DNA polymerase
(Table 2, supplementary Fig. S3).

Open reading frame

Nt positions

Length

Direction

ORF01
ORF2 putative psittacine PAV19
ORF03
ORF04
dUTPAse homolog
ORF05
ORF06
Homolog to parvovirus NS1 superfamily
ORF07
ORF08
E4 control protein
ORF fowl adenovirus hypothetical
ORF09 homolog fowl adenovirus
IVa2 maturation protein CDS
DNA polymerase
pre-terminal protein
pIIIa capsid protein
pIIIb capsid protein
ORF10
penton base
pX core protein precursor
minor capsid protein precursor
Hexon
protease
DNA binding protein
ORF11
ORF12
Hexon assembly associated protein
ORF13
ORF14
pVIII protein
Fiber-1
Fiber-2
ORF15
ORF16
ORF17
ORF19 homolog with fowl adenovirus
ORF18
ORF20
ORF21
ORF22 homolog to pigeon adenovirus 1
ORF23

146
403
1574
2051
2,363
2950
3209
3424
4263
4779
4965
5613
6568
7397
8628
12,423
14,410
15,539
17,326
17,446
19,447
20,108
20,851
23,686
24,349
25,719
26,323
26,450
29,169
29,281
29,659
30,606
31,952
33,850
34,442
34,883
35,938
38,203
38,434
38,941
39,267
40,242

129
729
462
240
423
204
141
819
483
186
639
1002
849
1257
3795
2034
1149
1791
132
1608
543
663
2829
624
1368
444
144
2664
156
336
735
1362
1857
591
396
930
2,118
210
123
327
939
324

forward
reverse
reverse
forward
forward
forward
forward
forward
reverse
forward
reverse
reverse
reverse
reverse
reverse
reverse
forward
forward
reverse
forward
forward
forward
forward
forward
reverse
reverse
forward
forward
forward
forward
forward
forward
forward
reverse
reverse
reverse
reverse
reverse
reverse
forward
forward
reverse

274
1131
2035
2290
2785
3153
3349
4242
4745
4964
5603
6614
7416
8653
12,422
14,456
15,558
17,329
17,457
19,053
19,989
20,770
23,679
24,309
25,716
26,162
26,466
29,113
29,324
29,616
30,393
31,967
33,808
34,440
34,837
35,812
38,055
38,412
38,556
39,267
40,205
40,565

Comparative genome mapping demonstrated that the right ﬂanking
end region had the highest diversity among aviadenovirus species and
contains unique genes which are inherently diﬃcult to predict (Fig. 1).
In PoAdV, this region is also highly divergent from other species where
nine ORFs (ORFs 15–23) have been predicted. Among them ORF17
and ORF 18 are homologs to FAdV-A while ORF 22 is homologous to
Pigeon adenovirus A (PiAdV-A). The order and orientation of these
homologs are conserved in respective aviadenovirus species. However,
six novel genes (ORFs 15–16, 19–21 and 23) were uniquely found in
only PoAdV. Compared to the central region, the right ﬂanking end of
the genome is also diverse and about 13 ORFs predicted in this region
while six were homologous to known proteins. The 242 aa long ORF2 is
found homologous to putative PAV19 protein of psittacine adenoviruses. A 423 nt long putative DUTPase gene demonstrated 44%
pairwise identity with ORF1 of aviadenovirus and also common in
mammalian adenovirus species. An ambisense ORF at nt position
1131-403 had 40–57% similarity to Psittacine adenovirus 3 and
Pigeon adenovirus 1 was also detected. At nt 3424–4242 a putative
ORF encoding a 272 aa protein with 30% similarity to the parvovirusNS1 group of SF3 helicase (James et al., 2003) was present.

3.3. Recombination analysis
Global recombination analysis detected involvement of PoAdV in
several signiﬁcant recombination events across diﬀerent adenovirus
191
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Table 2
Comparative G+C (%) content and pairwise identity of representative Aviadenovirus species against Poicephalus adenovirus (PoAdV) on the basis of whole genome nucleotide
sequences and core proteins amino acid sequences. Shading highlights maximum similarity.
G+C
content
(%)
PoAdV
KX577802
FAdV-A
NC_001720
FAdV-B
NC_021221
FAdV-C
KM096544
FAdV-D
KM096546
FAdV-E
NC_014969
GoAdV
NC_017979
TAdV-B
NC_014564
TAdV-C
KF477312
TAdV-D
NC_022613
DAdV-B
KR135164
PiAdV-A
NC_024474

Genome
Identity
(%)

Adenovirus core proteins (% pairwise identity with Poicephalus AdV AC. KX577802)
Iva 2

DNA pol

pTP

pIIIa

pIIIb

Penton

pX

Hexon

Protease

DBP

Hexon-asp

pVIII

Fiber-1

Fiber-2

54.3

42.33

63.64

61.87

47.81

65.18

58.56

67.8

51.87

71.6

66.13

59.74

51.96

62.12

12.41

19.71

56.5

33.57

64.12

55.84

46.5

62.5

57.63

64.68

56.53

66.95

65.38

53.53

53.92

58.65

17.28

–

54.9

32.87

65.71

60.05

48.4

62.49

56.26

65.18

46.61

71.01

63.62

50.21

52.17

52.88

30.24

27.38

53.6

39.81

64.46

56.68

55.69

64.17

58.66

63.93

46.63

67.7

64.74

55.85

53.98

47.28

16.52

–

57.9

34.88

61.42

57.96

48.29

62.65

58.92

65.38

52.83

70.61

63.56

50.57

53.04

53.64

19.63

–

44.7

21.94

61.42

49.72

50.92

58.68

54.26

61.19

50

55.92

62.64

47.4

46.15

58.28

21.79

12.54

66.9

33.51

63.4

55.92

49.98

63.61

60.3

65.54

55.79

71.01

64.5

54.43

48.78

60.19

29.89

–

48.5

41.13

62.69

57.82

59.52

57.86

54.61

66.01

54.71

67.17

61.88

51.47

47.09

57.2

18.95

–

51.6

42.51

61.12

58.81

45.95

61.41

59.44

66.13

54.75

69.46

65.71

55.53

48.5

61.15

13.86

16.67

47.1

29.82

60.94

50

49.56

59.83

57.69

60.65

46.6

58.19

63.8

52.61

46.88

53.28

18.09

16.94

63.8

32.56

62.2

52.66

45.85

63.58

55.54

54.19

55.04

62.07

64.03

43.88

46.94

49.6

11.58

20.15

52

newly assembled PoAdV in to the Aviadenovirus cluster as shown for
the population genetic structure of the hexon gene (Fig. 6). A neighbour
joining (NJ) phylogenetic tree involving all available full length
adenovirus genomes demonstrated distinct genus wide clustering and
incorporation of PoAdV within the major clade formed by aviadenovirus members. Closest phylogenetic relationship was detected with
FAdV-A and TAdV-D with strong branch support (supplementary Fig.
S1). Similar genealogical clustering and branch support was demonstrated by ML trees based on all representative adenovirus species.
However, ML phylogeny based on diﬀerent individual protein sequences demonstrated some degree of topological incongruence. For
example, ML tree based on hexon coat protein supported closest
relationship with Fowl adenovirus C (74% bootstrap support), whereas
phylogeny based on penton base and DNA polymerase protein showed
closer relationship with Turkey adenovirus B (supplementary Fig. S3–
S4). This topological incongruence corresponds with the pairwise
sequence identity (Table 2) which documents that at individual protein
level the amino acid sequence identify varies species to species. Hence,
in a larger scale, a topological constraint was evident among the
adenovirus phylogeny positioning PoAdV in between the split of
Anseriformes (duck and goose) and Pangalliformes (fowl and turkey)
radiation and in proximity of PiAdV.

genera (Figs. 3–5, supplementary Fig. S5, Table S1). Interestingly, at
least seven recombination events were found in snake adenovirus
(Atadenovirus) with the PoAdV lineage acting as a major parent
(Fig. 4). Otherwise, among the aviadenoviruses PoAdV contributed as
a minor parent to fowl and duck adenovirus species. For example,
among fowl adenoviruses, PoAdV contributed in the pTP and 52 K
protein while the source of the other part of their genome remains
unknown (Fig. 4) RDP4 analysis uses a range of powerful nonparametric recombination detection methods (Bootscan, MaxChi,
Chimaera, 3Seq, GeneConv, SisScan, Phylpro and VISRD) that on their
own have low power to detect recombination events. As shown in Fig. 4
we included recombination events supported by at least three methods
with high statistical signiﬁcance. In depth recombination analysis
among avian adenoviruses revealed a vast reticular entangled network
(Fig. 3, supplementary Fig. S5) instead of individual radiation with a
high degree of non-tree like evolution or recombination in the
evolutionary history of Aviadenovirus species. Tracing back the likely
origins of PoAdV revealed a likely recombinant ancestor from duck and
fowl adenovirus lineages (supplementary Fig. S5). More importantly,
distinct recombination signals among extant Aviadenovirus members
were also detected (Fig. 5, supplementary Fig. S5, supplementary Table
S1) with the analyses indicating that Fowl adenovirus C might have
obtained its ﬁber-2 gene from a PoAdV lineage. Alternatively, the
PoAdV lineage might have acquired gene fragments from diﬀerent
species of fowl adenoviruses through recombination. However, we were
unable to trace several recombination breakpoints in the PoAdV genome
and described them as ‘unknown’ which provides a clue that many extant
genomes similar to PoAdV have yet to be discovered, perhaps in wildlife
host species (supplementary Fig. S5). A minimum spanning network
(MSN) also highlights radiation of PoAdV from extant Aviadenovirus
species (supplementary Fig. S6) which is more likely to be comprehended by studying the whole genome rather than individual genes.

4. Discussion
This study characterises a novel pathogenic Aviadenovirus of red
bellied parrots that we propose to represent a new species namely
Poicephalus adenovirus (PoAdV), Genus Aviadenovirus, Family
Adenoviridae, Order unassigned. This is based on its genetic distance
to other adenoviruses so far characterised. Sequence identities of
PoAdV and members of other Aviadenovirus species range from
21.94% (between PoAdV and GoAdV-A) to maximum 42.51% (between
PoAdV and TAdV-D), and are clearly enough to support species
separation. Importantly, phylogenetic analysis based on full genome
and amino acid sequences of major proteins demonstrated clear
demarcation from other members of Aviadenovirus. Nucleotide composition is usually a reliable species demarcation criterion for AdVs.

3.4. Phylogenetic analysis
Phylogenetic reconstruction from the whole genome or selected
proteins (supplementary Figs. S1–S4) supported the inclusion of the
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Fig. 2. Heat map representing genetic distances among adenovirus species. The ﬁrst column and row is occupied by Poicephalus adenovirus with closest neighbour species bracketed.
The colour legend demonstrates the Euclidean distance calculated from pair wise sequence identity of adenovirus whole genome alignment.

Aviadenovirus species (Marek et al., 2014, 2013). In this study we
also demonstrated highly variable right and left ﬂanking regions within
the newly assembled PoAdV genome and identiﬁed several novel gene
coding ORFs in both ends of the genome, however characterization of
these genes and their functionality with the host species was beyond
the scope of this manuscript.
Fiber genes are the most notable features in the central part of
aviadenovirus genome and considered as a key demarcation criteria in
genome organization amongst Aviadenovirus species. They are also
known to play an important role in infectivity and pathogenicity
(Pallister et al., 1996). While FAdV-A and FAdV-C are well recognised
to have two ﬁber genes along with recently sequenced GoAdV, TAdV-D,
DAdV-B and PiAdV-A; members of FAdV-B, FAdV-D, FAdV-E, TAdV-B
and TAdV-C have only a single ﬁber gene (Chiocca et al., 1996; Griﬃn

The G+C percentage of the PoAdV genome (52%) was mostly similar to
that of TAdV-D (51.6%), close to the members of fowl adenoviruses
(53−57) but highly diverse from duck and goose adenoviruses (44–
47%) and pigeon adenovirus (63.8%). Therefore, incorporation of a
putative adenovirus species (PoAdV) from a new psittacine host
(Poicephalus ruﬁventris) within the genus Aviadenovirus is strongly
supported. The newly assembled genome is also suﬃciently diﬀerent to
sustain species separation by the chief species demarcation criterion
(Harrach et al., 2011).
All extant adenovirus species possess conserved genes in the central
part of the genome while genus and species speciﬁc genes which
promote survival in relevant biological niches accumulate near the
genome termini (Davison et al., 2003). The upstream and downstream
genome termini are the most variable regions among the
193
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Fig. 3. Bootstrap Network generated using SplitsTree4. The network demonstrates extensive recombination shown as extensive parallelograms among adenoviruses from avian hosts.
Each band of parallel edges indicates a split.

classiﬁcation of the family Adenoviridae. As highlighted in Figs. 3
and 6a revision of the Siadenovirus genome may be warranted for
example.
In this study, we detected incongruence among whole genome and
individual protein based phylogenetic trees (supplementary Figs. S1–
S4) which highlights the possibility of recombination and genetic
admixture within the adenovirus population (Figs. 3–5, supplementary
Fig. S5) as well as shedding caution to taxonomic proposals for newly
identiﬁed adenovirus species based on single genes. It is well known
that recombination can signiﬁcantly alter the accuracy of phylogenetic

and Nagy, 2011; Marek et al., 2012). Recent phylogenetic evidence
indicates that the modern adenoviruses acquired two ﬁber genes from
their most recent common ancestor but ﬁber-1 was lost during the
radiation of FAdV-B, FAdV-D, FAdV-E and TAdV-C into a separate
clade (Marek et al., 2014). Our results demonstrate that Fowl
adenovirus C members might have acquired the ﬁber-2 gene from a
PoAdV lineage since phylogenetic reconstruction positioned the PoAdV
genome basal to all members of fowl adenoviruses. The results also
highlights how a single new genome might improve the accuracy of a
phylogeny and provide a deeper understanding of the taxonomic

Fig. 4. Deep recombination events across adenoviruses from diﬀerent avian hosts. The involvement of Poicephalus adenovirus lineage within extant Atadenovirus and Aviadenovirus
species is shown. Exact breakpoint locations, the recombinant fragment within each genome, and the detection method coding (R, G, B, M, C, S) representing methods RDP,
GENECONV, Bootscan, MaxChi, Chimaera, and SiScan, respectively, are shown. The strongest P value shown for the detection method is shown in bold.
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Fig. 5. Summary of recombination pattern among Aviadenovirus species. Each horizontal row represents a particular Aviadenovirus species including fowl (FAdV), turkey (TAdV),
pigeon (PiAdV) representatives with their GenBank accession numbers. The coloured blocks indicate recombinant genome fragments (minor parent) obtained from another genome (as
per ﬁgure legend).

Fig. 6. Hexon gene based genetic population structure of the Adenoviridae. Three major subpopulations (K=3) with Poicephalus adenovirus (PoAdV) outlined in red constituted by
genetic admixture from Aviadenovirus (80% probability), Mastadenovirus (13% probability) and Atadenovirus origins (7% probability). Each vertical bar represents an adenovirus
genome and the diﬀerent colors represents the proportional probability of each genome to be a part of a particular genetic subpopulation. Members of the genus Siadenovirus are
indicated by green asterisks. The scale bar shows the membership probability of the polymorphic sites within the genome to a particular sub-population.

the driving force for host-switches and further emergence of successful
pathogens (Gibbs and Weiller, 1999; Lefeuvre and Moriones, 2015).
Evidence of intra-species homologous recombination was described in
human adenoviruses (HAdVs) (Boursnell and Mautner, 1981; Mautner
and Mackay, 1984) as the main mechanism for the evolution of HAdV
types. Besides this, illegitimate recombination particularly in the hexon
hyper variable regions has also been proposed as a possible mechanism
(Crawford-Miksza et al., 1999).
In a scenario where extensive recombination is evident, phylogenetic reconstruction using conventional maximum likelihood (ML) or
neighbour joining (NJ) methods are unable to determine the reliable
ancestry of the target organism (Schierup and Hein, 2000). Therefore,
we employed recombination aware analysis (Fig. 3, supplementary Fig.
S5) to discover the last common ancestor of PoAdV. The rooted cluster
diagram of recombination network revealed a massive reticulation or
non-tree like entanglement in the evolutionary scenario of avian
adenovirus where PoAdV emerged from recombination between several species of fowl adenovirus and non-fowl aviadenoviruses. We have
also shown that the PoAdV genome might have obtained gene
fragments from several undiscovered sources. This indicates that the

reconstruction methods (Schierup and Hein, 2000). The pairwise
comparison of protein sequences of a single genome showing maximum resemblance with diﬀerent species of Aviadenovirus (Table 2)
also provided important clues of disentangled evolutionary scenario.
We have shown evidence of deep recombination events across diﬀerent
genera of adenoviruses (among the members Aviadenovirus,
Atadenovirus and Mastadenovirus) which indicates the existence of
an ancient progenitor of adenoviruses that might have coevolved with
their host species until they split into diﬀerent viral genera infecting
speciﬁc host niches. The hexon gene based population genetic structure
also shows admixture among adenovirus populations (Fig. 6). In
addition, we documented extensive intra and interspecies recombination among members of Aviadenovirus which explains the phylogenetic incongruence.
Recombination is one of the key evolutionary processes capable of
shaping the architecture of genomes, generating diversity in populations and causing evolution of virulence and pathogenicity in bacteria
and viruses (Lewis-Rogers et al., 2004). However in viruses, the
frequency of recombination and genetic admixture, depends on the
frequency of co-infections (Froissart et al., 2005) which often acts as
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closest relatives of PoAdV may yet to be found and the most common
recent ancestor (MRCA) of this adenovirus remains unresolved.
However, our phylogenetic reconstruction and minimum spanning
network (supplementary Fig. S6) suggests that PoAdV could be the
type species of a potential new lineage of adenoviruses.
Viruses coevolving with their hosts are thought to be well adapted
and not markedly pathogenic. Thus, the high pathogenicity of a virus is
often viewed as a consequence of a host switch events (Benko and
Harrach, 2003; Kohl et al., 2012). In this study, we demonstrated
recombination events caused by possible host switch which have
contributed signiﬁcantly in the evolution of Aviadenovirus species.
However, as we show in our analysis, the newly assembled PoAdV
lineage probably has not emerged from recent events, but rather might
have contributed to the development of pathogenicity of extant fowl
adenoviruses. In recent years, highly virulent Fowl adenovirus serotype
4 (FAdV-C) has been identiﬁed as the etiological agent for outbreaks of
inclusion body hepatitis and hydropericardium syndrome in broiler
farms around the world (Choi et al., 2012; Mittal et al., 2014; VeraHernández et al., 2016; Zhao et al., 2015). Since our analysis suggests a
potential recombination of the ﬁber-2 gene between PoAdV and FAdVC despite having only 31% pairwise identity, a domestic–wildlife
interface in the aviadenovirus evolutionary dynamics is highly likely.
At least, such events caused by viral spill-over are not uncommon in
viruses with high host plasticity (Kreuder Johnson et al., 2015; Viana
et al., 2015). Whole genome sequence analysis of new adenoviruses
from wild birds would be very interesting for deeper understanding of
such interfaces.
5. Conclusion
This study reports the discovery of a new pathogenic adenovirus
species
namely
Poicephalus
adenovirus
(PoAdV),
genus
Aviadenovirus, family Adenoviridae, order unassigned that is likely
to represent a novel lineage involving a domestic–wildlife interface.
Genetic analyses demonstrated distinct recombination signals among
extant Aviadenovirus members with the evolution of PoAdV including
a likely recombinant ancestor from duck and fowl adenovirus lineages
as well as evidence that Fowl adenovirus C might have obtained its
ﬁber-2 gene from the PoAdV lineage.
Acknowledgments
This research was supported by the Association of Avian
Veterinarians Australasian Chapter Inc. and we gratefully acknowledge
our microbiology technical staﬀ particularly Naomi Tidd and Michelle
Ayton for DNA extraction and screening. The authors are extremely
grateful to La Trobe University School of Life Science Publication
Booster Award for their ﬁnancial support to Dr Sarker.
Appendix A. Supporting material
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.virol.2016.12.031.
References
Benko, M., Harrach, B., 2003. Molecular evolution of adenoviruses. Curr. Top. Microbiol
Immunol. 272, 3–35.
Benson, D.A., Clark, K., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Sayers, E.W., 2014.
GenBank. Nucleic Acids Res 42, D32–D37.
Boursnell, M., Mautner, V., 1981. In vitro construction of a recombinant adenovirus
Ad2:Ad5. Gene 13, 311–317.
Buck, C.B., Van Doorslaer, K., Peretti, A., Geoghegan, E.M., Tisza, M.J., An, P., Katz, J.P.,
Pipas, J.M., McBride, A.A., Camus, A.C., McDermott, A.J., Dill, J.A., Delwart, E., Ng,
T.F., Farkas, K., Austin, C., Kraberger, S., Davison, W., Pastrana, D.V., Varsani, A.,
2016. The ancient Evolutionary history of Polyomaviruses. PLoS Pathog. 12,
e1005574.

196

Virology 502 (2017) 188–197

S. Das et al.
Lefeuvre, P., Moriones, E., 2015. Recombination as a motor of host switches and virus
emergence: geminiviruses as case studies. Curr. Opin. Virol. 10, 14–19.
Lewis-Rogers, N., Crandall, K.A., Posada, D., 2004. Evolutionary analyses of genetic
recombination, In: Parisi, V., De Fonzo, V., F., A.-P. (Eds.), Dynamical Genetics.
Research Signpost, pp. 49–78.
Mackie, J.T., Black, D., Prior, H., 2003. Enteritis associated with adenovirus-like
particles in captive lorikeets. Aust. Vet. J. 81, 293–295.
Marek, A., Kajan, G.L., Kosiol, C., Harrach, B., Schlotterer, C., Hess, M., 2014. Complete
genome sequences of pigeon adenovirus 1 and duck adenovirus 2 extend the number
of species within the genus Aviadenovirus. Virology 462–463, 107–114.
Marek, A., Kosiol, C., Harrach, B., Kajan, G.L., Schlotterer, C., Hess, M., 2013. The ﬁrst
whole genome sequence of a Fowl adenovirus B strain enables interspecies
comparisons within the genus Aviadenovirus. Vet. Microbiol. 166, 250–256.
Marek, A., Nolte, V., Schachner, A., Berger, E., Schlotterer, C., Hess, M., 2012. Two ﬁber
genes of nearly equal lengths are a common and distinctive feature of Fowl
adenovirus C members. Vet. Microbiol 156, 411–417.
Marlier, D., Vindevogel, H., 2006. Viral infections in pigeons. Vet. J. 172, 40–51.
Martin, D.P., Lemey, P., Lott, M., Moulton, V., Posada, D., Lefeuvre, P., 2010. RDP3: a
ﬂexible and fast computer program for analyzing recombination. Bioinformatics 26,
2462–2463.
Mautner, V., Mackay, N., 1984. Recombination in adenovirus: analysis of crossover sites
in intertypic overlap recombinants. Virology 139, 43–52.
McFerran, J.B., Connor, T.J., McCracken, R.M., 1976. Isolation of adenoviruses and
reoviruses from avian species other than domestic fowl. Avian Dis. 20, 519–524.
Mittal, D., Jindal, N., Tiwari, A.K., Khokhar, R.S., 2014. Characterization of fowl
adenoviruses associated with hydropericardium syndrome and inclusion body
hepatitis in broiler chickens. VirusDisease 25, 114–119.
Mori, F., Touchi, A., Suwa, T., Itakura, C., Hashimoto, A., Hirai, K., 1989. Inclusion
bodies containing adenovirus-like particles in the kidneys of Psittacine birds. Avian
Pathol. 18, 197–202.
Padilla, L.R., Huyvaert, K.P., Merkel, J., Miller, R.E., Parker, P.G., 2003. Hematology,
plasma chemistry, serology, and Chlamydophila status of the waved albatross
(Phoebastria irrorata) on the Galapagos Islands. J. Zoo. Wildl. Med.: Oﬀ. Publ. Am.
Assoc. Zoo. Vet. 34, 278–283.
Pallister, J., Wright, P.J., Sheppard, M., 1996. A single gene encoding the ﬁber is
responsible for variations in virulence in the fowl adenoviruses. J. Virol. 70,
5115–5122.
Phalen, D.N., Wilson, V.G., Gaskin, J.M., Derr, J.N., Graham, D.L., 1999. Genetic
diversity in twenty variants of the avian polyomavirus. Avian Dis. 43, 207–218.
Pritchard, J., Wen, W., 2004. Doc. STRUCTURE Softw. 2, 2004.
Raue, R., Gerlach, H., Muller, H., 2005. Phylogenetic analysis of the hexon loop 1 region
of an adenovirus from psittacine birds supports the existence of a new psittacine
adenovirus (PsAdV). Arch. Virol. 150, 1933–1943.

Schierup, M.H., Hein, J., 2000. Consequences of recombination on traditional
phylogenetic analysis. Genetics 156, 879–891.
Sullivan, M.J., Petty, N.K., Beatson, S.A., 2011. Easyﬁg: a genome comparison visualizer.
Bioinformatics 27, 1009–1010.
Tamura, K., Nei, M., Kumar, S., 2004. Prospects for inferring very large phylogenies by
using the neighbor-joining method. Proc. Natl. Acad. Sci. USA 101, 11030–11035.
Tcherepanov, V., Ehlers, A., Upton, C., 2006. Genome annotation transfer utility
(GATU): rapid annotation of viral genomes using a closely related reference genome.
BMC Genom. 7, 150.
To, K.K., Tse, H., Chan, W.M., Choi, G.K., Zhang, A.J., Sridhar, S., Wong, S.C., Chan, J.F.,
Chan, A.S., Woo, P.C., Lau, S.K., Lo, J.Y., Chan, K.H., Cheng, V.C., Yuen, K.Y., 2014.
A novel psittacine adenovirus identiﬁed during an outbreak of avian chlamydiosis
and human psittacosis: zoonosis associated with virus-bacterium coinfection in
birds. PLoS Negl. Trop. Dis. 8, e3318.
Travis, E.K., Vargas, F.H., Merkel, J., Gottdenker, N., Miller, R.E., Parker, P.G., 2006.
Hematology, plasma chemistry, and serology of the ﬂightless cormorant
(Phalacrocorax harrisi) in the Galapagos Islands, Ecuador. J. Wildl. Dis. 42,
133–141.
Upton, C., Slack, S., Hunter, A.L., Ehlers, A., Roper, R.L., 2003. Poxvirus orthologous
clusters: toward deﬁning the minimum essential poxvirus genome. J. Virol. 77,
7590–7600.
Vera-Hernández, P.F., Morales-Garzón, A., Cortés-Espinosa, D.V., Galiote-Flores, A.,
García-Barrera, L.J., Rodríguez-Galindo, E.T., Toscano-Contreras, A., LucioDecanini, E., Absalón, A.E., 2016. Clinicopathological characterization and genomic
sequence diﬀerences observed in a highly virulent fowl Aviadenovirus serotype 4.
Avian Pathol. 45, 73–81.
Viana, M., Cleaveland, S., Matthiopoulos, J., Halliday, J., Packer, C., Craft, M.E.,
Hampson, K., Czupryna, A., Dobson, A.P., Dubovi, E.J., Ernest, E., Fyumagwa, R.,
Hoare, R., Hopcraft, J.G.C., Horton, D.L., Kaare, M.T., Kanellos, T., Lankester, F.,
Mentzel, C., Mlengeya, T., Mzimbiri, I., Takahashi, E., Willett, B., Haydon, D.T.,
Lembo, T., 2015. Dynamics of a morbillivirus at the domestic–wildlife interface:
canine distemper virus in domestic dogs and lions. Proc. Natl. Acad. Sci. 112,
1464–1469.
Wellehan, J.F.X., Greenacre, C.B., Fleming, G.J., Stetter, M.D., Childress, A.L., Terrell,
S.P., 2009. Siadenovirus infection in two psittacine bird species. Avian Pathol. 38,
413–417.
Ypelaar, I., Bassami, M.R., Wilcox, G.E., Raidal, S.R., 1999. A universal polymerase chain
reaction for the detection of psittacine beak and feather disease virus. Vet. Microbiol.
68, 141–148.
Zhao, J., Zhong, Q., Zhao, Y., Hu, Y.-x., Zhang, G.-z., 2015. Pathogenicity and
completegenome characterization of fowl adenoviruses isolated from chickens
associated with inclusion body hepatitis and hydropericardium syndrome in China.
PLoS ONE 10, e0133073.

197

