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Gammapolyomaviruses may cause serious inflammatory diseases in a broad range of avian hosts. In this study we
investigated genomic evolution of and selection constraint acting on avian polyomaviruses (APyVs). Our analyses
suggested that goose haemorrhagic polyomavirus (GHPV) evolves more slowly (3.03 x 107> s/s/y mean
evolutionary rate) than budgerigar fledgling disease virus (BFDV), finch polyomavirus (FPyV) and canary pol-

yomavirus (CaPyV) (1.39 x 1074 s/s/y, 2.63 x 1074 s/s/y and 1.41 x 1074 s/s/y mean evolutionary rate,
respectively). In general, purifying selection seems to act on the protein coding regions of APyV genomes,
although positive Darwinian selection was also predicted in a few positions (e.g., in the large tumor antigen
coding region of BFDV and GHPV and in the capsid protein sequences of BFDV). The importance of these aa
changes remains elusive. Overall, a better understanding of adaptive changes in the genome of APyVs requires
additional data from various incidental hosts and reservoir species.

Avian polyomaviruses (APyVs) are unique among polyomaviruses in
that they may induce serious inflammatory diseases in their natural
hosts (Johne and Miiller, 2007). For example, haemorrhagic nephritis
and enteritis of geese caused by the goose haemorrhagic polyomavirus
(GHPV) and the French molt associated with the budgerigar fledgling
disease virus (BFDV), respectively, have been well known diseases of
domesticated geese and pet birds for decades (Bernath and Szalai, 1970;
Bernier et al., 1981; Bozeman et al., 1981; Johne and Miiller, 2007;
Phalen et al., 1997). Adult hosts may shed APyVs directly through feces
and feathers horizontally to their nestlings and mates, but contaminated
environment may be a source of infection as well (Palya et al., 2004;
Phalen et al., 1997). Infected birds may show poor condition, weight loss
and feather disorders, accompanied by gross pathological changes, e.g.
swelling of internal organs, and haemorrhages in the skin and the
gastrointestinal tract. Neurological signs before sudden death of infected
young birds is seen quite often (Bernath and Szalai, 1970; Bernier et al.,
1981; Bozeman et al., 1981; Johne and Miiller, 2007; Palya et al., 2004;
Phalen et al., 1997). Persistent and subclinical infections are common in
adult birds that may help maintain the transmission chain of APyVs
(Kaszab et al., 2020; Palya et al., 2004; Phalen et al., 1997).

Polyomaviruses of birds are classified into nine species within the
Gammapolyomavirus genus and the Polyomaviridae family; these are
Anser anser polyomavirus 1 (goose haemorrhagic polyomavirus, GHPV),
Aves polyomavirus 1 (budgerigar fledgling disease virus, BFDV), Corvus
monedula polyomavirus 1 (crow polyomavirus), Cracticus torquatus poly-
omavirus 1 (butcherbird polyomavirus), Erythrura gouldiae polyomavirus
1, Lonchura maja polyomavirus 1 (Hungarian finch polyomavirus),
Pygoscelis adeliae polyomavirus 1 (Adélie penguin polyomavirus), Pyr-
rhula pyrrhula polyomavirus 1 (finch polyomavirus, FPyV) and Serinus
canaria polyomavirus 1 (canary polyomavirus, CaPyV) (Calvignac-
Spencer et al., 2016; Circella et al., 2017; Marton et al., 2016). The
length of gammapolyomaviral dsDNA genomes falls between 4971 and
5422 bp. In each case the genome contains the ORFs of the VP1, VP2 and
VP3 viral proteins as well as the large and small T antigens (LTA and
STA, respectively) (Johne and Miiller, 2007). The genome of GHPV,
FPyV, crow polyomavirus, butcherbird polyomavirus, Erythrura gouldiae
polyomavirus 1, and Hungarian finch polyomavirus was predicted to
encode the ORF-X that, despite the high nt and aa difference, may have
functional similarities with the VP4 of BFDV (Johne and Miiller, 2007).

Sequence data revealed that highly similar strains of BFDV, GHPV,
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CaPyV and FPyV may infect variable avian hosts (Circella et al., 2017;
Johne and Miiller, 2007; Kaszab et al., 2020; Li et al., 2019; Stys-Fijot
et al., 2016). In this research project we aimed at exploring the diversity
of various avian polyomaviruses, and to reveal the genomic diversity
and the evolution of BFDV. A recently identified BFDV strain from
Hungary was added to the analyses. To put the findings in a broader
context of avian polyomavirus evolution, we systematically collected
available genomic sequences of other gammapolyomaviruses from
GenBank and performed additional calculations. These data included
genomic sequences of GHPV, FPyV and CaPyV.

With respect to the BFDV sequence generated for the present study
we used previously published methods (Kaszab et al., 2020). In brief,
BFDV infection was diagnosed with the nested PCR primer sets VP1-1f
and Vpl-1r, and Vpl-2f and Vpl-2r as described by Johne et al.
(2005) from a mixture of liver and kidney samples of a juvenile ring-
necked parakeet (Psittacula krameri). The bird had a history of quick
weight loss and succumbed within a few days from the onset of diseases
in an aviary in 2011, Hungary. Macroscopically the bird exhibited signs
of general circulatory collapse, congestion of all internal organs,
splenomegaly, hepatomegaly and swollen kidneys. Histology revealed
multifocal haemorrhages in the liver, kidneys, spleen and heart, acute
multifocal necrotic hepatitis, multifocal tubular necrosis in the kidneys
and follicular depletion in the spleen.

The complete genome of the identified BFDV strain was amplified by
two sets of back-to-back PCR primers (bPyVbbF1 5’-ACGCTATTTCAG-
TATCCAGCTG-3' and bPyVbbR1 5’-GGTAGGCCTCGCCAATATTG-3';
bPyVbbF2 5'- TGTATCTGGTTTGCTAAACTCCTTG-3' and bPyVbbR2 5’-
GGATAGGGGTTACGAACATTACG-3) in PCR mixtures containing 200
nM of primers, 200 pM dNTP mix, 1x Phusion Green buffer, 0.3 U
Phusion DNA Polymerase (Thermo Fisher Scientific), and 1 pl of nucleic
acid extracted with DNeasy Blood & Tissue kit (Qiagen). The cycling
protocol included a denaturation step at 98 °C for 30 s, followed by 40
cycles with the steps of 98 °C for 10 s, 54 °C for 30 s and 72 °C for 2.5
min, and a final extension step at 72 °C for 10 min. The amplicons were
purified from agarose gel (Geneaid Gel/PCR DNA Fragments Extraction
Kit) followed by library preparation and sequencing using the Ion
Torrent PGM platform separately for both PCR product. The sequencing
workflow was identical to that described elsewhere (Kaszab et al.,
2020). The BFDV genome was assembled with the CLC Genomics
Workbench software v7. The de novo assembled genome sequence of the
BFDV strain 14525 (GenBank acc.no. MN657184) was 4981 bp long,
and consisted of ORFs encoding the proteins typical for BFDVs,
including the LTA (1800 nt), STA (438 nt), VP1 (1032 nt),-VP2 (1026
nt), VP3 (708 nt), VP4 (531 nt) and VP4d (339 nt) (Johne and Miiller,
2007). BLAST analysis of the novel BFDV sequence showed 99.3-99.8%
genome-wide nt identity with BFDV sequences available in the Gen-
Bank. The nt and translated aa sequence identities were < 100% when
comparing the individual genes of strain 14525 to reference BFDV se-
quences (Fig. 1).

The BFDV (n = 27; GenBank accession numbers are shown in Fig. 1),
FPyV (n = 5; GenBank acc. no. KY986576-578, KC660158, DQ192571)
and CaPyV (n = 6, GenBank acc. no. KY986579-583, GU345044) se-
quences were aligned using the AliView software (Larsson, 2014).
Phylogenetic relationships among the BFDV sequences were investi-
gated with the PhyML software, using the best fitting GTR + G model
(Guindon et al., 2010). Recombination analysis of the sequence align-
ments was performed with the RDP4 software (Martin et al., 2015).
Phylogenetic trees were generated from the alignments with the IQ-
TREE online tool (Trifinopoulos et al., 2016) and the temporal struc-
ture was investigated with the TempEst v1.5.3 software to see if the
sequence data set was suitable for additional evolutionary analysis
(Rambaut et al., 2016). Evolutionary rates (given as substitutions per
nucleotide site per year, s/s/y) were estimated using the Bayesian
Markov chain Monte Carlo method of the BEAST package 1.10.4 with
the best fit substitution models after evaluation of various models as
implemented in the PhyML software (Table 1) (Lefort et al., 2017;
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Suchard et al., 2018). After initial testing of the data set using various
test parameters, the sequences finally were analysed with uncorrelated
log normal relaxed molecular clock, constant size coalescent tree prior
and 50 million of iterations (sampling every 1000 steps). The effective
sample size and evolutionary rates were checked with Tracer v1.7
(Rambaut et al., 2018). Maximum clade credibility tree was generated
with FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree). Selec-
tion constraint and the ratio of non-synonymous to synonymous muta-
tions (dN/dS) were calculated with the fixed effect likelihood (FEL), the
fast unconstrained Bayesian approximation for inferring selection
(FUBAR) and mixed effects model of evolution (MEME) methods of the
Datamonkey server (Weaver et al., 2018). Regarding GHPV, corre-
sponding data were extracted from our previous study (Kaszab et al.,
2020).

Prior to evolutionary analyses, the BFDV, FPyV and CaPyV sequence
alignments were subjected to recombination detection analysis, but
evidence for recombination was not found in the data sets. The sequence
data showed positive correlation (the correlation coefficient ranged
between 0.6134 and 0.7744 for complete genome sequences, and
0.1878-0.8623 for individual gene data sets) between the collection
date and genetic divergence as determined with the TempEst software.

Regarding BFDV, phylogenetic inference of complete genome se-
quences permitted the resolution of two genetic lineages separated in
1964 (95% HPD interval 1931-1982) (Fig. 1). One lineage contained a
sequence from Germany, collected in 1982, and two sequences from
Germany and Mozambique, collected in 1995. This lineage did not
include any strains from subsequent years. The other lineage split into
two main branches. A single sequence, identified in Japan in 1982,
represented the first branch that separated from the other in 1975 that
comprised sequences described between 2003 and 2018. As seen for the
maximum likelihood and time-scaled phylogenetic tree as well, the
Hungarian BFDV sequence clustered with sequences originating from
samples of other parakeets (including all of the the ring-necked para-
keets), collected in Poland and China between 2009 and 2011, and with
the sequence of a BFDV strain identified in pigeon (Columba livia
domestica) sample collected in China in 2018 (Fig. 1). BFDV was also
diagnosed in fecal samples of pigeons in a Chinese aviary that showed
feather disorders (Li et al., 2019). The appearance of highly similar
BFDV strains in psittacines and non-psittacine birds indicates broad
host-range, a finding that emphasizes the need for precautions during
bird transport, handling and keeping in order to avoid virus transmission
among susceptible specimens of various host species.

Evolutionary rates were estimated for complete genomes and for
each gene of BFDVs. Next, whenever possible, data were compared with
that of other APyVs. The effective sample size was >200 for the inves-
tigated parameters of the used data sets. In brief, BFDV showed nearly
ten times higher evolutionary rate (mean, 1.39 x 10~* s/s/y, 95% HPD
7.18 x 107°-2.10 x 10~ than that calculated for GHPV (31 analysed
sequences, 3.03 x 107> s/s/y, 95% HPD 1.09 x 107> - 5.33 x 107>,
Kaszab et al., 2020) but was similar when compared with the evolu-
tionary rate of FPyV (mean, 2.63 x 10~*s/s/y, 95% HPD 1.60 x 102 -
6.26 x 10~%) and of CaPyV (mean, 1.41 x 10~*s/s/y, 95% HPD 5.75 x
10719-7.17 x 1074 (Table 1). The evolutionary rates ranged between
7.03 x 107> and 2.28 x 10~* s/s/y for the individual gene sets of the
BFDV with the fastest evolving genomic region occupied by the VP1-VP3
genes. Similar rates were calculated for FPyV, but those were lower for
the gene equivalents when analysing the counterparts in the GHPV ge-
nomes (see Table 1 for details) (Kaszab et al., 2020). We would note, that
less support was obtained for confidence intervals of estimated evolu-
tionary rates in data sets containing fewer nt substitutions (e.g. for
GHPV) or limited sample size (e.g. for FPyV and CaPyV).

In general, purifying selection seems to act on most of the genes of
APyVs and a low number of sites under selective pressure were detected
(Table 1, Fig. 2). However, nt and aa changes were found often in single
sequences that may be the consequence of processes other than those
driven by a particular selection constraint. Of note is that the limited
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Fig. 1. (A) Maximum likelihood phylogenetic tree of budgerigar fledgling disease polyomavirus complete genome sequences using the GTR + G model of the PhyML
software. The scale bar represents nucleotide substitutions per site. (B) Time-calibrated maximum clade credibility tree of budgerigar fledgling disease polyomavirus
complete genome sequences. 95% highest posterior density intervals for the node ages are indicated with blue bars. Posterior probabilities at nodes are written with
italic type. The strain collected in Hungary is labelled with black rectangle.
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Table 1
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The mean evolutionary rates and dN/dS ratios estimated for the complete genome and individual gene sequences of budgerigar fledgling disease virus (BFDV), goose
haemorrhagic polyomavirus (GHPV) (Kaszab et al., 2020) and finch polyomavirus (FPyV).

GHPV BFDV FPyV
Gene Evol. rate Evol. rate dN/dS Gene Evol. rate Evol. rate dN/dS Gene Evol. rate Evol. rate dN/
model model model ds
VP1 HKY + G + 4.82 x 107° 0.111 VP1 JC 1.58 x 10~* 0.322 VP1 JC 2.00 x 10~ 0.038
I (1.03 x 1078 - (7.88 x 1075 - (4.40 x 107° -
1.24 x 1079 2.45 x 1079 4.77 x 1074
VP2 HKY 1.25 x 107° 0.194 VP2 JC+G 1.78 x 107* 0.798 VP2 JC 1.452 x 107 0.110
(6.76 x 10712 - (8.93 x 107° - (2.45 x 1075-
5.46 x 107°) 2.74 x 1079 3.59 x 1074
VP3 HKY 6.57 x 10°° 0.644 VP3 JC+G 2.28 x 10~* 0.702 VP3 JC 1.84 x 10~* 0.160
(5.27 x 107 13- (1.11 x 107*- (3.03x10°°-
3.38 x 107°) 3.60 x 1079 4.61 x 1074
LTA HKY + G 4.87 x 107° 0.0916  LTA JC+G 8.02 x 107° 0.156 LTA JC 2.931 x 1074 0.180
(4.39 x 1076 - (3.63 x 107°- (1.28 x 107°-
1.00 x 10™%) 1.30 x 1074 6.53 x 1074
STA HKY + G 5.82 x 107° 0.111 STA JC 1.55 x 10~* 0.0547  STA JC 2.28 x 1074 0.270
(3,05 x 1071°- (6.19 x 107° - (2.72 x 1076 -
1.37 x 1079 2.62 x 1074 5.96 x 1074
ORF-X HKY 2.98 x 107° 0.963 VP4 JC 9.64 x 107° 0.720 ORF-X JC 3.214 x 1074 0.264
(1.73 x 1079 - (3.41 x 107°- (5.60 x 1076 -
8.53 x 107°) 1.69 x 10~ 7.77 x 1074
- - - - VvP4d JC 7.03 x 107° 1.430 - - - -
(1.29 x 1075 -
1.39 x 1074
genome  HKY + G + 3.03 x 107° - genome JC+ G 1.39 x 107* - genome JC 2.63 x 107* -
I (1.09 x 1075 - (7.18 x 1075 - (1.60 x 1078 -
5.33 x 107°) 2.10 x 1074 6.26 x 1074

The mean evolutionary rates are estimated as substitutions per sites per year (s/s/y); 95% HPD (highest posterior density) intervals are shown in parentheses.

number of available genome sequences from various host species may
distort analysis results we obtained. The distribution and amount of sites
under negative and positive selection pressure differed for all studied
APyV species (Fig. 2). GHPV seems to have a slightly more conservative
genome compared to BFDV and FPyV, whereas the low variability of
CaPyV strains did not allow selection analysis to be performed.

The dN/dS ratio ranged between 0.0547 and 1.43 for the genes of
BFDV. These values were higher than that estimated for FPyV
(0.038-0.270), except for the STA gene (Table 1). Regarding GHPV, the
STA and ORF-X showed slightly higher dN/dS ratio compared to the STA
and VP4 of BFDV, respectively. The highest dN/dS ratios were calcu-
lated for the VP4d of BFDV (1.43) and the ORF-X of GHPV (0.963) that
was consistent with neutral selection effect (Kaszab et al., 2020). VP4 is
a structural component of BFDV that facilitates packaging of the viral
genome (Johne and Miiller, 2001; Johne et al., 2007). Furthermore, its
splicing variant (with deletion of aa 68-131 of the VP4), the VP4d
protein induces apoptosis of the infected cells; thus it may contribute to
viral pathogenesis (Johne and Miiller, 2001; Johne et al., 2007). Based
on sequence comparisons, the ORF-X of GHPV was predicted to have
functions similar to the VP4/VP4d of BFDV (Johne and Miiller, 2007).
The significance of the identified non-synonymous mutations in these
regions is unknown. Although, compared to other genes, the dN/dS ratio
was higher in the VP4d of BFDV and ORF-X of GHPV, the applied
calculation methods did not highlight statistically any sites under
diversifying selection (Fig. 2).

Positive selection acting on aa site 65, 173, 205 and 325 in the major
capsid protein (VP1) of BFDV was identified with a combination of
predictive tools, but these changes were present in single sequences
(Fig. 2). Regarding the minor capsid proteins, most of the non-
synonymous mutations accumulated in the central part of the VP2
(24/33 nt and 17/21 aa substitution sites) and within-frame overlapping
VP3 (24/28 nt and 17/17 aa substitution sites) genes of BFDV (Fig. 2).
The FUBAR software statistically supported diversifying selection acting
on two sites (aa 221 and aa 240 of the VP2, and aa 115 and aa 134 of the
VP3, respectively) of these genes (Fig. 2). The VP1-VP3 proteins are
components of the viral capsid, thus aa changes expressed on these
proteins may have a role in immune escape or may influence virulence of

the virus. Statistically relevant positively selected sites were not detec-
ted for the VP1-VP3 of GHPV and FPyV (Kaszab et al., 2020).

The differences in the length and aa motifs of the LTA of avian and
mammalian polyomaviruses and the scant experimental results make
comparisons difficult for this genomic region (Johne and Miiller, 2007).
Thus, the significance of the selection pressure affecting single sites in
the BFDV and GHPV LTA (at aa 575 and 100, respectively) (Fig. 2)
cannot be ascertained. Regarding the STA, only few sites under negative
selection pressure were denoted (Fig. 2).

The estimation of evolutionary rates revealed slightly faster evolu-
tion of BFDV and FPyV in comparison with GHPV. However, the cal-
culations were based on a relatively narrow dataset. Adaptation to
various hosts may promote accumulation of non-synonymous nt sub-
stitutions in the viral genome, thus investigation of sequence sets with a
broad range of host species may show inflated s/s/y values in a rela-
tively short sampling timeframe (Aiewsakun and Katzourakis, 2016).
This may be true for all investigated BFDV strains and other gamma-
polyomaviruses (Kaszab et al., 2020). Other factors, e.g. the spatio-
temporal distribution of the investigated virus strains and the measured
subpopulations of the virus may influence the evolutionary and selection
constraint calculations (Aiewsakun and Katzourakis, 2016).

The significance of polyomavirus infection identified in avian hosts,
in which polyomavirus was not detected previously, needs to be eluci-
dated. At present, few genomic sequences are available for most of the
gammapolyomaviruses that made our objectives somewhat difficult to
accomplish; collection of polyomavirus sequence data from samples of
diverse bird species is needed to provide more precise picture on the host
range of any particular gammapolyomavirus species and place evolu-
tionary analyses on a more solid basis.

Ethics approval
The authors confirm that no ethical approval was required. This

work was carried out with diagnostic samples and no animal experi-
mentation was conducted.
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