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Abstract
A novel gyrovirus was detected in an intestinal specimen of a common pheasant that died due to poult enteritis and mortality 
syndrome. The genome of the pheasant-associated gyrovirus (PAGyV) is 2353 nucleotides (nt) long and contains putative 
genes for the VP1, VP2, and VP3 proteins in an arrangement that is typical for gyroviruses. Gyrovirus-specific motifs were 
identified in both the coding region and the intergenic region of the PAGyV genome. The VP1 of PAGyV shares up to 67.6% 
pairwise nt sequence identity with reference sequences and forms a distinct branch in the phylogenetic tree. Thus, according 
to the recently described species demarcation criteria, PAGyV belongs to a novel species in the genus Gyrovirus, family 
Anelloviridae, for which we propose the name "Gyrovirus phaco 1".

The genus Gyrovirus of the family Anelloviridae consists 
of viruses with a negative-sense, single-stranded, circular 
DNA genome, ~2.2–3.6 kilobases (kb) in length [1–12]. The 
genome of gyroviruses typically contains three main over-
lapping open reading frames (ORFs) that encodes structural 
(VP1) and non-structural regulatory proteins (VP2 and VP3) 
[1–12].

Gyroviruses are classified into 10 species, including 
Chicken anemia virus and nine additional species: Gyrovi-
rus fulgla 1, Gyrovirus galga 1 and 2, Gyrovirus homsa 1, 
2, 3 and 4, Gyrovirus hydho1, and Gyrovirus myferr 1 [13]. 
Chicken anemia virus (CAV) is an immunosuppressive agent 
of chickens that can cause growth and feathering abnormali-
ties, as well as anemia, and predisposes the host to second-
ary infections [14, 15]. Other gyroviruses have been identi-
fied in organ and fecal specimen of domestic and wild birds 
(e.g., chicken, Gallus gallus; northern fulmar, Fulmarus 

glacialis; crested screamer, Chauna torquata; ashy storm 
petrel, Hydrobates homochroa; ferruginous-backed antbird, 
Myrmoderus ferrugineus; white-plumed antbird, Pithys 
albifrons; grey teal, Anas gracilis; pigeon, Columba livia; 
Pekin duck, Anas platyrhynchos), mammals (human, Homo 
sapiens; domestic cat, Felis catus; ferret, Mustela putorius 
furo) and reptiles (king rat snake, Elaphe carinata) [1–13, 
16–20]. Although there is no evidence that these viruses are 
pathogenic to their respective hosts, a recent study described 
gyrovirus 3 (GyV3, species Gyrovirus homsa 1) to be a 
multi-host pathogen, infecting mice and chickens [21].

In this study, a mixed organ sample (intestine, brain, 
heart, liver, and spleen) of a common pheasant (Phasianus 
colchicus) was subjected to metagenomic analysis. The 
bird succumbed to poult enteritis and mortality syndrome 
in 2017 on a pheasant farm in Hungary. Approximately 100 
mg of specimen was homogenized in phosphate-buffered 
saline (PBS), using a TissueLyzer LT instrument (QIAGEN, 
Hilden, Germany). The homogenate was centrifuged (10,000 
× g for 5 min) and filtered through a 0.45-µm PES filter. 
Nucleic acid was extracted using a NucleoSpin RNA Virus 
Kit (Macherey-Nagel, Düren, Germany). After amplification 
by random RT-PCR, a cDNA library was prepared for next-
generation sequencing on an Illumina NextSeq™ 500 plat-
form according to a previously described protocol [22]. The 
trimmed reads were submitted for taxonomic classification 
to the Kaiju web server [23]. Sequence reads were assem-
bled de novo into contigs using Geneious Prime software 
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v.2020.2.4 (Biomatters, Auckland, New Zealand) and were 
checked by BLAST analysis. The sequences were edited 
and aligned using AliView and Geneious Prime software 
[24]. After de novo assembly, a missing sequence in the 
non-translated region (NTR) of the genome was obtained by 
direct sequencing of two PCR products. Twenty μl of PCR 
reaction mixture, prepared for amplification of this region, 
contained 250 μM dNTPs, 250 nM primers (GyV3-F1 [5’-
ACA​CGG​AGA​AAT​CCT​GGT​AAAC-3’] and GyV3-R1 [5’-
ACT​TAG​TGT​ACA​CGT​CTC​GAGA-3’]; GyV3-F2 [5’-AGA​
TAG​ACT​CCA​TTT​GGC​AACTG-3’] and GyV3-R2 [5’-TGA​
GAA​TGA​CCA​CGC​GTA​TAC-3’]), 1x DreamTaq Buffer, 
0.625 U of DreamTaq DNA Polymerase (Thermo Fisher 
Scientific, Waltham, MA, USA) and 1 μL of the nucleic 
acid. The PCR thermal profile consisted of an initial dena-
turation step at 95 °C for 3 min, 45 cycles of amplification 
with steps of 95 °C for 30 s, 53 °C for 30 s, and 72 °C for 
1 min, followed by a final elongation step at 72 °C for 10 
min. The ORFs of the assembled viral genome sequence 
were predicted using the ORF Finder tool (https://​www.​ncbi.​
nlm.​nih.​gov/​orffi​nder/). Phylogenetic analysis of the VP1 
coding region was performed by the maximum-likelihood 
method (GTR+G model, 1000 bootstrap replicates), using 
MEGA6 software [25]. Pairwise identity values were cal-
culated using SDTv1.2 and Geneious Prime software [26]. 
Recombination analysis was carried out using RDP4 soft-
ware, utilizing representative complete genome sequences 
of gyroviruses [27]. Nuclear localization signals (NLS) were 
predicted using NLStradamus and cNLS Mapper, while 
nuclear export signals (NES) were identified using the online 
tool NetNES [28–30]. Amino acid motifs were identified 
using Motif Scan (https://​myhits.​sib.​swiss/​cgi-​bin/​motif_​
scan). Sequence repeats were found using Repeat Finder, 
implemented in the Geneious Prime software (Biomatters, 
Auckland, New Zealand).

Altogether, 17,507,704 reads were generated, and the 
Kaiju metagenomics pipeline revealed traces of gyrovirus 
sequences. A total of 3,653,320 sequence reads mapped to a 
2353-nucleotide (nt)-long de novo-assembled viral genome 
sequence with a mean sequencing depth of 223,521X (range, 
79X to 662,901X) (Fig. 1).

The genome of the pheasant-associated gyrovirus 
(PAGyV) shows ≤67.1% genome-wide sequence identity 
with its closest relatives, GyV3 strains. Three major ORFs, 
encoding the VP1, VP2, and VP3 proteins, were identi-
fied in the PAGyV genome. The PAGyV VP1 shares up to 

67.6% nt and 67.3% aa pairwise identity with the cognate 
genomic region of GyV3 and avian gyrovirus 2 (AGV2, spe-
cies Gyrovirus galga 1) (Fig. 1). The common branch in the 
VP1-nt-based phylogenetic tree confirmed that GyV3 and 
AGV2 strains are the closest relatives of PAGyV (Fig. 1C). 
The sequences of PAGyV showed a maximum of 77.9% nt 
and 69.2% aa pairwise identity in VP2 and 69.2% nt and 
59.4% aa identity in VP3, with GyV3 and AGV2 reference 
sequences. No recombination events were identified in the 
PAGyV sequence.

The identification of NLS and NES motifs in VP1 of 
gyroviruses implies that virion assembly occurs in the cell 
nucleus [11, 12, 31]. The N-terminal part of this protein 
in PAGyV is rich in arginine and may include an NLS 
between aa 6 and aa 52. Although leucine- and isoleucine- 
rich regions were detected in the VP1 of PAGyV, the signal 
finder tools did not identify any export signals, which may be 
a consequence of motif variations in the PAGyV sequence. 
Like other members of the family Anelloviridae, PAGyV 
likely produces nascent genomic DNA by rolling-circle rep-
lication, mediated by the putative rolling-circle replication 
motifs I, II, and III (325FATLSALG332, 362GRRWMTLVP370, 
and 391ATLFLAQG398, respectively) in VP1. Although the 
VP1 proteins of members of different species may be dis-
tantly related, conserved aa sites could be identified in addi-
tion to the above-mentioned motifs as parts of probable com-
mon functional motifs, e.g., 58PGXXXVRXXXP68, 76FXG78, 
130GGP132, 172WWXW175, 228XXXXASLXXQXXY240, and 
348XFNXHXXXGXXDP359 [1, 4–8, 11, 12].

The VP2 and VP3 proteins of gyroviruses are believed to 
be non-structural proteins that play a role in viral replication 
and pathogenesis [32, 33]. The VP2 of PAGyV contains a 
conserved WX7HX3CXCX5H protein tyrosine phosphatase 
motif (at aa position 102–122) that may be responsible for 
phosphorylation of a tyrosine residue in the C-terminal 
region of the VP3 protein [1, 4–8, 11, 32]. An NLS motif 
(153RAKRKLDYWKRKPKKPK169) was also predicted in 
the central part of VP2. The virus-encoded apoptin (the 
VP3 protein) induces apoptosis of erythroblastoid cells and 
thymocytes in CAV-infected chickens [32]. The VP3 aa 
sequence of PAGyV, like those of CAV and other gyrovi-
ruses, contains a potential NLS (86SPPRPRR92) as well as 
a putative leucine- and isoleucine-rich NES region (42ILI-
GIGSTTIELSL55) [11, 12, 32]. However, unlike other gyro-
viruses, the motif finder tools did not give strong support for 
a bipartite NLS, NES, or a tyrosine phosphorylation site in 
the C-terminal region of the VP3 of PAGyV.

The 470-nt-long NTR, located between the 3’ end of the 
VP1 gene and the 5’ end of the VP2 gene, contains a GC-
rich region that may form loops, an AAT​AAA​ polyadenyla-
tion signal (at nt 80-85), and one copy of the 21-nt-long 
gyrovirus-specific promoter-enhancer sequence (TGT​ACA​
GGG​GGG​TAC​GTC​A), which is preceded by three repeats 

Fig. 1   (A) Schematic representation of the pheasant-associated gyro-
virus (PAGyV) genome. (B) VP1-nucleotide-sequence-based pair-
wise identity matrix of representative gyrovirus sequences, made 
using SDT v1.2 software. (C) Unrooted maximum-likelihood phylo-
genetic tree of representative gyrovirus VP1 nucleotide  sequences. 
Support values less than 60 are hidden. PAGyV is indicated by a blue 
triangle.
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of its complementary sequence (TGA​CGT​ACC​CCC​CTG​
TAC​A). The number and direction of these repeats seem to 
vary among gyroviruses [1, 4–8, 11, 12]. The NTR of the 
PAGyV genome shares the highest similarity with those of 
GyV3 isolates.

Gyrovirus taxonomy has been revised recently [13]. The 
calculated pairwise identity values (<69% for the VP1 cod-
ing gene), together with phylogenetic analysis, suggested 
that PAGyV is the first member of a putative new gyrovirus 
species. According to the suggested nomenclature for gyro-
virus species, in which the initial letters of the scientific 
name of the host species are used, we propose the name 
"Gyrovirus phaco 1" for this tentative species. Given that 
gyroviruses may infect multiple hosts, the true host range of 
PAGyV and the potential role of this virus in poult enteri-
tis and mortality syndrome need to be examined in future 
studies.
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