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Abstract

Background: Wild birds may harbor and transmit viruses that are potentially pathogenic to humans, domestic ani-
mals, and other wildlife.

Results: Using the viral metagenomic approach, we investigated the virome of cloacal swab specimens collected
from 3182 birds (the majority of them wild species) consisting of > 87 different species in 10 different orders within
the Aves classes. The virus diversity in wild birds was higher than that in breeding birds. We acquired 707 viral
genomes from 18 defined families and 4 unclassified virus groups, with 265 virus genomes sharing < 60% protein
sequence identities with their best matches in GenBank comprising new virus families, genera, or species. RNA viruses
containing the conserved RdRp domain with no phylogenetic affinity to currently defined virus families existed in
different bird species. Genomes of the astrovirus, picornavirus, coronavirus, calicivirus, parvovirus, circovirus, retrovi-
rus, and adenovirus families which include known avian pathogens were fully characterized. Putative cross-species
transmissions were observed with viruses in wild birds showing > 95% amino acid sequence identity to previously
reported viruses in domestic poultry. Genomic recombination was observed for some genomes showing discordant
phylogenies based on structural and non-structural regions. Mapping the next-generation sequencing (NGS) data
respectively against the 707 genomes revealed that these viruses showed distribution pattern differences among
birds with different habitats (breeding or wild), orders, and sampling sites but no significant differences between birds
with different behavioral features (migratory and resident).

Conclusions: The existence of a highly diverse virome highlights the challenges in elucidating the evolution, etiol-
ogy, and ecology of viruses in wild birds.
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Background

With changes in ecological environment, climate change,
expansion of human activities, and advances in life sci-
ence and computing technology, novel pathogens are
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viruses, pose a particularly acute threat to human health
[7, 8]. Some viruses replicate in the digestive tract of wild
birds and are then excreted at high titer in feces [9-11].
In addition to avian influenza virus (AIV), Newcastle dis-
ease virus (NDV), fowlpox virus (FPV), and duck plague
virus (DPV) can cause severe diseases in domestic poul-
tries. Wild birds also carry Foot and mouth disease virus
(FMDYV), Japanese encephalitis virus (JEV), West Nile
virus (WNV), Borna disease virus, and Eastern equine
encephalitis virus [12, 13], which can be pathogenic to
humans and other mammals.

Studies have shown that the influenza virus can be
isolated in lake water where migratory wild birds gather
[14], and avian influenza viral particles can remain
infectious for weeks or months in water, food, or sedi-
ments [15]. Many wild birds belonging to Anseriformes
and Gruiformes have long migration routes and can
migrate between continents. Microorganisms carried by
wild birds may mutate and recombine to produce new
pathogens, which may spread over a long distance and
cause new outbreaks in animals or humans [16—18]. As
more novel pathogenic viruses are found in wild birds
their roles in spreading viral diseases are coming under
increasing investigations. The migration pattern of wild
birds, for example, has been suggested to increase the
spread of AIV including among domestic poultries [19].
A better understanding of bird migration patterns and
of the virome of birds will be useful in helping to pre-
dict future outbreaks of emerging zoonotic viruses [12].
Monitoring viruses in wild birds may be used as an early
warning system for the incursion of zoonotic viruses.
Advances in viral metagenomics prompted us to investi-
gate the enteric virome in wild birds to begin to address
such concerns.

When sequencing the human and animal gut virome,
majority of the viral nucleotide sequences generally have
no significant homology to known viral genomes [20,
21]. Viral metagenomics is a useful technique which
combines next-generation sequencing (NGS) and bioin-
formatics to non-specifically detect both already known
and highly divergent viruses. The continuous improve-
ment of NGS makes it possible to massively sequence
microbial genomes including viral genomes, powerful
bioinformatics tools for identifying viral sequences from
NGS big data become increasingly important. Some
recent software for identification of viral sequences from
metagenomic sequencing data, including the commonly
used VirSorter [22], VirFinder [23], and DeepVirFinder
[24], were developed, which allow us to effectively iden-
tify viruses through their nucleotide or translated protein
sequence homologies to all known viruses.

Here we investigated the viral community in cloa-
cal swab collected from 3182 wild and breeding birds
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to better understand the composition of their enteric
viruses and identify potential emerging virus threats to
humans or livestock.

Materials and methods

Sample collection and preparation

The goal of this study was to investigate the virome of
cloacal swab specimens collected between 2018 and
2019 from 3182 birds in 18 different sampling sites in 8
provinces, China (Fig S1), including > 87 different spe-
cies of birds belonging to 10 different orders within the
Aves class (Fig. 1A and Supplementary Table 1). Among
those birds, 2562 were wild and 620 were breeding birds
in zoos, farms, or from first-aid centers. All wild birds
were captured using cannon nets; cloacal swabs of wild
and breeding bird samples were collected by using dis-
posable absorbent cotton swabs and shipped on dry ice.
Before viral metagenomic analysis, tips of the swabs
were immersed into 0.5 mL of Dulbecco’s phosphate-
buffered saline (DPBS) and vigorously vortexed for 5
min and incubated for 30 min at 4 °C. The superna-
tants were then collected after centrifugation (10 min,
15,000 g) and stored at — 80 °C until use. Most of the
birds’ species were identified by experienced field biolo-
gists and the uncertain ones were identified by amplifi-
cation and Sanger sequencing of the cytochrome b gene
in the samples. No birds showed any signs of disease.
Ethical approvals were given by the Ethics Committee
of Chinese Academy of Agricultural Sciences with the
reference number of SVRI2017091, the Ethics Commit-
tee of Jiangsu University with the reference number of
2018ujs18023, and the Ethics Committee of Key Labora-
tory of Wildlife Diseases and Biosecurity Management
of Heilongjiang Province with the reference number of
WDBM2018-023. Sample collecting was performed in
accordance with the Wildlife Protection Law of the Peo-
ple’s Republic of China. All samples were shipped to the
Shanghai Veterinary Research Institute of Chinese Acad-
emy of Agricultural Sciences where sample preparations
were conducted in a biosafety level 2 laboratory.

Viral metagenomic analysis

About 100 pL of the supernatant from each sample was
pipetted and pooled into samples pools of the same bird
species (details of each pool can be found in Supplemen-
tary Table 1). These samples were pooled into a total of
215 sample pools with the average number of 14.8 sam-
ples per pool. Sample pools were centrifuged at 12,000g
for 20 min at 4 °C to remove eukaryotic and bacterial cell-
sized particles and supernatants were filtered through a
0.45-um filter. Filtrates were then digested by DNase and
RNase at 37 °C for 60 min [25-28]. Total nucleic acids
were then extracted using QIAamp MinElute Virus Spin
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Kit (Qiagen) according to the manufacturer’s protocol.
Nucleic acid samples were dissolved in DEPC treated
water and RNase inhibitors were added. The enriched
viral nucleic acid preparations from the respective
pools were individually subjected to reverse transcrip-
tion reactions using reverse transcriptase (Super-Script
IV, Invitrogen) and 100 pmol of random hexamer prim-
ers, followed by a single round of DNA synthesis using
Klenow fragment polymerase (New England BioLabs). A
total of 215 libraries were constructed using Nextera XT
DNA Sample Preparation Kit (Illumina) and subjected
to sequencing on Illumina Miseq or Hiseq platform. For
bioinformatics analysis, paired-end reads of 250 bp were
debarcoded using vendor software from Illumina. An in-
house analysis pipeline running on a 32-node Linux clus-
ter was used to process the data. Reads were considered

duplicates if bases 5 to 55 were identical and only one
random copy of duplicates was kept. Clonal reads were
removed and low sequencing quality tails were trimmed
using Phred quality score ten as the threshold. The total
read number of each library is shown in Supplementary
Table 1. Adaptors were trimmed using the default param-
eters of VecScreen which is NCBI BLASTn with spe-
cialized parameters designed for adapter removal. The
cleaned reads were de novo assembled within each bar-
code using the ENSEMBLE assembler [29]. Contigs and
singlets reads were translated in all possible 6 frames in
silico and then matched against a customized viral pro-
teome database using BLASTx with an E value cutoff of
< 107>, where the virus BLASTx database was compiled
using the NCBI virus reference proteome (ftp://ftp.ncbi.
nih.gov/refseq/release/viral/) to which was added viral
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protein sequences from the NCBI nr fasta file (based
on annotation taxonomy in Virus Kingdom). Candidate
viral hits are then compared to an in-house non-virus
non-redundant (NVNR) protein database to remove
false-positive viral hits, where the NVNR database was
compiled using non-viral protein sequences extracted
from the NCBI nr fasta file (based on annotation taxon-
omy excluding Virus Kingdom). Contigs without a signif-
icant BLASTx similarity to the viral proteome database
are searched against viral protein families in the vFam
database [30] using HMMER3 to detect remote viral pro-
tein similarities [31-33].

Confirmation and extension of virus genomes

Viral contigs that may be from the same genome
but without overlap were merged using the software
Geneious v11.1.2 and PCR primers bridging gaps were
designed [34]. Gaps were filled by (RT-)PCR and Sanger
sequencing. To confirm the assembly results of a full
genome, reads were de novo assembled back to the full-
length genome using the low sensitivity/fastest parameter
in Geneious 11.1.2, where the number of sequence reads
mapped against each target viral genome was analyzed
[34] and shown in the column “Virus Reads” in Supple-
mentary Table 2. For genomes with novel structures, we
verified the complete or near-complete coding sequence
(CDS) of the viral genome by designing overlapping PCR
primers based on the assembled sequences followed by
amplicon Sanger sequencing.

Analyses of virus diversity and distribution

In order to investigate the diversity and distribution of
viruses in birds’ cloacal swab samples, we conducted two
types of analyses. First, all the reads with sequence length
> 50 bp in the clean data were compared to the viral pro-
teome database using BLASTx as mentioned above and
the BLASTx results were then loaded into the MEGAN
program [35]; rarefaction curves were then conducted
to visualize differences in the virus community compo-
sition. Second, using the function of “Map to Reference”
in the software Geneious v11.1.2, the clean data of NGS
from the 215 libraries were respectively aligned to each
of the 707 viral genomes which were used as reference
genomes, the libraries with > 10 different reads uniformly
matched to the reference genome were considered posi-
tive. Numbers of each library’s sequence reads mapped
to the 707 genomes are shown in Supplementary Table 3
that is further used for the establishment of heat maps of
virus distribution.

Phylogenetic analysis of viruses
To infer phylogenetic relationships, protein sequences
of reference strains belonging to different groups of
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viruses were downloaded from the NCBI GenBank data-
base. Related protein sequences were aligned using the
alignment program implemented in the CLC Genomics
Workbench 10.0, and the resulting alignment was fur-
ther optimized using MUSCLE in MEGA v7.0 [36] and
MAFFT v7.3.1 employing the E-INS-I algorithm [37].
Sites containing more than 50% gaps were temporar-
ily removed from alignments. Bayesian inference trees
were then constructed using MrBayes v3.2 [38]. During
MrBayes analysis, we used “Iset nst=6 rates=invgamma”
for phylogenetic analysis based on nucleotide sequences
of Deltacoronavirus, which set the evolutionary model to
the GTR substitution model with gamma-distributed rate
variation across sites and a proportion of invariable sites
("GTR+I4TI"), while we set “prset aamodelpr=mixed” for
the phylogenetic analysis using amino acid sequences,
which allows the program to utilize the 10 built-in amino
acid models. The number of generations was increased
to a maximum of 10 million until the standard deviation
of split frequencies is below 0.01, in which every 50 gen-
erations were sampled and the first 25% of Markov chain
Monte Carlo (mcmc) samples were discarded as burn-in.
Maximum likelihood trees were also constructed to con-
firm all the Bayesian inference trees using software Mega
v7.0 [36].

Virus genome annotation

Putative viral open reading frames (ORFs) were predicted
by Geneious v11.1.2 with built-in parameters (minimum
size: 300; genetic code: standard; start codons: ATG )
[34], further were checked through comparing to related
viruses by Blastp in NCBI. The annotations of these ORFs
were based on comparisons to the Conserved Domain
Database. Potential exon and intron of some viruses (e.g.,
viruses showing similarity to the family Genomoviridae)
were predicted by Netgenes2 at http://www.cbs.dtu.
dk/services/NetGene2/. Sequence similarity scanning
among related virus genomes was performed using the
Simplot software version 3.5.1. International Commit-
tee on Taxonomy of Viruses (ICTV) criteria (https://talk.
ictvonline.org/ictv-reports/ictv_online_report/) used to
genetically and phylogenetically characterize each of the
putative new genus or species of viruses described in this
study are listed in Supplementary Table 4.

Quality control in library construction and virus detection

To test laboratory environment and reagent contamina-
tion, 5 swab samples were collected from the surface of
laboratory worktops, instruments, reagent bottle, and
pipettes using DPBS-soaked swabs. Then, the cotton tips
of swab samples were re-suspended in 0.5 mL of DPBS
and vigorously vortexed for 5 min, following frozen and
thawed three times on dry ice. The supernatants were
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then collected after centrifugation (10 min, 15,000 g) and
subjected to viral metagenomic analysis as those of birds’
cloacal swab samples. The Illumina Miseq sequencing
data of the control samples were deposited into the Gen-
Bank SRA database with accession no. SRX11518259,
SRX11518260, SRX11518262, SRX11518284, and
SRX11518414.

Finding a large number of unclassified Riboviria and
unclassified CRESS DNA virus, conventional PCR was
conducted with primers designed based on 20 randomly
selected genomes of these two groups of viruses to test
whether these viruses were present in the original cloa-
cal swab samples, where the PCR templates were nucleic
acid extracted from the original sample pools using Tri-
zol reagents. The positive PCR products were further
confirmed by Sanger sequencing. Information of the 20
genomes and primers used in the PCR reactions are pro-
vided in Supplementary Table 5.

Results

Overall view of the virome

We performed a large-scale viral metagenomics survey of
potential viruses in 3182 cloacal swab specimens which
were collected from 620 breeding birds in zoos or farms
and 2562 wild birds in natural reserves or parks, respec-
tively, located in 18 different sampling sites in 8 differ-
ent provinces in China (Fig. 1A, Supplementary Table 1,
and Supplementary Fig. 1). In total, the 215 libraries
generated 480,609,464 sequence reads. The assembled
sequence contigs and showing significant similarity to
known viruses were further analyzed. From these data,
707 different complete or nearly complete CDS of virus
genomes were determined by using sequence assem-
bly combined with PCR and Sanger sequencing of gaps
between contigs. These 707 genomes belong to 23 dif-
ferent groups of viruses including 19 defined families
and 4 unclassified virus groups (Fig. 1B and Supplemen-
tary Table 2). A total of 572 viral genomes were from
wild birds and 135 genomes were from breeding birds.
A total of 469 genomes belonged to RNA viruses and
238 belonged to DNA viruses (Fig. 1B). BLASTx search
results for these 707 genomes revealed that 265 genomes
shared < 60% amino acid sequence identities with their
best matches in GenBank (Fig. 1C and Supplementary
Table 2), suggesting these virus genomes could be con-
sidered novel viruses, forming putative new virus fami-
lies, genera, or species. To phylogenetically analyze these
viruses, the protein sequence of their most conserved
regions, including their RNA-dependent RNA polymer-
ase (RdRp) domains for virus belonging to Riboviria,
replication proteins (Rep) for CRESS DNA virus, and
non-structural protein (NS) for parvoviruses and adeno-
virus were used in phylogenetic analysis.
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The vial metagenomic analysis results indicated
although a small number of viral reads showing sequence
similarity to human or plant viruses (including anellovi-
rus, papillomavirus, and herpesvirus which may come
from human skin and geminivirus and partitivirus which
may come from pl potted plant in our laboratory), most
of the viral reads in the environmental samples belong to
phages hosted by prokaryotic organisms (Supplementary
Fig. 2).

PCR confirmation and Sanger sequencing of the 20
randomly selected genomes of unclassified CRESS DNA
virus or unclassified Riboviria confirmed the real exist-
ence of these viruses in the original bird cloacal samples.

Virus diversity and distribution in cloacal swab of birds
Here, rarefaction curves were used to visualize virus fam-
ily composition in the cloacal swab of birds (Fig. 2A),
which showed that the number of viral sequence reads
in each library ranged from 897 (library ID: parrot87) to
28,260,000 (library ID: siskin57), and in most of the 215
libraries, the observed virus families showed stable when
the viral sequences number reached to a certain num-
ber, suggesting that the sequencing depths in most the
215 libraries were sufficient to represent the presence of
virus families in the birds’ fecal samples and the sequenc-
ing data were rational and cogent. The rarefaction curves
also showed that the number of virus families in different
libraries varied from 1 to 25. The mapping analysis using
the 707 genomes against the 215 NGS data revealed the
virus distribution in the 215 sample pools, where the dis-
tribution patterns were further analyzed based on birds’
habitat (breeding or wild) (Fig. 2B), orders (Supplemen-
tary Fig. 3), behavioral feature (migratory and resident)
(Supplementary Fig. 4), and sampling sites (Supplemen-
tary Fig. 5).

On the whole, the virus diversity in wild birds (birds
living in a natural or undomesticated state) is higher than
that in breeding birds (Fig. 2B). Some viruses showed dif-
ferent distribution patterns between breeding and wild
birds. The prevalences of Dicistroviridae and Iflaviri-
dae in wild birds are much higher than those in breed-
ing birds. Over the bird order level, the virus diversity in
birds belonging to Passeriformes is slightly higher than
those in birds belonging to the other 9 orders (Supple-
mentary Fig. 3). The virus diversities between migra-
tory birds (birds that travel from one place to another at
regular times often over long distances in order to breed,
feed, and raise their offspring) and resident birds showed
no evident difference (Supplementary Fig. 4). Comparing
the virus diversity in different sampling sites indicated
that the fecal samples from Changbaishan Mountain
and MES Mountain had higher diversity than those
from other sampling sites (Supplementary Fig. 5). The
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distribution pattern of different types of viruses showed
differences according to birds’ diet and behavioral fea-
tures. For example, reflecting the diet of birds, the Dicis-
troviridae and Iflaviridae were wildly present in the wild
birds. Viruses belonging to unclassified Riboviria and
Picornavirales showed distributions different from those
of Dicistroviridae and Iflaviridae but slightly similar to
those of viruses belong to Picornaviridae, Caliciviridae,
and Totiviridae (Fig. 2B and Supplementary Figs. 3, 4, 5).

Novel RNA viruses identified in cloaca of birds

We identified 469 RNA virus genomes in cloaca swab
of birds belonging to 15 virus families or unclassified
groups. Potential avian viruses showing similarity to
Astroviridae (n = 35), Picornaviridae (n = 32), Calici-
viridae (n = 12), Hepeviridae (n = 6), Coronaviridae (n
= 6), and Retroviridae (n = 3) were discovered in these
samples (Fig. 1B). Other RNA viruses with no prior evi-
dence of infecting birds were also identified including
Dicistroviridae (n = 117), Iflaviridae (n = 46), Totiviridae
(n = 21), Marnaviridae (n = 11), Polycipiviridae (n = 8),
Solemoviridae (n = 8), Nodaviridae (n = 5), unclassified
Picornavirales (n = 56), and unclassified Riboviria (n =
103). Viruses belonging to the family of Dicistroviridae,
Iflaviridae, Totiviridae, Marnaviridae, Polycipiviridae,
Solemoviridae, and Nodaviridae are known to infect
plants, fungi, insects, or parasites and thus possibly orig-
inate from the diet of birds. It is conceivable that some
viruses showing similarity to unclassified Picornavirales
and unclassified Riboviria may contain some members
infecting birds.

Thirty-five astrovirus genomes were characterized
from 23 different species of birds (Fig. 3A). Phyloge-
netic trees based on capsid (Fig. 3A) and RdRp protein
sequences (Fig. 3B) indicated that these astroviruses are
grouped into 7 different clades in the genus Avastrovi-
rus. The classification of astroviruses has been redefined
several times since they were first discovered in 1975.
According to ICTV, the current classification does not
correspond to the phylogeny of this group of viruses,
being based on the host and the genetic distances (p-dis-
tance) among complete amino acid sequences of the
capsid region (ORF2). The Astroviridae study group of
ICTV also establishes that viruses with a p-distance>
75% identity in the complete protein sequence of ORF2
should be considered members of the same species [39].
In the clade of Avastrovirus 2, 8 novel astroviruses were
from 6 different species of birds and clustered together,
sharing < 65% sequence similarity with other members
of Avastrovirus 2 based on the amino acid sequence of
capsid and RdRp. An astrovirus (MT138004) from white-
fronted goose (Auser albifrons) formed a single branch
within the clade of Avastrovirus 1 (Fig. 3A) and shared
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< 70% similarity with the RdRp and capsid of other duck
and chicken astroviruses, belonging to defined species
of Avastrovirus 1b. The remaining 26 novel astroviruses
showed no close relationship with any defined species
and were grouped into 5 distinct clusters, forming 5 puta-
tive new different species (i.e., Avastrovirus 6—10) within
genus Avastrovirus. Although the phylogenetic analy-
sis based on RdRp overall showed a similar topological
structure to that of capsid (Fig. 3B and Supplementary
Fig. 6A), some strains showed discordant positions in
the tree over RdRp and capsid protein (Fig. 3C and Sup-
plementary Fig. 6B), suggesting genomic recombination
had occurred (i.e., MT138004, MT137991, MT138003,
and MT137998). Sequence analysis indicated that the
same astrovirus could be discovered in different species
of birds as 2 astroviruses (MT138008 from long-tailed
tit and MT138012 from red-flanked bush robin) shared
99.3% capsid sequence identity and another 2 astrovi-
ruses (MT137999 from coal tit and MN920667 from
tomtit) shared 99.4% sequence identity (Fig. 3A), indicat-
ing likely cross-species transmissions.

We characterized 6 coronavirus genomes from 4 spe-
cies of birds belonging to the Passeriformes including
one from long-tailed rosefinch, one from rustic bunting,
two from dusky thrush, and two from brambling. Based
on BLASTn searches, all 6 coronaviruses matched best
with Deltacoronavirus, sharing < 75% sequence identities
with them. Phylogenetic analysis based on the complete
CDS of the 6 coronaviruses and those related representa-
tive Deltacoronavirus genomes from GenBank indicated
that they clustered into three different groups (Supple-
mentary Fig. 7). According to the ICTV criteria, coro-
naviruses that share > 90% aa sequence identity in the
conserved replicase domains are considered to belong
to the same species; the 6 coronaviruses identified here
are qualified to be 3 new species in the Deltacoronavirus
genus. Sequence similarity plots using 6 genomes iden-
tified here against the other related genomes revealed
that sequences right downstream of the ORFlab region
of these coronaviruses are hypervariable regions and
homologous exchange within genomes occurred in the
membrane (M) and nucleocapsid (N) regions (Fig. 4A).
Phylogenetic trees based on nucleotide sequence 5’ from
M and including M plus downstream regions revealed
discordant trees, indicating that 4 of the 6 coronavirus
genomes acquired in this study (with the exception of
brb028corl (MT138105) and brb027corl (MT138104)
appear to be recombinants (Fig. 4B).

Three genomes belonging to Retroviridae were
acquired from 3 different species of birds named wild
black swan, breeding golden pheasant, and yellow-bel-
lied tragopan (Fig. 5A). Two of the retrovirus genomes
belonged in the Gammaretrovirus genus showing a close
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relationship to reticuloendotheliosis viruses previously
identified from domestic ducks and geese (Fig. 5A, B,
and C), sharing > 99% whole-genome sequence identi-
ties with them. The remaining retrovirus (MT138119)
presented the typical genome organization of retrovi-
rus with Gag, Pol, and Env ORFs (Fig. 5D). The genome
sequence of this novel retrovirus was divergent from
all known retroviruses encoding 3 proteins (i.e., Gag,
Pol, and Env) with sequence similarity of about 40% to
the proteins of endogenous retrovirus predicted from
the birds’ genomes (Fig. 5A, B, and C), which makes us

think that this retrovirus sequence may be from the
endogenous retrovirus sequence integrated into the host
genome. However, a comparison of the coverage in map-
ping analysis using this novel retrovirus genome and
3 genomic fragments of black swan (represented by a
genomic scaffold of the Cygnus atratus isolate AKBS03,
GenBank no. NW_023336789) against the total reads of
this library indicated the mapping coverage of this retro-
virus genome is significantly higher (with mean coverage
= 74.8) than that of the host genome (with mean cover-
age = 0.006) (Fig. 5D). Considering that we have used
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site

DNase and RNase to digest the un-encapsidated host
nucleic acids and the genome mapping against the total
reads have not produced edged sequence showing simi-
larity to birds’ genome, this retrovirus genome recovered
from this library is most likely from virus particle instead
of endogenous retrovirus sequence integrated into the
genome of birds. Based on the phylogenetic analysis
over the 3 encoding proteins, this novel retrovirus may

be a new genus within the subfamily Orthoretrovirinae
(Fig. 5A, B, and C).

Twelve calicivirus genomes were characterized from 9
different species of birds, based on phylogenies of RdRp
and capsid proteins 4 of which clustered closely with
several known goose or duck caliciviruses while the
remaining 8 genomes together with their best BLASTx
match, a ruddy turnstone calicivirus, formed a separate
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clade genetically distinct from the other avian calicivi-
ruses (Fig. 5E and F). Except for 3 genomes which can
be grouped into known defined genera, the remaining 9
viruses are qualified to be 4 different putative new gen-
era (temporarily named Garuovirus, Flamovirus, Zheno-
virus, and Birmovirus) based on the ICTV criteria [40]
and phylogenetic analysis over the 3 encoding proteins,
where 2 of them also include previously unclassified cali-
civiruses (Fig. 5E). The phylogenetic trees respectively
based on RdRp and capsid showed consistent topological
structure suggesting no putative recombination occurred
involving these caliciviruses. Sequence analysis indicated
that 2 caliciviruses from wild goose and breeding shel-
duck shared high sequence similarity with caliciviruses
from domestic goose and duck respectively, sharing >
96% identities in RdRp (Fig. 5 E).

The family of Picornaviridae comprises 63 genera con-
taining 147 species, but many viruses are presently await-
ing classification. A novel virus genus may be proposed
according to the ICTV criteria which include (i) showing
distinctive genome organization features in comparison
to their closest relatives, (ii) sharing amino acid sequence
identity of < 34% in P1 and < 36%amino acid sequence
identity in the non-structural proteins 2C+3CD, and (iii)
no detectable homology of proteins L (if exist), 2B, 3A,
3B [41]. In the present study, 32 virus genomes show-
ing sequence similarity to viruses belonging to the fam-
ily Picornaviridae were also acquired. A phylogeny over
the amino acid sequence of RdRp showed the relation-
ship of the viruses identified here and their relatives
(Fig. 6A). According to the sequence analysis and phy-
logeny, ten of these picornaviruses clustered with genus
Megrivirus, three of them were closely related to viruses
in genus Oscivirus, and one can be a member of the
genus Aalivirus, these classifications were confirmed by
sequence analysis based on the P1 protein. Four viruses
were detected in white-backed woodpeckers, egrets
and red-crowned cranes, respectively. Although they
were clustered in an intermediate position among the
clades of genera Tremovirus, Hepatovirus, and Fipivirus,
they shared >34% sequence identities with their clos-
est relatives (Supplementary Fig. 8A), belonging to the
genus Hepatovirus. Five genomes from 3 different host
bird species clustered together outside Avikepatovirus
(Fig. 6A), sharing > 34% sequence identities with their
closest relatives (Supplementary Fig. 8B), belonging to
the genus Avihepatovirus. Eight genomes from 7 different
species of birds clustered together outside of the clades
of genus Avisivirus and Aalivirus. These 8 viruses showed
distinct genome organization, possessing an excess frag-
ment (approximately 150 aa) at the downstream of 3CD
region (Supplementary Fig. 8C), and shared amino acid
sequence identity of < 34% in P1 (Supplementary Fig. 8D)
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and < 36% in 2C+3CD (Supplementary Fig. 8E), which
suggest that these 8 viruses together form a possible new
genus Spleafvirus (Fig. 6A). Although a novel picorna-
virus from red-flanked bush robin (Tarsiger cyanurus)
fell outside of the clade which includes other 8 differ-
ent defined genera based on phylogeny of RdRp protein
(Fig. 6A), sequence analysis based on P1 sequence indi-
cated that it shared > 44% amino acid sequence identity
with those viruses belonging to Kobuvirus, suggesting
this virus belongs to a member in the genus Kobuvirus.

Although viruses in the genus Megivirus are classified
into 5 different species (i.e., Megrivirus A-E) according to
their hosts, these viruses are evidently phylogenetically
grouped into 2 separate clusters which also includes the
10 newly identified genomes in this study (Fig. 6A), where
one cluster included megriviruses from birds belonging
to 5 different bird orders while the other cluster of megri-
viruses only included those from birds belonging to the
order Galliformes, suggesting that infection with this
group of megriviruses was restricted in the birds belong-
ing to this order.

Virus genomes showing sequence similarity to the
family of Dicistroviridae (n = 118), Iflaviridae (n = 46),
Totiviridae (n = 28), Marnaviridae (n = 11), and Poly-
cipiviridae (n = 8) were assembled in libraries of these
birds, although some of these viruses were too divergent
to be classified into known genus in these virus families
(Supplementary Fig. 9), these viruses most likely come
from infected insects and other components of the diet of
birds. Genomes of Weivirus-like virus (grouped into the
unclassified Riboviria) (n = 7), Hepe-like virus (n = 6),
and Noda-like virus (n = 5) were also detected in these
birds (Supplementary Fig. 9), however, whether these
viruses can replicate in bird hosts needs further study.
The remaining 152 RNA viruses (except for Weivirus-like
viruses) named unclassified Picornavirales or Riboviria
were not phylogenetically related to known virus fami-
lies (Fig. 6B and detailed phylogeny in Supplementary
Fig. 10), some of which may be from the insect and plant
diet of birds (or parasites within them) while other may
conceivably be replicating in bird cells.

Novel DNA viruses identified in the cloaca of birds
We also characterized 238 DNA viral genomes belonging
to 8 different virus families or unclassified groups. Poten-
tial avian pathogens include viruses showing sequence
similarity to Parvoviridae (n = 112), Unclassified CRESS-
DNA virus (n = 66), Circoviridae (n = 20), Smacoviridae
(n = 12), Genomoviridae (n = 10), and Adenoviridae (n =
7) were identified (Fig. 1B).

The classification criteria for virus belonging to the
family Parvoriridae are that members of the same genus
should share at least 35-40% amino acid sequence
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identity with a coverage of > 80% based on NSI1 proteins
and that parvoviruses can be considered members of
the same species if their NS1 proteins share more than
85% amino acid sequence identity [42]. In the group of
genomes showing similarity to parvovirus, 42 genomes
from 28 different bird species were phylogenetically

grouped into or close to the genus Chapparvovirus
(Fig. 7A), with 8 strains closely clustered with previous
species within the genus Chapparvovirus while most
of the remaining strains were divergent to known spe-
cies and therefore were potential new species within
the genus as their NS1 proteins shared < 85% sequence
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Fig. 7 Phylogenies of Parvoviruses and parvo-like viruses identified in the cloaca of birds. A Bayesian inference tree established based on

amino acid sequences of NS protein of Chapparvovirus. B Bayesian inference tree established based on amino acid sequences of NS protein of
Dependoparvovirus. C Bayesian inference tree established based on amino acid sequences of NS protein of Aveparvovirus. D Bayesian inference
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identities to previously published parvoviruses. Nine-
teen genomes from different species of birds showed a
close relationship to viruses belonging to the Dependo-
parvovirus genus, where only one strain clustered sepa-
rately and might be a new species (Fig. 7B), sharing 51.2%
sequence identity to its genetically closest relative within
the genus Dependoparvovirus. Twenty genomes from 10
different species of birds were grouped into the genus of
Aveparvovirus (Fig. 7C). Interestingly, 9 genomes from 4
different species of birds were too divergent from previ-
ously known genera within the family Parvoviridae to be
grouped into any defined genus, being located between
these known genera, except for two of them which may
be grouped into the genus Chapparvovirus and one
of them may be clustered into Densovirus; the other 6
genomes shared < 35% amino acid sequence identities
with previously known parvoviruses based on NS1 pro-
teins and formed five potential novel genera within the
family Parvoviridae (temporarily named Flaparvovirus,
Tudparvovirus, Wigoparvovirus, Wigoseparvovirus, and
Wigothparvovirus) (Fig. 7D and Supplementary Table 2).
Seven genomes of these 9 novel parvoviruses have typi-
cal genomic organization while 2 of them (MT138329
and MT138334) are both from wild bird species of Anser
indicus and show atypical genomic size (> 7000 bp) and
organization which contain an additional major ORF
besides the two major ORFs encoding non-structural and
capsid protein (Fig. 7D). Besides these genomes being
grouped into the family Parvoviridae, 11 genomes from
10 different species of birds showed a close relationship
to known parvo-like hybrid viruses [43] which belong to
a new type of parvovirus-like genomes of uncertain ori-
gin possibly diatoms (Fig. 7E).

Circular rep-encoding single-stranded DNA (CRESS
DNA) viruses including those belonging to Circoviri-
dae (n = 20), Smacoviridae (n = 12), Genomoviridae (n
= 10), and unclassified CRESS DNA virus (# = 66) were
identified from these samples. The 20 genomes belong-
ing to Circoviridae were from 15 different species of birds
and clustered into 7 different clades, with 5 genomes
from wild birds closely related to beak and feather dis-
ease viruses (BFDV) infecting domestic poultries (Fig. 8
A). One circovirus genome (MT138066) from wild tur-
tledoves showed a close relationship to a group of cir-
coviruses from bats and shared the highest sequence
identity of 86.2% to a bat circovirus (KJ641734) based
on Rep protein sequence, suggesting this avian circo-
virus has a recent common ancestor with a bat circo-
virus. These circovirus genomes had a genome size of
1624-2490 nt and classic genomic organization encoding
Rep protein and the Cap protein in the same orientation
(Fig. 8B). Twelve smacovirus genomes were discovered
in samples from 4 different species of birds and closely
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clustered with known smacoviruses previously identified
in mammals (including human, pig, rat and lynx), birds
and sewage samples (Fig. 8C). The host for viruses in the
family Smacoviridae are currently unknown. Species and
genus criteria demarcation of Smacoviridae are based on
genome-wide and rep amino acid sequences with cut-off
of 77.0% and 40.0%, respectively [44]. Based on these cri-
teria, none of the 12 smacoviruses can be designated as
new genera but 7 of them may be novel species within
their corresponding genera (Supplementary Table 2). The
remaining CRESS DNA viruses were phylogenetically
analyzed together, where the genomoviruses were well
grouped into their corresponding virus family. Although
most of the unclassified CRESS DNA viruses identified
in the present study are genetically related to previous
unclassified CRESS DNA viruses, some of them were so
divergent that they phylogenetically fell outside the all
known CRESS DNA viruses (Fig. 8D and detailed phylog-
eny in Supplementary Fig. 11), suggesting some of these
CRESS DNA viruses may comprise new virus families.

Seven genomes showing sequence similarity to
adenoviruses were identified in 7 different species of
birds, 5 of which have sequence length > 30,000 nt and
therefore are nearly complete genomes. Phylogenetic
analysis based on the amino acid sequence of a non-
structural protein (DNA polymerase) and a structural
protein (penton) were performed (Fig. 9). To Aviad-
enovirus and Atadenovirus, the phylogenetic distance
of DNA polymerase amino acid sequences greater
than 5-15% is one of the several species demarcation
criteria in these genera. Trees based on the DNA poly-
merase protein indicated that one strain (MT138098)
from a parrot clustered with an adenovirus strain from
another parrot (NC_025962) in the genus Atadenovirus
sharing 76.63% sequence identity, suggesting it can be a
novel species within the genus Atadenovirus. Another
3 strains from 3 different species of birds belonging to
the order of Passeriformes were grouped outside of the
genus Atadenovirus and shared 63.2-64.8% sequence
identities with their best matches available in Gen-
Bank (Fig. 9A), suggesting the three may form a single
novel species within genus Atadenovirus. However,
the tree based on penton protein sequence showed the
3 strains together with the previously identified par-
rot adenovirus clustered into the same clade within
the group of genus Atadenovirus (Fig. 9B), suggesting
genomic recombination. The remaining 3 adenoviruses
were from 3 different species of birds showed relation-
ship to members of the genus Aviadenovirus, where the
adenovirus from woodpecker (MT138102) clustered
with a parrot adenovirus while the other two finch ade-
noviruses (MT138100 and MT138099) clustered with
another parrot adenovirus.



Shan et al. Microbiome

(2022) 10:60

Page 15 of 21

Avian Circovirus )
Beak and feather d}ge,ase virus
MN928910_par078cir1 Psittacidae
MN928905_dth148cir2 Turdus naumanni
MT138042_wpk139cir01 Dendrocopos leucotos
MT 138041 wpk049cir02nc Dendrocopos leucoto
MT138043_wpk140cir01nc Dendrocopos minor

100 ADDG62453_Cyclovirus 5034
AWV67079

100
100

98
100

Bat_cyclovirus

SNIIN02IID

B

100r MT138086_wbp226sma3 Chrysolophus amherstiae
100 ! AIF34823_Sewage_CRESSV
QBP37170_Porcine_associated_smacovirus

94 QBP37168_Porcine_associated_smacovirus .

00 MT138085_wbp226sma2 Chéysolog)hus amherstiae

09 QCC72677_Homo_sapiens CRESS_sp

MT138081_w3chi091cir5 Numida meleagris

100; MT138079_w3chi091cir3 Numida meleagris
MT138076_w3chi090cir1 Numida meleagris

QDH43738_Lynx_rufus_smacovirus_1

101

ADU76999_Cyclovirus_bat 05 . )
ADD62471 Cyclovirus_NG12 ~ g 0Q MT138084_wbp226sma1 Chrysolophus amherstiae
AIF76272_Bat_circovirus MN928918 _blp210cre2 Pavo cristatus )
MT138066_zftwcb09cir1 Streptopelia turtul QBP37047_Human_associated_porprismacovirus
Cyclovirus o AlY31243_Camel_associated_drosmacovirus_1
N AlIF76251_Bat_circovirus S Human Smacovirus )
100 All82237_Féline_cyclovirus s MT138087_wbp226sma4 Chrysolophus amherstiae
95 69r AlZ46815_Swine_cyclovirus < 6 QEJ80813_Avian_associated_porprismacovirus
M _'IDQLL AlZ46823_Human_cyclovirus_VN_like S APG55791_Macaca_mulatta_féces_associated_virus_2
BAP81869_Cyclovirus_ZM32 ~ — o MT138077_w3chi091cirl Numida meleagris
MT138063_zwtwig05cir1 Anser indicus 100 AKV57233_Rat_associated_porprismacovirus_1
AXH74046_helicase_Circoviridae_sp 1 AIK28884 _Porcine_associated_porprismacovirus_6
MN928906_fla07cir3 Phoenicopteridae ADB24797_Chimpanzee_associated_porprismacovirus,
AKN50607_Cyclovirus_Equ1 Porcine- associated_porprismacovirus
MT138068_rbu021cir1 Emberiza rustica 0 AlY31246_Camel_associated_porprismacovirus_2
MT138044_wwb174cir01 _ 971'¥9MT138078_w3chio9fcir2 Numida meleagris
ADG27890_Barbel_circovirus - 9 Porcine- associated_porprismacovirus
AEB60990_Barbel_circovirus 00 ASM90390_Human_feces_smacovirus_3
r MN928908_hftcrad8cir1 Grus vipio QDJ95283_Capybara_associated_smacovirus
MN928920_ hftoti46cirinc Otjs tarda ] 100 Porcine- assoma_tea orprismacovirus
MN928909_hftoti50cir1 Gruidae 0077 < Porcine- associate PB%Dnsma oyirus
MT 138091 _wftcra58cir1 Grus monacha MN928919_bpk075smaUT Favo cristatus —
99 MT 138092 wftcra73cir1 Grus japonensis AXH74072_Macaque_stool_associated_virus_11
MT138096_wiftcra79cir2 Grus vipio AIK28880_Porcine_associated_porprismacovirus_8
MT 138046 xftoti59cir2 Tadorna ferruginea | 9 QBP37167_Goat_associated_porprismacovirus
MT138048_zftegr04cir1 Egretta garzetta 2 AlY31259 Camel_associated_porprismacovirus_4
———]Fish circovirus g MT138088_wbp226sma5 Chrysolophus amherstiae
Bg]l circovirus < 1 Porcine- associated_porprismacovirus
Porcine circovirus g 'y QBP37174_Porcine_associated_smacovirus
— < Mi ircoviru 7] QBP37172_Porcine_associated_smacovirus
1 Caine, ?ox rode bﬁt cwcowrusr o N
er mammalian circovirus &
R s o
_Shrew_circovirus CR 0
100] MN928903_cftbitZicirl Anser albifrons (o0 VS a1 CRESS
MN928904cftbif23cir1 Anser albifrons V sy
MN928907_hftbif16cir2 Anser albifrons 969 v
Duch circovirus D o>
Swan circovirus i
Gogse circovirus

-——=="1Circo-like viru

C

Circoviridae
Genome size: 1,624-2,490 bp

OO

Smacoviridae
Genome size: 2,423-3,691 bp

Fig. 8 Phylogenies of circoviruses, smacoviruses, and other CRESS-DNA viruses identified in the cloaca of birds. A Bayesian inference tree
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Fig. 9 Phylogenies of adenoviruses identified in the cloaca of birds. A Bayesian inference tree established based on amino acid sequences of pol
protein of adenovirus. B Bayesian inference tree established based on amino acid sequences of penton protein of adenoviruses. Within trees, the
viruses found in this study are marked with a red line. Species names of birds are indicated. Each scale bar indicates the amino acid substitutions per

Other viruses with more partial genomes showing
sequence similarity to pathogens including influenza A
virus, polyomavirus, and picornavirus were also detected
in these birds.

Discussion

Wild birds, including migratory ones, can be the long-
distance transmitters of a variety of microorganisms.
This creates the possibility of establishing novel foci of
emerging or re-emerging infectious diseases along bird
migration routes. Wild birds are the reservoirs of sev-
eral viruses, including WNYV, Eastern equine encepha-
litis virus, St. Louis encephalitis virus (SLE), Western
equine encephalitis virus, and influenza viruses, among
others [13, 45]. Birds are also the natural reservoirs of all
of the pathogenic avian influenza A viruses. The spread
of highly pathogenic avian influenza A virus (HPAI
H5N1 Asian lineage) and WNYV infection has resulted in
greater attention to wild birds transmitting and spread-
ing zoonotic pathogens. Some pathogens in migratory
birds are more often isolated than in other animal spe-
cies [46, 47]. The last two decades have seen the rise of
viral metagenomics that has been used in numerous ani-
mal virome investigations including some avian viromes
[48-75], providing information on the composition of
animal viromes and helping to provide candidates to
identify the etiology of infectious disease in birds and
identify zoonotic and emerging viruses [76]. The pre-
sent study investigated the virome in cloacal swab sam-
ples from 3182 birds belonging to > 87 different species,

of which 620 samples were from breeding birds in zoos
or farms and 2562 samples from wild birds in natural
reserves or parks. Among these 2562 wild birds, 2083
were resident birds and the remaining 479 were migra-
tory birds. Most of the resident birds analyzed belonged
to 34 species within the order of Passeriformes which is
the largest order in the Aves class, including more than
50% of all bird species. Birds of this order are especially
active in places inhabited by humans and their patho-
gens and therefore pose a threat to both humans and
other mammals. For example, the 6 coronavirus genomes
identified here were all from Passeriformes birds,
which together with other previous Deltacoronavirus
sequences from birds were genetically related to porcine
deltacoronavirus(PDCoV), an emerging entero-pathogen
of swine with a worldwide distribution [77]. Some wild
resident birds from the order of Galliformes, which are
genetically close to domestic chickens, carry viruses that
may be pathogenic to domestic chickens, for instance,
some viral genomes which were genetically close to the
chicken pathogenic megrivirus [78, 79], aveparvovirus
[80], and gammaretrovirus [81] were reported here. Most
of the wild migratory birds in this study were from the
order of Anseriformes which are close relatives of domes-
tic goose and duck. Thus, the viruses harbored by these
species may be potentially infectious to these domestic
poultries. For example, some of the calicivirus genomes
discovered from wild geese here shared high sequence
identities with previously reported caliciviruses from
domestic geese and ducks.
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Although most of the 469 RNA viruses identified in
this study were closely related to known viruses, some of
them grouped into unclassified Riboviria, which encode
polyproteins containing the RdRp domain that is not
genetically related to known RNA viruses. Whether these
RdRp sequences are on viral genomes that can both rep-
licate and be pathogenic to some birds will require future
investigations as all the sampled animals analyzed here
showed no obvious signs of disease. Apart from these
RNA viruses with uncertain hosts, RNA viruses poten-
tially infecting birds include those viruses belonging to
the families Astroviridae, Picornaviridae, Caliciviridae,
Hepeviridae, Coronaviridae, and Retroviridae. Among
the 238 DNA viruses, nearly half belonged to the family
Parvoviridae which contains many pathogenic members.
Other potential pathogenic avian DNA viruses included
members of the family Circoviridae and Adenoviridae.
Bird infections with other viruses of these families can
result in enteritis, bronchitis, reticuloendotheliosis, hepa-
titis, nephritis, and other disease signs [82—-84].

The Aves class is considered to be the largest group
of vertebrates, with > 10,000 species, and ubiquitously
exists in ecosystems, which may be key factors in the
spread and evolution of pathogenic avian viruses. A lim-
ited number of large-scale investigations of bird virome
have been conducted [48, 70], and the genetic informa-
tion of viruses harbored in wild birds is therefore still
highly fragmentary. The family Astroviridae currently
includes two genera, Avastrovirus and Mamastrovirus.
The 39 astroviruses identified here all phylogenetically
belong to the genus Avastrovirus. The genus Avastrovirus
includes three species currently; Avastrovirus 1 (turkey
astrovirus 1), Avastrovirus 2, (avian nephritis viruses 1
and 2, and chicken astrovirus), and Avastrovirus 3 (duck
astrovirus, and turkey astrovirus 2). In the present study,
although 15 astroviruses were grouped into the 3 defined
species the remaining 24 strains have no close related-
ness to known species and were phylogenetically located
outside of the species Avastrovirus 3, which suggested
the detection of new species of Avastrovirus. The family
Picornaviridae presently comprises 47 genera with 110
species [85] and consists of genetically diverse viruses of
vertebrates, where 12 of the 47 picornavirus genera infect
birds. In the present study, although 32 different picor-
navirus genomes were acquired from these birds, only 14
genomes were well grouped into previously known gen-
era including 10 strains belonging to Megrivirus, 3 strains
belonging to Oscivirus, and 1 strain belonging to Aalivi-
rus. The remaining 18 genomes were not closely related
to any picornavirus genera, and may therefore comprise
multiple new picornavirus genera significantly expand-
ing the number of bird infecting picornavirus genera.
Caliciviruses have been detected in an extensive broad
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range of vertebrate hosts; however, information relating
to caliciviruses in wild birds is limited [86]. Here, 12 dif-
ferent calicivirus genomes were described and charac-
terized, including 2 genomes from wild waterfowls (wild
goose and shelduck) showing high sequence identities to
previous caliciviruses from domestic poultries suggest-
ing cross-species transmission. The other 10 calicivirus
genomes may comprise several novel species or genera
of calicivirus based on their divergence with currently
known caliciviruses. Retroviruses discovered in birds
included the common Avian sarcoma/leukosis viruses
(ASLV) belonging to the Alpharetrovirus genus of the
family Retroviridae and other types including reticuloen-
dotheliosis virus (REV) and lymphoproliferative disease
virus of turkeys (LPDV) belonging to the genus Gamma-
retrovirus [87]. Here, apart from 2 genomes showing high
sequence identity to REV were respectively detected in
breeding golden pheasant and yellow-bellied tragopan (2
species in the order Galliformes), a new type of retrovi-
rus was obtained from wild black swan (Cygnus atratus)
which phylogenetically clustered with endogenous retro-
viruses from the genome of several species of birds and
might be a new genus in the subfamily Orthoretrovirinae.

The Parvoviridae family includes two subfamilies, the
Parvovirinae and Densovirinae, which are distinguished
primarily by their respective ability to infect vertebrates
(including humans) versus invertebrates. In the pre-
sent study, we focus on vertebrates infecting parvovirus
genomes including putative pathogenic ones showing
a close relationship to Chapparvovirus and Aveparvovi-
rus which are known agents of severe disease to verte-
brates [80, 88]. Most of the new parvoviruses detected
here belonged to the newly formed Chaphamaparvovi-
rus genus. Detecting different Chapparvovirus in a vari-
ety of bird species suggested that this virus genus had a
broad biogeographic distribution in bird species. Other
interesting findings about parvovirus are those genomes
without a close relationship to any known subfamily or
genus within Parvoviridae which may include some
pathogens to mammals or birds, especially the two par-
vovirus genomes which have atypical genome length and
structure, where the structural protein ORF is located
upstream of the non-structural protein and there is an
additional ORF whose encoding protein showed no sig-
nificant sequence similarity to any protein in the pub-
lica database but contain a putative domain of microbial
transglutaminase. Whether these 2 parvoviruses can rep-
licate in vertebrates or invertebrates needs further inves-
tigation. The family Circoviridae is a member of the big
group of CRESS DNA viruses, which contains the small-
est known viral pathogens of animals, including those
infecting birds such as the beak and feather disease virus
(BFDV )[89] and chicken anemia virus (CAV )[90]. In this
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study, 20 circovirus genomes that phylogenetically fell
into the Circoviridae family were identified from 15 dif-
ferent species of wild and breeding birds, including those
showing a close relationship to previously identified bird
circoviruses and different mammalian ciroviruses, indi-
cating the high genetic diversity of circovirus in bird pop-
ulations. Apart from circovirus, numerous CRESS DNA
virus genomes were also identified in these wild and
breeding birds, some of which showed no close relation-
ship to known CRESS DNA viruses thus were grouped
into unclassified CRESS DNA viruses. In recent years,
many genomes of unclassified CRESS DNA virus have
been characterized in mammals, birds, insects, fungi,
and environmental samples bringing to light a high level
of genetic diversity among these viruses [91], whether
these unclassified CRESS DNA viruses include members
can replicate in bird hosts needs further investigation.
The family Adenoviridae currently comprises five gen-
era [92] which include Mastadenovirus that infect only
mammalian species; Aviadenovirus that infect only birds;
Atadenovirus that infect a broad host range, including
reptiles, birds, opossums, and ruminants; Siadenovirus
that includes adenoviruses of birds, reptiles, and amphib-
ians; and Ichtadenovirus that includes adenoviruses of
fish [93, 94]. In the current study, although some of the
adenoviruses were well grouped into the genus of Avia-
denovirus or Atadenovirus, some strains showed a signal
of genomic recombination as trees based on different
proteins revealed discordant topological structures.

Conclusions

The cloaca viromes of 3182 birds belonging to > 87 dif-
ferent species in 10 different orders were investigated.
A total of 707 viral genomes were assembled from these
viromes and classified into 19 defined families and 4
unclassified virus groups. New virus species, genera,
or families were identified in these wild or breeding
birds. Putative cross-species transmissions and genomic
recombination were observed with some viruses identi-
fied here. This study has largely expanded our under-
standing of birds’ viral diversity. Further molecular
epidemiological studies are needed to explore the diver-
sity, biology, and detailed pathogenesis of these viruses in
domestic and wild bird species.
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birds’ cloacal swab pools based on birds'order. The horizontal ordinate
represents different virus genomes which are further divided into 24
different virus families or groups, while the longitudinal axis represents
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ordinate represents different virus genomes which are further divided
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identified in cloaca of birds. (A) Bayesian inference tree established based
on amino acid sequences of capsid protein of astroviruses. Within trees
the viruses found in this study are marked with red line. Species names of
birds are indicated. Each scale bar indicates the amino acid substitutions
per site. (B) Phylogenies of RdRp (left) and capsid (right) protein sequences
of astroviruses with putative genomic recombination.

Additional file 7: Supplementary Fig. 7 Phylogenetic analysis based on
complete CDS of the 6 coronaviruses and those related representative
deltacoronavirus genomes. Within trees the viruses found in this study are
marked with red line. Scale bar indicates the nucleotide substitutions per
site.

Additional file 8: Supplementary Fig. 8 The sequence identity between
the newly identified pircornaviruses and their closest relatives (A, B, D, and
E) and the genome organization feature for the viruses qualified to be a
putative new genus (C).

Additional file 9: Supplementary Fig. 9 The phylogenies of other RNA
viruses possibly being from the diet of birds. Eight Bayesian inference trees
were established using MrBayes v3.2 based on RdRp proteins, within each
tree, the viruses found in this study are marked with red line. The names of
the virus family or type are shown on the top of each tree. Each scale bar
indicates 0.5 amino acid substitutions per site.

Additional file 10: Supplementary Fig. 10 Bayesian inference tree based
on amino acid sequences of RdRp of viruses belonging to unclassified
Picornavirales and Riboviria identified here. Within trees the viruses found
in this study are marked with red line. (For clear figure with high resolution
please see the separately Fig. S9 uploaded in the submission system)

Additional file 11: Supplementary Fig. 11 Bayesian inference tree based
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identified here. Within trees the viruses found in this study are marked



https://doi.org/10.1186/s40168-022-01246-7
https://doi.org/10.1186/s40168-022-01246-7

Shan et al. Microbiome (2022) 10:60

with red line. (For clear figure with high resolution please see the sepa-
rately Fig. S10 uploaded in the submission system)

Additional file 12: Supplementary Table 1. Information of bird species
and library included in the present study.

Additional file 13: Supplementary Table 2. Information of viruses with
complete or nearly complete genome identified in cloaca of birds.

Additional file 14: Supplementary Table 3. Number of sequence reads
of the mapping analysis using the 707 virus genomes respectively against
the 215 NGS data.

Additional file 15: Supplementary Table 4. ICTV criteria for new genus
or species of viruses identified in this study.

Additional file 16: Supplementary Table 5. Primers used in the PCR
confirmation of the 10 unclassified CRESS DNA viruses and 10 unclassified
Riboviria genomes in the original sample pools of birds'cloacal swabs.

Acknowledgments

This work was supported by the National Key Research and Development Pro-
grams of China No. 2021YFD1801102 and 2017YFC1200201 and the Jiangsu
Provincial Key Research and Development Projects No. BE2017693.

Authors’ contributions

GT and WZ conceived, designed, and supervised the study. TS, SY, HW, JZ, XW,
and GG collected cloacal swab samples. TS, SY, HW, HW, JZ, YX, JY, and XW per-
formed experiments. SY, JL, MZ, ZY, XL, ZD, YH, XC, and RZ analyzed data. YY,
NK, JZ, KU, XW, QS, and XD took part in data sorting and analysis. TS and WZ
wrote the manuscript. WZ, JZ, ED, and GT revised and edited the manuscript.
All authors read the manuscript and agreed to its contents.

Availability of data and materials

The 215 sets of sequence reads data generated on the lllumina sequencing
platform in this study were deposited into the Sequence Read Archive of Gen-
Bank database and the accession nos. are shown in Supplementary Table 1.
All complete or partial viral genomes acquired in this study were deposited in
GenBank and the accession nos. are provided in Supplementary Table 2.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Shanghai Veterinary Research Institute, Chinese Academy of Agricultural
Sciences, Shanghai 200241, China. 2School of Medicine, Jiangsu University,
Zhenjiang 212003, Jiangsu, China. *School of Geography and Tourism, Harbin
University, Harbin 150886, Heilongjiang, China. 4Key Laboratory of Wildlife dis-
eases and Biosecurity Management of Heilongjiang Province, Harbin 150886,
Heilongjiang, China. *Department of Clinical Laboratory, The Affiliated Huai'an
Hospital of Xuzhou Medical University, Huai'an 223002, Jiangsu, China.
5Animal Science College, Tibet Agriculture and Animal Husbandry University,
Nyingchi 860000, Tibet, China. ’Wildlife and Protected Area College/Center

of Conservation Medicine and Ecological Safety Northeast Forestry University,
Harbin 150006, Heilongjiang, China. 8Vitalant Research Institute, San Francisco,
CA 94118, USA. °College of Veterinary Medicine, South China Agricultural
University, Guangzhou 510642, Guangdong, China. '°Department of Labora-
tory Medicine, University of California San Francisco, San Francisco, CA 94118,
USA. " Jiangsu Co-Innovation Center for the Prevention and Control of Impor-
tant Animal Infectious Disease and Zoonose, Yangzhou University, Yang-

zhou 225009, Jiangsu, China. '2International Center for Genomics Research,
Jiangsu University, Zhenjiang 212013, Jiangsu, China.

Page 19 of 21

Received: 4 September 2021 Accepted: 16 February 2022
Published online: 12 April 2022

References

1. Woolhouse MEJ, Howey R, Gaunt E, Reilly L, Chase-Topping M, Savill N.
Temporal trends in the discovery of human viruses. Proceedings Biol Sci.
2008;275:2111-5.

2. Woolhouse M, Gaunt E. Ecological origins of novel human pathogens.
Crit Rev Microbiol. 2007;33:231-42.

3. Zhou P Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. A pneumo-
nia outbreak associated with a new coronavirus of probable bat origin.
Nature. 2020;579:270-3.

4. Jiang S, Shi Z-L. The first disease X is caused by a highly transmissible
acute respiratory syndrome coronavirus. Virol Sin. 2020;35:263-5.

5 LamTT, Jia N, Zhang YW, Shum MH, Jiang JF, Zhu HC, Tong YG, Shi YX, Ni
XB, Liao YS, Li WJ, Jiang BG, Wei W, Yuan TT, Zheng K, Cui XM, Li J, Pei GQ,
Qiang X, Cheung WY, Li LF, Sun FF, Qin S, Huang JC, Leung GM, Holmes
EC, Hu YL, Guan'Y, Cao WC. Identifying SARS-CoV-2-related coronaviruses
in Malayan pangolins. Nature. 2020;583(7815):282-5.

6. Olival KJ, Cryan PM, Amman BR, Baric RS, Blehert DS, Brook CE, et al.
Possibility for reverse zoonotic transmission of SARS-CoV-2 to free-
ranging wildlife: a case study of bats. PLoS Pathog. PLoS Pathog.
2020;16:21008758.

7. Tsiodras S, Kelesidis T, Kelesidis |, Bauchinger U, Falagas ME. Human infec-
tions associated with wild birds. J Infect. 2008;56:33-98.

8. Elmberg J, Berg C, Lerner H, Waldenstrom J, Hessel R. Potential disease
transmission from wild geese and swans to livestock, poultry and
humans: a review of the scientific literature from a One Health perspec-
tive. Infect Ecol Epidemiol. 2017;7:1300450.

9. Keawcharoen J, van Riel D, van Amerongen G, Bestebroer T, Beyer WE, van
Lavieren R, et al. Wild ducks as long-distance vectors of highly pathogenic
avian influenza virus (H5NT1). Emerg Infect Dis. 2008;14:600-7.

10. Webster RG, Yakhno M, Hinshaw VS, Bean WJ, Murti KG. Intestinal
influenza: replication and characterization of influenza viruses in ducks.
Virology. 1978,84:268-78.

11. Hayhow CS, Saif YM. Experimental infection of specific-pathogen-free tur-
key poults with single and combined enterovirus and group A rotavirus.
Avian Dis. 1993;37(2):546-57.

12. Reed KD, Meece JK, Henkel JS, Shukla SK. Birds, migration and emerging
zoonoses: West Nile virus, Lyme disease, influenza A and enteropatho-
gens. Clin Med Res. 2003;1:5-12.

13. Hubdlek Z. An annotated checklist of pathogenic microorganisms associ-
ated with migratory birds. J Wildl Dis. 2004,40:639-59.

14. KuikenT. Is low pathogenic avian influenza virus virulent for wild water-
birds? Proc Biol Sci Royal Soc. 2013;280:20130990.

15. Brown JD, Swayne DE, Cooper RJ, Burns RE, Stallknecht DE. Persistence of
H5 and H7 avian influenza viruses in water. Avian Dis. 2007;51:285-9.

16. Yin R, Zhang P, Liu X, Chen Y, Tao Z, Ai L, et al. Dispersal and transmis-
sion of avian paramyxovirus serotype 4 among wild birds and domestic
poultry. Front Cell Infect Microbiol. 2017,7:212.

17. ChenY, Liang W, Yang S, Wu N, Gao H, Sheng J, et al. Human infec-
tions with the emerging avian influenza A H7N9 virus from wet market
poultry: clinical analysis and characterisation of viral genome. Lancet.
2013;381:1916-25.

18. Ramey AM, Reeves AB, Sonsthagen SA, TeSlaa JL, Nashold S, Donnelly T,
et al. Dispersal of HON2 influenza A viruses between East Asia and North
America by wild birds. Virology. 2015;482:79-83.

19. Causey D, Edwards SV. Ecology of avian influenza virus in birds. J Infect
Dis. 2008;197(Suppl 1):529-33.

20. AggarwalaV, Liang G, Bushman FD. Viral communities of the human
gut: metagenomic analysis of composition and dynamics. Mob DNA.
2017;8:12.

21. Paez-Espino D, Eloe-Fadrosh EA, Pavlopoulos GA, Thomas AD, Hunte-
mann M, Mikhailova N, et al. Uncovering Earth’s virome. Nature.
2016;536:425-30.

22. Roux S, Enault F, Hurwitz BL, Sullivan MB. VirSorter: mining viral signal
from microbial genomic data. PeerJ. 2015;3:2985.



Shan et al. Microbiome

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2022) 10:60

Ren J, Ahlgren NA, Lu YY, Fuhrman JA, Sun F.VirFinder: a novel k-mer
based tool for identifying viral sequences from assembled metagenomic
data. Microbiome. 2017;5:69.

Ren J, Song K, Deng C, Ahlgren NA, Fuhrman JA, LiY, et al. Identifying
viruses from metagenomic data using deep learning. Quant Biol (Beijing,
China). 2020;8:64-77.

Zhang W, Li L, Deng X, Kapusinszky B, Pesavento PA, Delwart E. Faecal
virome of cats in an animal shelter. J Gen Virol. 2014;95:2553-64.

Zhang W, Li L, Deng X, Blimel J, Nubling CM, Hunfeld A, et al. Viral nucleic
acids in human plasma pools. Transfusion. 2016;56:2248-55.

Siqueira JD, Dominguez-Bello MG, Contreras M, Lander O, Caballero-Arias
H, Xutao D, et al. Complex virome in feces from Amerindian children in
isolated Amazonian villages. Nat Commun. 2018;9:4270.

Zhang W, Yang S, Shan T, Hou R, Liu Z, Li W, et al. Virome comparisons in
wild-diseased and healthy captive giant pandas. Microbiome. 2017;5:90.
Deng X, Naccache SN, Ng T, Federman S, Li L, Chiu CY, Delwart EL. An
ensemble strategy that significantly improves de novo assembly of
microbial genomes from metagenomic next-generation sequencing
data. Nucleic Acids Res. 2015;43(7):e46.

Skewes-Cox P, Sharpton TJ, Pollard KS, DeRisi JL. Profile hidden Markov
models for the detection of viruses within metagenomic sequence data.
Tse H, editor. PLoS One. 2014;9:e105067.

Johnson LS, Eddy SR, Portugaly E. Hidden Markov model speed heuristic
and iterative HMM search procedure. BMC Bioinformatics. 2010;11:431.
Eddy SR. A new generation of homology search tools based on probabil-
istic inference. Genome Inform. 2009;23:205-11.

Finn RD, Clements J, Eddy SR. HMMER web server: interactive sequence
similarity searching. Nucleic Acids Res. 2011;39:W29-37.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious basic: an integrated and extendable desktop software platform
for the organization and analysis of sequence data. Bioinformatics.
2012;28:1647-9.

Huson DH, Beier S, Flade |, Gorska A, El-Hadidi M, Mitra S, et al. MEGAN
community edition - interactive exploration and analysis of large-

scale microbiome sequencing data. Poisot T, editor. PLoS Comput Biol.
2016;12:1004957.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33:1870-4.
Kuraku S, Zmasek CM, Nishimura O, Katoh K. aLeaves facilitates on-
demand exploration of metazoan gene family trees on MAFFT sequence
alignment server with enhanced interactivity. Nucleic Acids Res.
2013;41:W22-8.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Héhna S, et al.
MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice
across a large model space. Syst Biol. 2012;,61:539-42.

Donato C, Vijaykrishna D. The Broad Host Range and Genetic Diversity of
Mammalian and Avian Astroviruses. Viruses. 2017,9(5):102.

Vinjé J, Estes MK, Esteves P, Green KY, Katayama K, Knowles NJ, et al. ICTV
virus taxonomy profile: Caliciviridae. J Gen Virol. 2019;100:1469.

Zell R, Delwart E, Gorbalenya AE, Hovi T, King AMQ, Knowles NJ, et al. ICTV
virus taxonomy profile: Picornaviridae. J Gen Virol. 2017,98:2421-2.
Pénzes JJ, Soderlund-Venermo M, Canuti M, Eis-Hubinger AM, Hughes J,
Cotmore SF, et al. Reorganizing the family Parvoviridae: a revised taxon-
omy independent of the canonical approach based on host association.
Arch Virol. 2020;165:2133-46.

Naccache SN, Greninger AL, Lee D, Coffey LL, Phan T, Rein-Weston A,

et al. The perils of pathogen discovery: origin of a novel parvovirus-like
hybrid genome traced to nucleic acid extraction spin columns. J Virol.
2013,87:11966-77.

Krupovic M, Varsani A. A 2021 taxonomy update for the family Smacoviri-
dae. Arch Virol. 2021;166:3245-53.

Tyson-Pello SJ, Olsen GH. Emerging diseases of avian wildlife. Vet Clin
North Am Exot Anim Pract. 2020;23:383-95.

Jourdain E, Gauthier-Clerc M, Bicout DJ, Sabatier P. Bird migration routes
and risk for pathogen dispersion into western Mediterranean wetlands.
Emerg Infect Dis. 2007;13:365-72.

Rappole JH, Hubalek Z. Migratory birds and West Nile virus. J Appl Micro-
biol. 2003,94Suppl:475-58S.

Chang WS, Eden JS, Hall J, Shi M, Rose K, Holmes EC. Metatranscriptomic
Analysis of Virus Diversity in Urban Wild Birds with Paretic Disease. J Virol.
2020;94(18):e00606-20.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Page 20 of 21

Cibulski S, Weber MN, de Sales Lima FE, de Lima DA, Fernandes Dos
Santos H, Teixeira TF, et al. Viral metagenomics in Brazilian Pekin ducks
identifies two gyrovirus, including a new species, and the potentially
pathogenic duck circovirus. Virology. 2020;548:101-8.

Zhao L, NiuY, LuT,Yin H, Zhang Y, Xu L, et al. Metagenomic analysis of the
Jinding duck fecal virome. Curr Microbiol. 2018;75:658-65.

Lima DA, Cibulski SP, Finkler F, Teixeira TF, Varela APM, Cerva C, et al. Faecal
virome of healthy chickens reveals a large diversity of the eukaryote

viral community, including novel circular ssDNA viruses. J Gen Virol.
2017;98:690-703.

Devaney R, Trudgett J, Trudgett A, Meharg C, Smyth V. A metagenomic
comparison of endemic viruses from broiler chickens with runting-stunt-
ing syndrome and from normal birds. Avian Pathol. 2016;45:616-29.
Fawaz M, Vijayakumar P, Mishra A, Gandhale PN, Dutta R, Kamble NM,

et al. Duck gut viral metagenome analysis captures snapshot of viral
diversity. Gut Pathog. 2016;8:30.

Day JM, Zsak L. Molecular characterization of enteric picornaviruses in
archived turkey and chicken samples from the United States. Avian Dis.
2016;60:500-5.

Day JM, Zsak L. Investigating Turkey enteric picornavirus and its associa-
tion with enteric disease in poults. Avian Dis. 2015;59:138-42.

Day JM, Oakley BB, Seal BS, Zsak L. Comparative analysis of the intestinal
bacterial and RNA viral communities from sentinel birds placed on
selected broiler chicken farms. PLoS One. 2015;10:¢0117210.

Shah JD, Baller J, Zhang Y, Silverstein K, Xing Z, Cardona CJ. Comparison
of tissue sample processing methods for harvesting the viral metagen-
ome and a snapshot of the RNA viral community in a turkey gut. J Virol
Methods. 2014;209:15-24.

Phan TG, Vo NP, Boros A, Pankovics P, Reuter G, Li OTW, et al. The viruses of
wild pigeon droppings. Vijaykrishna D, editor. PLoS One. 2013;8:272787.
Vibin J, Chamings A, Klaassen M, Alexandersen S. Metagenomic char-
acterisation of additional and novel avian viruses from Australian wild
ducks. Sci Rep. 2020;10:22284.

Wille M, Harvey E, Shi M, Gonzalez-Acufa D, Holmes EC, Hurt AC. Sus-
tained RNA virome diversity in Antarctic penguins and their ticks. ISME J.
2020;14:1768-82.

Truchado DA, Llanos-Garrido A, Oropesa-Olmedo DA, Cerrada B, Cea

P Moens MAJ, Gomez-Lucia E, Doménech A, Mila B, Pérez-Tris J, Cadar

D, Benitez L. Comparative Metagenomics of Palearctic and Neotropical
Avian Cloacal Viromes Reveal Geographic Bias in Virus Discovery. Microor-
ganisms. 2020;8(12):1869.

Vibin J, Chamings A, Klaassen M, Bhatta TR, Alexandersen S. Metagenomic
characterisation of avian parvoviruses and picornaviruses from Australian
wild ducks. Sci Rep. 2020;10:12800.

MukaiY, Tomita Y, Kryukov K, Nakagawa S, Ozawa M, MatsuiT, et al.
Identification of a distinct lineage of aviadenovirus from crane feces. Virus
Genes. 2019;55:815-24.

Qiu Y, Wang S, Huang B, Zhong H, Pan Z, Zhuang Q, et al. Viral infection
detection using metagenomics technology in six poultry farms of eastern
China. PLoS One. 2019;14:€0211553.

Vibin J, Chamings A, Collier F, Klaassen M, Nelson TM, Alexandersen S.
Metagenomics detection and characterisation of viruses in faecal sam-
ples from Australian wild birds. Sci Rep. 2018;8:8686.

Sajnani MR, Sudarsanam D, Pandit RJ, Oza T, Hinsu AT, Jakhesara SJ, et al.
Metagenomic data of DNA viruses of poultry affected with respiratory
tract infection. Data Brief. 2018;16:157-60.

Zylberberg M, Van Hemert C, Dumbacher JP, Handel CM, Tihan T, DeRisi
JL. Novel Picornavirus Associated with Avian Keratin Disorder in Alaskan
Birds. mBio. 2016;7(4):e00874-16.

Denesvre C, Dumarest M, Rémy S, Gourichon D, Eloit M. Chicken skin
virome analyzed by high-throughput sequencing shows a composition
highly different from human skin. Virus Genes. 2015;51:209-16.

A Duarte M, F Silva JM, R Brito C, S Teixeira D, L Melo F, M Ribeiro B, Nagata
T, S Campos F. Faecal Virome Analysis of Wild Animals from Brazil. Viruses.
2019;11(9):803.

Wille M, Shi M, Klaassen M, Hurt AC, Holmes EC. Virome heterogeneity
and connectivity in waterfowl and shorebird communities. ISME J Nature.
2019;13:2603-16.

Wang H, Ling Y, ShanT,Yang S, Xu H, Deng X, et al. Gut virome of mam-
mals and birds reveals high genetic diversity of the family Microviridae.
Virus Evol. 2019;5:vez013.



Shan et al. Microbiome

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

(2022) 10:60

Lima DA, Cibulski SP, Tochetto C, Varela APM, Finkler F, Teixeira TF, et al. The
intestinal virome of malabsorption syndrome-affected and unaffected
broilers through shotgun metagenomics. Virus Res. 2019;261:9-20.

Wille M, Eden J-S, Shi M, Klaassen M, Hurt AC, Holmes EC. Virus-virus
interactions and host ecology are associated with RNA virome structure
in wild birds. Mol Ecol. 2018;27:5263-78.

Ramirez-Martinez LA, Loza-Rubio E, Mosqueda J, Gonzalez-Garay ML,
Garcia-Espinosa G. Fecal virome composition of migratory wild duck spe-
cies. PLoS One. 2018;13:20206970.

Wang Y, Yang S, Liu D, Zhou C, LiW, Lin Y, Wang X, Shen Q, Wang H, Li

C, Zong M, Ding Y, Song Q, Deng X, Qi D, Zhang W, Delwart E. The fecal
virome of red-crowned cranes. Arch Virol. 2019;164(1):3-16.

Frangois S, Pybus OG. Towards an understanding of the avian virome. J
Gen Virol. 2020;101:785-90.

He W-T, Ji X, He W, Dellicour S, Wang S, Li G, et al. Genomic epidemiology,
evolution, and transmission dynamics of porcine deltacoronavirus. Mol
Biol Evol. 2020;37:2641-54.

Kim H-R, Yoon S-J, Lee H-S, Kwon Y-K. Identification of a picornavirus from
chickens with transmissible viral proventriculitis using metagenomic
analysis. Arch Virol. 2015;160:701-9.

Boros A, Pankovics P, Knowles NJ, Nemes C, Delwart E, Reuter G. Com-~
parative complete genome analysis of chicken and Turkey megriviruses
(family picornaviridae): long 3'untranslated regions with a potential
second open reading frame and evidence for possible recombination. J
Virol Am Soc Microbiol J. 2014,88:6434-43.

Kapgate SS, Kumanan K, Vijayarani K, Barbuddhe SB. Avian parvovirus:
classification, phylogeny, pathogenesis and diagnosis. Avian Pathol.
2018;47:536-45.

LiuJ, Li H, Liu B, Zhao B, Zhang P, Yu X, et al. Emergence of spontane-
ously occurring neoplastic disease caused by reticuloendotheliosis

virus in breeding Muscovy ducks in China, 2019. Transbound Emerg Dis.
2020,67:1442-6.

Todd D. Avian circovirus diseases: lessons for the study of PMWS. Vet
Microbiol. 2004;98:169-74.

Schachner A, Matos M, Grafl B, Hess M. Fow!l adenovirus-induced diseases
and strategies for their control - a review on the current global situation.
Avian Pathol. 2018;47:111-26.

Yugo DM, Hauck R, Shivaprasad HL, Meng X-J. Hepatitis virus infections in
poultry. Avian Dis. 2016;60:576-88.

Zell R. Picornaviridae—the ever-growing virus family. Arch Virol.
2018;163:299-317.

Desselberger U. Caliciviridae Other Than Noroviruses Viruses.
2019;11(3):286.

Justice J, Beemon KL, Beemon KL. Avian retroviral replication. Curr Opin
Virol. 2013;3:664-9.

Roediger B, Lee Q, Tikoo S, Cobbin JCA, Henderson JM, Jormakka M, et al.
An atypical parvovirus drives chronic tubulointerstitial nephropathy and
kidney fibrosis. Cell NIH Public Access. 2018;175:530-543.e24.

Raidal SR, Sarker S, Peters A. Review of psittacine beak and feather
disease and its effect on Australian endangered species. Aust Vet J.
2015;93:466-70.

Fatoba AJ, Adeleke MA. Chicken anemia virus: a deadly pathogen of
poultry. Acta Virol. 2019;63:19-25.

Krupovic M, Varsani A, Kazlauskas D, Breitbart M, Delwart E, Rosario K,
Yutin N, Wolf Y, Harrach B, Zerbini FM, Dolja VV, Kuhn JH, Koonin EV.
Cressdnaviricota: a Virus Phylum Unifying Seven Families of Rep-
Encoding Viruses with Single-Stranded, Circular DNA Genomes. J

Virol. 2020;94(12):e00582-20.

ICTV. Virus taxonomy, ninth report of the International Committee on
Taxonomy of Viruses. In: King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ,
editors. Virus Taxon. San Diego: Elsevier; 2012. p. 125-41.

Benkd M, Elo P, Ursu K, Ahne W, LaPatra SE, Thomson D, et al. First molecu-
lar evidence for the existence of distinct fish and snake adenoviruses. J
Virol. 2002;76:10056-9.

Harrach B, Tarjdn ZL, Benké M. Adenoviruses across the animal kingdom:
a walk in the zoo. FEBS Lett. 2019;593:3660-73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Virome in the cloaca of wild and breeding birds revealed a diversity of significant viruses
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Sample collection and preparation
	Viral metagenomic analysis
	Confirmation and extension of virus genomes
	Analyses of virus diversity and distribution
	Phylogenetic analysis of viruses
	Virus genome annotation
	Quality control in library construction and virus detection

	Results
	Overall view of the virome
	Virus diversity and distribution in cloacal swab of birds
	Novel RNA viruses identified in cloaca of birds
	Novel DNA viruses identified in the cloaca of birds

	Discussion
	Conclusions
	Acknowledgments
	References


