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Highly diverse RNA viruses and phage sequences concealed
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ABSTRACT The diversity of birds in most parts of the world is very high, and thus,
they may carry different types of highly differentiated and unknown viruses. Thanks to
advanced sequencing technologies, studies on the diversity of bird-associated viruses
have increased over the past few years. In this study, a large-scale viral metagenom-
ics survey was performed on cloacal swabs of 2,990 birds from nine provinces of
the Chinese mainland. To detect undescribed RNA viruses in birds, more than 1,800
sequences sharing relatively low (<60%) amino acid sequence identity with the best
match in the GenBank database were screened. Potentially novel viruses related to
vertebrates have been identified, and several potential recombination signals were
found. Additionally, hundreds of RNA viral sequences related to plants, fungi, and insects
were detected, including previously unknown viruses. Furthermore, we investigated the
novelty, functionality, and classification of the phages examined in this study. These
viruses occupied topological positions on the evolutionary trees to a certain extent and
might form novel putative families, genera, or species, thus providing information to
fill the phylogenetic gaps of related viruses. These findings provided new insights into
bird-associated viruses, but the interactions among these viruses remain unknown and
require further investigation.

IMPORTANCE Studying the diversity of RNA viruses in birds and mammals is crucial due
to their potential impact on human health and the global ecosystem. Many RNA viruses,
such as influenza and coronaviruses, have been shown to cross the species barrier and
cause zoonotic diseases. In this metagenomics study involving 2,990 birds from at least
82 species, we identified over 1,800 RNA sequences with distant relationships to known
viruses, some of which are rare in birds. The study highlights the scope and diversity
of RNA viruses in birds, providing data to predict disease risks and monitor potential
viral threats to wildlife, livestock, and human health. This information can aid in the
development of strategies for disease prevention and control.

KEYWORDS diversity, RNA virome, metagenomics, birds, phage

Viruses are extremely abundant and highly diverse, with an estimated population
size of 10" (1, 2). In recent decades, rapid advancements in metagenomics greatly
promoted the field of virology and allowed researchers to detect viruses in various
objects in the environment, thus increasing information on the diversity of viruses and
potentially highly prevalent viruses (3). Birds serve as important reservoirs of pathogenic
viruses, posing a significant threat to both human and poultry health (4). Like viruses,
birds are highly diverse and ubiquitous in various environments around the world (5,
6). Many species undertake long-distance flights, cross geographic boundaries, and
migrate between continents to adapt to seasonal changes (7). For example, mallard
(Anas platyrhynchos) and greylag goose (Anser anser) migrate to China in winter from
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Alaska, eastern Mongolia, eastern Siberia, and the Russian far east (8). The viruses carried
by birds have the potential to undergo mutation and recombination, giving rise
to novel viruses that may trigger epidemics in both animals and humans (9). Certain
pathogens can be transmitted to birds through untreated sewage and garbage, where
they may reproduce and multiply within the avian digestive tract. Subsequently, these
pathogens can contaminate commercial poultry farms through fecal matter, leading
to transmission to humans (10-12). Besides the avian influenza virus, arboviruses, the
Japanese encephalitis virus, and the West Nile virus can also cause severe zoonotic diseases
(4, 13, 14). Therefore, large-scale monitoring of viral infections in birds might help
prevent and quickly respond to possible outbreaks in humans or domestic animals.

Due to their inherent instability, RNA viruses have a tendency to undergo recombina-
tion within the host organism, facilitating easy transmission to other hosts (15). RNA
viruses are also associated with many emerging diseases. From 1990 to 2010, 94% of
zoonotic diseases were reported to be caused by RNA viruses (16). Birds act as a reservoir
of highly diverse RNA viruses (5), such as astrovirus (17) and picornavirus (18), capable of
infecting other vertebrates. Additionally, abundant novel RNA viruses were discovered in
different avian hosts, indicating that the viral diversity of avian hosts is not well-known
(5,19-21).

It is increasingly evident that viruses play a crucial role in shaping the health of hosts
by influencing the host’s gut microbiome (22, 23). At present, our understanding of the
composition of the gut virome in birds, the functions of gut virome genes, and their
metabolic interactions with the avian host is limited. Notably, the extensively studied
pathogenic viruses currently constitute only a minor portion of the entire virosphere (24,
25). Moreover, certain viruses (phages), facilitated by auxiliary metabolic genes (AMGs),
can directly impact host metabolism to enhance their environmental adaptability (24),
particularly within migratory bird populations residing in extremely cold regions. Hence,
determining the interaction between viruses and microbes can reveal how viruses
influence the gut microbiota. Furthermore, the widespread use of antibiotics in human,
veterinary, and agricultural practices leads to the continuously release of antibiotics and
antibiotic-resistance genes (ARGs) into the environment (26), with phages significantly
contributing to their spread (27), increasing pressure on public health. However, it is
not confined to a regional or national issue; birds may play a role in its rapid global
dissemination (28). Nevertheless, the ARGs originating from the gut of birds remain to be
explored.

In this study, we employed viral metagenomics methods to focus on RNA viral
sequences concealed within the cloaca of 2,990 wild and housed birds, aiming to
determine their genetic relationships and assess the spill-over risk of these viruses to
humans, livestock, and wildlife. Furthermore, we examined the novelty, functionality, and
classification of the phages involved in this study.

MATERIALS AND METHODS
Sample collection and processing

From 2018 to 2019, cloacal samples of 2,990 birds (2,296 birds were wild, and 694 birds
were housed in zoos, farms, or emergency centers) were collected using disposable
absorbent cotton swabs (29). The samples were collected from 19 different regions of
nine provinces in the Chinese mainland (Table S1). All samples were stored in sterile
containers and shipped on dry ice. Before conducting viral metagenomics analysis, the
tips of the collected swabs were immersed in 0.5 mL of Dulbecco’s phosphate-cushioned
saline and vortexed for 5 min vigorously; then they were incubated at 4°C for 30 min.
After centrifugation at 15,000 x g for 10 min, the supernatants were collected in 1.5 mL
centrifuge tubes and stored at —80°C for later use (30). The birds that were caught using
cannon nets were identified by experienced ornithologists. None of the birds showed
any sign of disease. All samples were shipped to the Shanghai Veterinary Research
Institute of the Chinese Academy of Agricultural Sciences where all experiments were
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carried out in accordance with the guidelines of the Biosafety Level 2 Laboratory at
Shanghai Veterinary Research Institute (SVRI).

Each library consisted of fecal samples from the same bird species within the same
regions. For each library, 100 pL of the supernatant was pipetted from 5 to 27 sam-
ples (3.7-20 pL per sample) and collected in a new 1.5 mL tube. These samples were
centrifuged at 12,000 x g for 5 min at 4°C and filtered through a 0.45 um filter to
remove non-viral particles. RNase and DNase were used to treat the filtrates, followed by
digestion of unprotected nucleic acids at 37°C for 60 min (31). Total nucleic acids were
then extracted using the manufacturer’s protocol provided with the QlAamp MinElute
Virus Spin Kit. These nucleic acid samples containing DNA and RNA viral sequences were
used for reverse transcription reactions with the SuperScript Ill reverse transcriptase and
100 pmol of a random hexamer primer, followed by a single round of DNA synthesis
using Klenow fragment polymerase. Libraries were constructed using the Nextera XT
DNA Sample Preparation Kit and sequenced on the lllumina MiSeq or HiSeq platform
with 250 base-paired ends with dual barcoding.

All steps in the experiment were performed, taking necessary measures to prevent
sample cross-contamination and nucleic acid degradation during the process. Aerosol
filter tips were used to reduce the probability of sample cross-contamination, and all
other experimental materials, including microcentrifuge tubes and tips, which were
in direct contact with nucleic acid samples, were free of DNase and RNase. The sam-
ples were dissolved in diethyl pyrocarbonate (DEPC)-treated water containing RNase
inhibitors.

For blank controls, sterile ddH,0 was prepared simultaneously and further processed
under the same experimental conditions. Quality testing was performed using agarose
gel electrophoresis and Agilent bioanalyzer 2100, and no DNA was detected in the
control pool. While sequencing on the lllumina MiSeq or HiSeq platform, the control pool
generated a very small number of reads. No viral sequences were found in the control
pool when a BLASTx search was performed.

Metagenome assembly and quality control

These 192 libraries corresponded to 82 different bird species (Table S1). Bowtie2
v2.4.5 (32) was used to align and remove potential host reads. Primers and low-qual-
ity sequences were trimmed using Trim Galore v0.6.5 (https://www.bioinformatics.bab-
raham.ac.uk/projects/trim_galore), and the files were quality controlled with specific
options as follows “--phred33 --length 35 --stringency 3 --fastqc --paired” The qual-
ity control reports were then integrated using MultiQC (33) with default parameters.
Duplicated reads were marked using PRINSEQ-lite v0.20.4 (-derep 1). All 192 data sets
were assembled based on an in-house pipeline. Paired-end reads were assembled using
MEGAHIT v1.2.9 (34) with default parameters. The results were then imported into
Geneious Prime v2022.0.1 (https://www.geneious.com) for batch sequence renaming.
To reduce false negatives during sequence assembly, further semi-automatic assembly
was performed of the unmapped contigs and singlets that were <500 bp long, and
contigs that were >1,500 bp long after reassembly were retained. Additionally, mixed
assembly was performed using MEGAHIT combined with BWA v0.7.17 (35) to search for
unused reads and low-abundance contigs. Individual contigs were used as the reference
for mapping to the raw data using the Low Sensitivity/Fastest parameter in Geneious
Prime.

Searching for unknown RNA viruses in avian libraries

We identified RNA viral sequences in the avian libraries using the following steps: (i) a
local viral sub-database containing the non-redundant protein (nr) database (download
in May 2022) and IMG/VR v3 was constructed specifically for screening the assembled
RNA viral contigs (36). The tentative RNA viral contigs were imported into Geneious
Prime for manual assembly and inspection. Putative open-reading frames (ORFs) were
predicted by Geneious Prime with default parameters (minimum size: 400; genetic code:
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standard; start codons: ATG) (37). We further checked them by comparing them to
related viruses in the GenBank database. The annotations of these ORFs were based on
comparisons to the Conserved Domain Database (CDD). (ii) The resulting sequences were
selected based on those having less than 60% amino acid sequence identity to the best
match, which was determined using a cut-off E-value of <107 (iii) The RNA virus data
set was constructed using BWA v0.7.17 (38), and MMseqs2 was used to perform genome
clustering (-k 0 -e 0.001 --min-seg-id 0.95 ¢ 0.9 --cluster-mode 0) (39). (iv) The coverage of
each unique RNA sequence was calculated using pileup, and the relative abundance of
each sequence was obtained by a custom Bash shell script. (v) The TaxonKit (40) software
was used for the taxonomic identification of RNA viruses.

Phylogenetic analysis

To elucidate phylogenetic relationships, nucleotide and protein sequences of reference
strains belonging to different groups of corresponding viruses were downloaded from
the National Library of Medicine (NCBI) GenBank database, along with sequences of
proposed species that have not yet been ratified. Related nucleotide and protein
sequences were aligned using an alignment program implemented in the Qiagen
CLC Genomics Workbench 10.0, and the resulting alignment was further optimized
using MUSCLE in MEGA-X (41). Sites containing more than 50% gaps were tempora-
rily removed from alignments. Maximum likelihood trees were then constructed using
IQ-TREE (42). All phylogenetic trees were created using IQ-TREE with 1,000 bootstrap
replicates (-bb 1000) and the ModelFinder function (-m MFP).

Prediction of potential genome recombination events

In this study, potential recombination events were analyzed and filtered using the default
algorithm of Recombination Detection Program version 4.39 (RDP4) software (43), which
comprises of RDP, GENECONYV, BootScan, MaxChi, Chimaera, SiScan, and 3Seq.

Identification and clustering of phage genomes

Contigs were initially recognized in accordance with the viral sequence identification
standard operating procedure (SOP) (https://doi.org/10.17504/protocols.io.owm5pc86).
In brief, contigs exceeding 5 kb were validated using VirSorter2 (44), and those passing
the verification step were subjected to CheckV (45) to remove host sequences flanking
prophages. RNA viral contigs were examined separately in the above section due to the
higher false positive rates associated with currently available bioinformatics tools for
identifying viral contigs under 5 kb (46, 47). The obtained genomes underwent screening
using information from VirSorter2 and CheckV results, considering viral and host gene
counts, VirSorter2 viral scores, and hallmark gene counts. The subset was subsequently
clustered at 95% average nucleotide identity across 85% of the shortest contig per
MIUVIG standards (48), utilizing a custom script from the CheckV repository, resulting
in phage populations. Phage populations were categorized into genus-level viral taxa
through a gene-sharing network analysis using vContact2 (49), with NCBI RefSeq Viral
(release 211) serving as the reference genomes. The clustered contig networks were
displayed using Cytoscape v3.10.0 (50).

Functional annotation of phages

The viral contigs’ ORFs were subjected to functional annotation by comparing them
with the eggNOG v5.0 database using eggNOG-mapper v2 (51). Additionally, we aligned
phage-associated protein sequences against the Comprehensive Antibiotic Resistance
Database (CARD) using strict parameters, focusing solely on perfect and strict hits, to
predict the profiles of ARGs (52). The prediction of viral host linkages and lifestyles was
conducted using the PhaTYP and CHERRY suites within PhaBOX with default parameters
(53).
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RESULTS
Highly differentiated RNA viruses are present in the gut of birds

A large-scale viral metagenomics survey was performed by collecting cloacal swab
samples of 2,990 birds from 19 different sampling sites in nine provinces of the Chinese
mainland (Fig. 1A). We identified 1,800 sequences of previously undescribed RNA viruses
associated with birds (Table S1), each sequence containing complete or near-complete
RNA-dependent RNA polymerase (RdRp) coding DNA sequence and was validated by
comparison with CDD. These RNA viral sequences were of different lengths, ranging
from 1,500 bp to 13,101 bp. The median length of these viral contigs was 2,512 bp,
and the coverage of these contigs with the best match ranged from 3.6% to 100%
(Fig. 1B and Q). These sequences were shorter than RNA viral reference genomes, which
indicated that most viral contigs were detected as partial sequences of viral genomes.
After taxonomic assignment, most of the sequences were positive-sense single-stranded
RNA (+ssRNA) viruses. Specifically, these sequences were annotated into seven viral
phyla, with the largest number of sequences belonging to the phylum Pisuviricota
(882 sequences; 49.0%), followed by the phylum Lenarviricota (362 sequences; 20.1%)
and the phylum Kitrinoviricota (278 sequences; 15.4%; Fig. 2A). At the family level, the
number of sequences that were not annotated to a specific viral family was about
644 (35.8%), accounting for about one-third of the number of RNA viruses identified
in this study, most of which were tentatively classified as members of the unclassified
family Picornavirales. Seven viral families or groups (Totiviridae, Tombusviridae, Picornavir-
idae, Nodaviridae, Fiersviridae, the unclassified family Picornavirales, and the unclassified
Viruses family) were detected in all 192 libraries (Fig. 2B; Table S2). Furthermore, all
well-defined virus families identified in this study were found within the order Passeri-
formes. The abundance of these viruses in the orders Anseriformes and Galliformes was
also significant, closely correlating with the number of birds collected (Fig. 2C).

We identified viruses belonging to the “unclassified” group by comparing the
RdRp sequences of each virus with those of other viruses identified in this study. We
defined a criterion: if a sequence shared less than 20% amino acid identity with all
other viruses, it represented a novel genus of RNA viruses. This criterion is currently
stricter than the classification standards for any RNA virus genus based on RdRp in

B r
A a0

N . N =1800
Median = 2512 bp
Mean = 3143 bp

|
|
§
HE +——

Count
o
=3
(=}

Number of birds

from each province 0
. -
[ 4 - 10 1500 5000 10000
- Length (bp)

B o5 -
)

@)

100

e | ] %

.07 80

: ! 70
\¥e .\

[
) 2
gy
EXE
¢

Percentage

0 500 1,000 2,000 Miles = 10

Coverage —I|dentity
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the International Committee on Taxonomy of Viruses (ICTV; https://ictv.global/report).
Based on this criterion, we identified 324 novel genera of RNA viruses. Among them,
the unclassified Viruses family, unclassified Picornavirales family, unclassified Tymovirales
family, unclassified Martellivirales family, and unclassified Bunyavirales family contained
66 (20.4%), 251 (77.5%), 3 (<1%), 2 (<1%), and 2 (<1%) viral genera, respectively (Table
S3). We also estimated the potential viral genera present in each bird order, among which
order Passeriformes contained the highest number of virus genera (242; see Table S4 for
details). We also found that wild birds had higher RNA viral diversity than housed birds
(Fig. 2D).

To exclude the possibility of de novo assembly artifacts, we extracted the nucleotide
sequences of the coding regions of these 1,800 sequences and mapped them to all
collected libraries to compute coverage. We then screened the 130 most abundant
RNA viruses across all libraries and constructed a GraPhlAn taxonomic tree (Fig. 3),
where the abundances of six viruses exceeded 5%o of the total detected RNA viru-
ses (Table S5). Among them, flycatcher172_contig_757 and Grey-backedThrush105_con-
tig_121 were identified as unclassified viruses. Black-facedBunting129_contig_120 was
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considered to belong to the genus Totivirus, and a BLASTx search showed that it
had 58% amino acid sequence identity with the totivirus carried by green rice leaf-
hopper (Nephotettix cincticeps) collected in rice fields. Nuthatch158_contig_220 and
Grey-backedThrush105_contig_71 belonged to the families Partitiviridae and Tombusviri-
dae, respectively, suggesting a close relationship between the birds and the plants or
fungi they ate or came in contact with. Bluepeacock75_contig_4663, which was classified
as a Hepatovirus, was detected as a part of a complete viral genome capable of infecting
vertebrates. It shared 48% amino acid sequence identity with a virus (mute swan feces
associated hepatovirus 3) identified in swans in the UK, suggesting that this virus and its
relatives may have been spread worldwide through birds as a vector.

Expansion of diversity in vertebrate-associated viruses
Astroviridae

Viruses in the family Astroviridae comprise two genera identified in 2004, including the
genus Avastrovirus, which infects birds, and the genus Mamastrovirus, which infects
mammals (54). Most Avastrovirus species that infect domestic birds might cause some
intestine-related diseases (55). We characterized seven astroviruses (including two
complete genomes) from five different species of birds; the organization of a typical
complete astrovirus genome is shown in Fig. 4A. The phylogenetic analysis of the protein
sequences based on RdRp indicated that these seven astroviruses were divided into
three clades. Two viruses from different bird species (Red-flankedBluetail198_contig_81

Fiers, Virida
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FIG 3 A GraPhlAn taxonomic tree related to the RNA viruses. The 130 most abundant RNA viruses in bird libraries were screened; different background colors

represent different viral phyla. The outermost green squares represent the relative abundance heatmap for each viral species. The yellow triangles represent

viruses with abundances below the 5%o threshold of all viral quantities, while the purple squares represent those with abundances above 5%o.
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from Tarsiger cyanurus and Yellow-throatedBunting89_contig_41 from Emberiza elegans)
clustered together with chicken/avian astrovirus, sharing less than 55% amino acid
sequence identity with it (Fig. 4B). An astrovirus (BluePeacock205_contig_12951) from
Pavo cristatus formed a distinct branch outside the astroviruses of unknown hosts
detected from water and soil and shared <26% identity with the RdRp protein sequences
of these astroviruses. The remaining four viruses are most closely related to Hangzhou
astrovirus 1, which was isolated from Tetragnatha nitens collected from a rice field.
According to the ICTV, the classification of Avastrovirus species is being redefined. Based
on the genetic analysis of the complete capsid region at the amino acid level, avian
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location of the sequence libraries.
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astroviruses might be divided into two main genogroups, including genogroup | and
genogroup Il. The mean amino acid genetic distance (p-dist) between the genogroups
is 0.704 + 0.013. Based on the phylogenetic analysis and sequence analysis of the Cap
protein, the genetic distance between the two complete viruses identified in this study
and their closest strains was 0.685-0.922, indicating that novel genogroups might exist
(Fig. 4C; Table S6). The topological structures of the phylogenetic trees constructed
based on the Cap protein and the RdRp protein were very similar, indicating that these
astroviruses did not undergo recombination.

Picornaviridae

According to the ICTV, there are at least 68 genera of viruses in the family Picorna-
viridae, and these viruses can cause widespread infection in many species, including
humans. Picornaviruses were among the most prevalent viruses found in the bird species
examined. We obtained 158 novel picornaviruses from 74 libraries, and their amino acid
sequence identity with the best matches ranged from 20.3% to 59.7%. The results of
the phylogenetic analysis based on the RdRp protein sequences showed that some of
these picornaviruses were closely related to the defined genera Potamipivirus, Oscivi-
rus, Enterovirus, Hepatovirus, Livupivirus, Orivirus, and Ampivirus (Fig. 4D). Most of the
remaining viruses, which were considerably different from the known picornavirus RdRp
proteins, were temporarily classified as picorna-like viruses, potentially forming several
novel genera or families, with some of the viruses being associated with arthropods
such as mosquitoes, shrimps, and lice. Additionally, sequence analysis suggested the
possibility of cross-species transmission of these picornaviruses. Interestingly, a clear
recombination signal was identified in the RNA helicase region of crane70_contig_328,
which was detected in the feces of Grus japonensis housed in the Hangzhou Zoo in
Zhejiang, China. The major parent was identified as crane70_contig_444, while the minor
parent was identified as Red-flankedBluetail200_contig_292, which was detected in wild
T. cyanurus in Changbai Mountain, Jilin, China (Fig. 4E and F). This result was supported
by four algorithms (RDP, BootScan, MaxChi, Chimaera; Fig. 4G).

Phenuiviridae

Members of the family Phenuiviridae might cause zoonotic diseases, such as
self-limiting fever, retinitis, and severe hemorrhagic fever (56, 57). A novel virus
(blackswan219_contig_10769) from Cygnus atratus belonging to the order Anseri-
formes was identified. It contained the complete RdRp protein related to the
family Phenuiviridae (4,593 nt; 1531 aa; Fig. 5A) and shared about 38.3% amino
acid sequence identity with the best match (Triaenopho phenuili virus 1 isolated
from Triaenophorus nodulosus). Based on the phylogenetic relationship, this virus
was not related to any known genus. Additionally, three sequences belonging to
the unclassified Bunyavirales family were identified, which formed a separate clade
between the families Leishbuviridae and Mypoviridae.

Caliciviridae

Caliciviruses can cause various diseases, including gastroenteritis, respiratory infections,
and reproductive failure in humans and animals. Many unclassified novel caliciviruses
were recently detected in various animals, including wild birds (58), geese (59), and fish
(60). We identified two strains belonging to the family Caliciviridae, one of which is a
complete genome (brownshrike136_contig_192) with a length of 11,628 nt. It encodes
two major proteins and one protein with an unknown function. They did not cluster with
any known genera, and the closest virus to them in the public database was PNG bee
virus 1, isolated from the Western honeybee (Apis mellifera; Fig. 5B).
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Hepeviridae

The family Hepeviridae can infect mammals, birds, and fish (61). The viruses from this
group originated due to recombination between the capsid region of the chicken
astrovirus and the ORF1 region of Alphatetraviridae (62). We identified 16 viruses
belonging to the family Hepeviridae, and except for wagtail171_contig_401, which was
closely related to the Rana hepevirus, the remaining 15 viruses did not cluster signifi-
cantly with any known genus (Fig. 5C). Furthermore, we have identified recombination
signals in the RNA helicase region of SiberianRubythroat50_contig_9. Interestingly, its
major parent was from the RdRp region of wagtail171_contig_401, while its minor parent
was from the RNA helicase region of DaurianRedstart170_contig_71.

Tobaniviridae

Tobaniviridae can infect vertebrates, such as pigs, cows, and even humans (63). A novel
virus containing the complete RdRp protein was detected from G. japonensis, and
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sequence analysis suggested that the virus belonged to the family Tobaniviridae. The
results of the phylogenetic analysis indicated that the virus was closely related to the
genus Torovirus, which was earlier classified as a coronavirus. Torovirus is rarely detected
in bird hosts. In this study, the virus shared 39% amino acid sequence identity with the
best match (goat torovirus; YP_009380535), suggesting that birds could potentially serve
as vectors for the transmission of this virus (Fig. 5D).

Picobirnaviridae

Picobirnaviridae may infect mammals and invertebrates and cause associated symptoms,
including gastroenteritis in animals and humans (64). Five viruses related to Picobirnavir-
idae were identified from four avian hosts (Pavo cristatus, Grus monacha, Chrysolophus
pictus, and Chrysolophus ambherstiae). The results of the phylogenetic analysis of the
RdRp protein showed that they clustered with picobirnaviruses identified from pigs,
indicating a close relationship between birds and domestic animals (Fig. 5E). Similarly,
we have also detected evidence of recombination in the coding region of Whitebellygol-
denpheasant226_contig_2629, with a minimum length of 60 bp.

Diversity of phages in the gut of wild birds

We have identified 21,131 phage contigs, each exceeding 5 kb, and subsequently
clustered them into 15,310 phage populations. Among these, 5,132 (33.5%) populations
exceed 10 kb. Upon verification using CheckV, it was determined that 452 (3.0%)
populations are complete, 842 (5.5%) are of high quality, and 1,076 (7.0%) are of
medium quality. Roughly 40% of phage populations were identified as singletons or
outliers. Ten percent of phage populations were represented as overlaps, indicating
they were ascribed to more than one cluster, obscuring their cluster affiliation (Fig.
6A). We then conducted protein clustering of our exclusive 15,310 populations using
original vContact2 database, unveiling 2,841 viral clusters, encompassing 50% of our
phage populations (Table S7). The network comprises 2,740 modules and 956 edges,
which were streamlined to display solely protein clusters containing at least one phage
population from our investigation. We classified 100 phage populations (0.7%) as
belonging to established genera and 1,117 phage populations (7.4%) to recognized
families. The majority of assignable phage populations (85.7%) were attributed to
Siphoviridae, Myoviridae, or Podoviridae within the Caudovirales order. The remaining
phage populations were unable to be allocated to any known genera or families,
indicating the presence of novel lineages (Fig. 6B).

Predicted hosts and lifestyles for phage genomes

Among the 15,310 phage populations, hosts could be reliably predicted for 12,294
(80.3%) genomes. The vast majority of predicted hosts belonged to bacteria (n = 10,574;
86.0%), with a small portion belonging to archaea (Table S8). These hosts are distrib-
uted among 30 different bacterial phyla, with the most abundant being Proteobacteria
(3,439 populations; 32.5%), followed by Actinobacteria (2,980 populations; 28.2%) and
Firmicutes (2,677 populations; 25.3%). In general, these three phyla dominate across all
species. Crenarchaeota and Euryarchaeota phyla constitute the largest proportions within
archaea (Fig. 7A). Additionally, 54% of these populations are predicted to comprise
virulent phages, while 39% are predicted to be temperate phages. It is noteworthy
that virulent phages in the gut of wild birds tend to possess larger genome sizes and
higher guanine-cytosine (GC) content, as determined by the Mann-Whitney Test (P =
0.000). Interestingly, in a systematic analysis concerning marine lysogens and proviruses,
marine lysogens (those infected by temperate phages) often exhibited significantly
larger genome sizes and higher GC content compared to nonlysogens (65).
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Identification of putative AMGs and ARGs

In addition to its impact on the microbial community, viruses can also regulate host
metabolism through AMGs. From the avian gut phage data set, 6,625 unique AMGs
were detected, among which there were 622 unique Gene IDs (Table S9). These
genes encompass multiple functional categories. Approximately 70% of the genes
were related to metabolic pathways, encoding enzymes involved in a wide range of
metabolic processes, including nucleotide, lipid, vitamin, carbohydrate, and amino acid
metabolism (Fig. 7B). Among these AMGs, we found ssb to be the most common.
It is capable of participating in various aspects of single-stranded DNA metabolism,
including replication, repair, and recombination. Besides, the AMG-encoded DNMT1,
a DNA (cytosine-5)-methyltransferase that shields viruses from the antiviral restriction-
modification systems of their hosts (66), was identified in nearly 200 phage populations.
This type of AMG potentially acts as a phage defense mechanism. Alongside directly
boosting host nucleotide metabolism to facilitate virus replication, certain viruses utilize
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AMGs to promote host nutrient acquisition, thereby indirectly improving virus survival
rates (47). Furthermore, we only identified a single type of ARG from 14 phage popula-
tions, the vanY gene, which falls within the glycopeptide antibiotic class. The vanY gene
functions as a D,D-carboxypeptidase, responsible for removing the terminal D-Ala from
peptidoglycan to facilitate the incorporation of D-lactate (Table S9). Compared to recent
research, the number and diversity of ARGs carried by phages in the gut of birds are
significantly lower than those carried by bacteria in the gut of birds (28). Although ARGs
are rarely encoded in phages (67), there have also been studies exploring a certain
number of ARGs carried by avian gut phages (68).

DISCUSSION

The diversity of viruses is extremely high, and almost all biological cells might be
infected by viruses. The diversity of hosts, the instability of the viral structures (especially
RNA viruses), and the propensity to exchange genetic material with other host viruses
contribute to the unparalleled diversity of viral genomes (69). Recent advancements in
metagenomics have provided a lot of genetic information on viruses; however, many
things are still unknown. There are at least 40,000 different viral species in mammals, as
determined by some studies, which far exceeds the viral species currently identified by
the ICTV (70). Therefore, continuous and extensive research on viral diversity is required
for dealing with future epidemics. The sampling of viruses from a larger diversity of avian
hosts should provide better evolutionary insights.

Birds, especially migratory birds, are important repositories of viruses. Like other
animals, they often carry multiple pathogens such as viruses, mycoplasma, chlamydia,
bacteria, and various parasites. During migration, birds pollute water sources and
encounter poultry raised by humans and other wild animals, thus spreading pathogens
and diseases, such as the West Nile virus (71) and avian influenza A virus (HPAI H5N1 Asian
lineage) (72), to other animals and even humans. The largest number of birds found in
this survey belonged to the order Passeriformes (about 1,551 individuals). Passeriformes
is the most complex order of birds and is found in every continent except Antarctica.
They mainly inhabit forests, farmland, parks, and residential areas. Hence, the viruses
they carry might threaten mammals, including humans. Here, we identified a novel virus
in the family Phenuiviridae, carried by the black swan (C. atratus). Phenuiviridae can infect
humans via tick bites or by direct contact with animals, such as dogs, sheep, or chickens,
bitten by ticks. Although there is currently no evidence of replication of this virus in
birds, the risk of zoonotic diseases in areas where the infected birds migrate to should
be assessed. In this study, we identified many vertebrate-associated RNA viruses, some
of which are rarely found in birds. Based on this, we hypothesized that one or more
species in the region act as vectors and spread the viruses to birds and other animals,
thus helping these viruses expand their host range.

Before the field of metagenomics was established, information was limited on the
viral diversity of samples that lacked health or economic interest to humans or live-
stock, such as invertebrates, plants, or other environmental samples. However, we now
know that natural viral communities present in these species can be enormous (73).
Birds greatly facilitate the interregional transmission of these viruses. In this study,
we detected hundreds of RNA sequences related to plants, fungi, or insects. Viruses
from families such as Tombusviridae (148), Solemoviridae (81), Nodaviridae (78), and
Dicistroviridae (60) were relatively more abundant. These viruses are believed to be
associated with plants or invertebrates, potentially reflecting the habitat and dietary
preferences of birds. These viruses occupied topological positions on the evolutionary
trees and have led to the formation of several new putative families, genera, or species,
thereby promoting the phylogenetic continuity of the related viruses (Fig. S1). Some
viruses might be carried by birds and cause new crop diseases in the areas where they
migrate. Therefore, regular large-scale avian virus surveillance is needed in areas where
crops are the main source of income. Additionally, we have identified hundreds of RNA
sequences that cannot be assigned to any known viral catalog, indicating significant
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variation between these sequences and known viruses. Further investigation is required
to determine whether these sequences can infect birds and cause diseases by replicating
in the host, although no signs of disease were observed in any of the bird samples
examined in this study. Although many studies have investigated the diversity of RNA
viruses in birds, more research is still required in this field. Recent surveys have revealed
an extremely high diversity of RNA viruses in urban sewage (74), marine plankton (75),
and large populations of invertebrates (76). Information on the composition of the entire
RNA virosphere is extremely limited. Although numerous samples have been examined,
most of these sequences are not characteristic for researchers. It also challenges the
established classification methods of viruses, such as how to define the fuzzy boundaries
between virus families, which are sometimes very “broad” and might require a large
number of sequences to fill in. This high diversity needs to be elucidated, and RNA
viruses need to be studied in a larger ecological context.

Recently, a series of studies have identified a diverse array of viral particles in
several ecosystems such as marine environments (77), the human gut (78), and soil (79).
These investigations have led to the discovery of numerous novel viruses and AMGs,
offering new insights into the ecological impacts of viruses. In this study, only about
7% of phage populations could be classified into known families or genera, with the
majority being Caudoviricetes. However, in 2022, the ICTV abolished morphology-based
taxa and change to binomial species names, resulting in the removal of taxa such
as the order Caudovirales and the families Myoviridae, Siphopviridae, and Podoviridae.
Therefore, morphology-based phage classification is not reliable. We associated these
viruses with their hosts, some of which exhibited broad host characteristics. Additionally,
we identified a large number of AMGs related to virus replication and host resistance.
These characteristics may facilitate the viruses’ survival in such a specialized, nutrient-
poor environment. Yet, most of the viral diversity, host associations, and functional
involvement in the gut microbiota environment have not been thoroughly investigated.
Hence, conducting a more extensive examination of viral diversity and interactions
with microbial hosts, including aspects like host adaptation and lifestyle, could reveal
the functional roles of microbes within this system. However, this study has some
limitations: (i) non-viral particles were filtered out during sample processing, potentially
leading to the oversight of viruses found within cells. (ii) Contigs shorter than 1,500 bp
were discarded; thus, short viral RNA molecules might have been overlooked. (iii) The
establishment of a threshold of 60% amino acid sequence identity may also result in
the omission of some new viruses. Overall, this study not only aids in enhancing our
understanding of gut viral communities of wild birds but also offers valuable resources
for future virus research.
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