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ABSTRACT The majority of currently emerging infectious illnesses are zoonotic 
infections, which have caused serious public health and economic implications. The 
development of viral metagenomics has helped us to explore unknown viruses. We 
collected 1,970 canine feces from Yushu and Guoluo in the plateau region of China for 
this study to do a metagenomics analysis of the viral community of the canine digestive 
tract. Our analysis identified 203 novel viruses, classified into 11 known families and 2 
unclassified groups. These viruses include the hepatitis E virus, first identified in dogs, 
and the astrovirus, coronavirus, polyomavirus, and others. The relationship between the 
newly identified canine viruses and known viruses was investigated through the use 
of phylogenetic analysis. Furthermore, we demonstrated the cross-species transmission 
of viruses and predicted new viruses that may cause diseases in both humans and 
animals, providing technical support for the prevention and control of diseases caused 
by environmental pollution viruses.

IMPORTANCE Most emerging infectious diseases are due to zoonotic disease agents. 
Because of their effects on the security of human or animal life, agriculture production, 
and food safety, zoonotic illnesses and livestock diseases are of worldwide significance. 
Because dogs are closely related to humans and domestic animals, they serve as one 
of the important links in the transmission of zoonotic and livestock diseases. Canines 
can contaminate the environment in which humans live such as water and soil through 
secretions, potentially altering the human gut microbiota or causing diseases. Our study 
enriched the viral community in the digestive tract microbiome of dogs and found types 
of viruses that threaten human health, providing technical support for the prevention 
and control of early warning of diseases caused by environmental contaminant viruses.
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U sing scientific models to estimate, the total count of viruses on Earth is around 
1031, making them the most diverse biological entities on our planet (1, 2). To date, 

it is estimated that scientists have only scratched the surface of viral diversity, having 
explored less than 1% of the vast array of potential virus types, meaning that our current 
knowledge represents only a fraction of what may exist (3). Should a virus outbreak occur 
within human populations, the resulting harm may be grave, including fatalities among 
both humans and domesticated animals, presenting serious public health and safety 
concerns, as well as significant economic losses (4, 5). The human living environment 
plays a significant role in virus transmission, as evidenced by the pathogen-initiated 
cases of COVID-19, highly pathogenic avian influenza, etc. The environments inhabi­
ted by humans and animals are intrinsically interconnected, facilitating the reciprocal 
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transmission of pathogens that can occur through contaminated environments such 
as fecal-contaminated water sources, and direct contact with humans, such as 
through bites. These transmission pathways contribute to the emergence of zoonotic 
diseases (6, 7). Zoonotic diseases and livestock illnesses have global significance due 
to their potential impacts on human and animal security, agricultural productivity, and 
food safety (8). It is worth noting that most emerging infectious diseases are caused by 
zoonotic pathogens (9). Therefore, investigating the viral communities present in human 
close-contact environments is crucial, since these environments, including air, water, and 
soil, harbor a significant number of identified and unidentified viral species that could 
potentially threaten human health (10–12).

Due to their close genetic relationship with humans and domestic animals, dogs play 
an important role in the transmission of zoonotic and livestock diseases (13). Canines 
are numerous, estimated to be around 700 million, and their widespread distribution, 
independent of human activity, enables the detection of canine activity in nearly all 
regions of the world (14). The mammalian gut microbiota, consisting of bacteria, archaea, 
fungi, protozoa, and viruses, has a microbial density that is 10 times greater than the 
number of host cells (15). The gut microbiome serves numerous functions, including but 
not limited to, influencing host growth and metabolism, and shielding the host from 
pathogen colonization (16). The gut microbiome is not constant throughout life and 
changes with factors such as age, environment, and lifestyle (17). With the ever-evolving 
society and human engagement in productive activities, recent studies have suggested 
that the human gut microbiota poses a risk of spillover to animals (18). It can be inferred 
that the environment exerts an influence on the composition of the gut microbiota. 
Canines have the potential to contaminate the surrounding environment, including 
water and soil, with their secretions, which can have consequential impacts on the 
human gut microbiota and contribute to the incidence of infectious diseases. Herders in 
high-altitude regions in China are at a heightened risk of contracting zoonotic diseases 
due to their frequent interaction with domestic animals such as dogs, unhygienic living 
conditions, and traditional lifestyle practices, thereby posing a significant public health 
and economic burden to local communities (19). Consequently, studying the presence 
of viruses in the gastrointestinal tract of canines may enable the prediction of zoonotic 
virus outbreaks in advance.

The complexity of the gut microbiota renders previous culture techniques insufficient 
for studying its intricate functions, thus necessitating the implementation of novel 
technological alternatives to elucidate its mechanisms (20). In recent years, advance­
ments in technologies such as viral molecular biology and next-generation sequencing 
have led to increasing utilization of viral metagenomics as an efficient tool for discover­
ing unknown viruses in humans (21). The application of viral metagenomic techniques in 
gut microbiota studies has proven to be an effective means of elucidating the structural 
and functional complexities of microbial communities, thus providing more comprehen­
sive insights into their dynamics and interactions (22).

This research endeavor involved the collection of 1,970 fecal samples from high­
land canines to elucidate the composition of enteroviruses via the application of viral 
metagenomic techniques. Our analysis led to the discovery of novel canine viruses, 
which were subjected to phylogenetic analysis to determine their relationship with 
previously identified viruses. Furthermore, our findings enabled us to predict the 
likelihood of the emergence of potential novel viruses with the capacity to induce 
diseases in human and livestock populations.

MATERIALS AND METHODS

Canine sample collection

To conduct a viral metagenomic analysis, this study collected a total of 1,970 canine 
fecal samples between 2020 and 2021 from two Tibetan Autonomous Prefectures in 
Qinghai Province, China. Specifically, 950 samples were obtained from Yushu Tibetan 
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Autonomous Prefecture, and 1,020 samples were obtained from Guoluo Tibetan 
Autonomous Prefecture. The collected samples are stored in the −80℃ refrigerator as 
soon as possible. The fecal samples were individually resuspended in 1 mL of Dulbecco’s 
phosphate buffered saline, and vortexed vigorously for 5 min. The supernatants were 
then collected after centrifugation (10 min, 15,000 g, 4°C). This study obtained approval 
from the Ethics Committee of Jiangsu University and Qinghai Institute for Endemic 
Disease Prevention and Control for sample collection and all experimental procedures. 
Additionally, all sample pre-treatment was conducted in the secondary laboratory of 
biosafety at Qinghai Institute of Local Disease Control and Prevention.

Sample preparation and library construction

The 1,970 individual samples were combined into 197 pools, with each pool containing 
an average of 10 samples. To remove eukaryotic and bacterial cell-sized particles, sample 
pools were centrifuged (20 min, 12,000 g, 4°C), and then the supernatant was washed 
with a 0.45-µM filter filtration (23, 24). Then digest filtrates with DNase and RNase 
(Turbo DNase, Thermo Fisher Scientific, MA, USA; BaselineZeroDNase, Epicentre, WI, USA; 
Benzonase Nuclease, Novagen, MA, USA; and RNase A, Thermo Fisher Scientific) at 37℃ 

for 60 min (25–27). According to the manufacturer’s proposal, all remaining nucleic 
acids (DNA and RNA) were separated using QIAamp Viral RNA Mini Kit (Qiagen). Since 
the nucleic acid is composed of RNA, it needs to be reversely transcribed into cDNA 
through a reverse transcriptase kit (SuperScript IV reverse transcriptase, which contains 
six random primers). Then double-stranded DNA (dsDNA) was synthesized from different 
virus templates for DNA library construction. The second cDNA strand (dsDNA) was 
synthesized by adding Klenow fragment polymerase (New England Biological Labora­
tory). At the same time, for single-stranded DNA (ssDNA) viruses, ssDNA is converted 
into dsDNA during this Klenow reaction. The Nextera XT DNA Sample Preparation Kit 
from Illumina was used to generate 197 pools of dsDNA products. These pools were then 
sequenced on the Illumina NovaSeq 6000 platform using 250-bp paired-end sequencing 
with dual barcoding for each individual sample pool (28).

Bioinformatics analysis

To facilitate bioinformatics analysis, we decoded 250-bp paired-end reads from a total 
of 197 libraries constructed using software provided by Illumina vendor. The data 
underwent processing through an internal analysis pipeline running on a 32-node Linux 
cluster. Eukaryotic and prokaryotic genome sequences were filtered out using Bowtie 
2 v2.3.4.1, utilizing viral sequences from GenBank as a reference. Low-quality tails at 
both ends of the sequences were subsequently trimmed using Phred v1.0.0, with a 
quality score threshold of 10. Duplicate sequences were identified by comparing bases 
5–55, and only one randomly selected duplicate was retained. The VecScree (https://
www.ncbi.nlm.nih.gov/tools/vecscreen/) website was employed with default parameters 
to remove joint sequences at both ends. The resulting trimmed and clean reads were 
then assembled and spliced using EnsembleAssembler v1.0.0. The contigs and singlet 
reads obtained from each library were compared to the NCBI’s viral proteome database 
using DIAMOND v0.9.24 for BLASTx analysis with an E-value threshold of less than 10−5 

(29). The candidate viral sequences were further compared to the non-virus non-redun­
dant protein database to eliminate false-positive viral sequences (30). For negative 
contigs and singlet reads, research was performed in the vFam database using HMMER 
v3.1b2 to identify false-negative viral sequences (31, 32). Default parameters were used 
for all searches. Finally, the annotation information for virus-related contigs and singlet 
reads was presented using Megan v6.21.16.

Virus genome determination and PCR validation

According to Megan v6.21.16, the reads obtained previously are classified into corre­
sponding sections. Then, de novo assembly and reference mapping were performed in 
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Geneious prime v2019.0, and the reads were assembled to obtain the complete or partial 
virus genome. When there was a gap between the contigs of the viral genome, nested 
PCR was performed. Prepare the appropriate PCR system according to the regulations 
and then add the pre-mixed enzyme rTaq (Takara Biomedical Technology) into the PCR 
reaction system. The PCR conditions used were as follows: 95°C for 5 min, 35 cycles for 
95°C for 30 s, 50°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min. 
All PCR steps have negative control and are sequenced by the Sanger method. Mean­
while, Geneious prime v2019.0 enables the prediction and annotation of open reading 
frames (ORFs) and can also design primers. The predicted ORF should be retrieved and 
compared through BLASTx. To address gaps in the 3′ terminal region, an expression 
vector was constructed and transfected into DH5α active cells. The transfected cells 
were then screened to identify positive clones using bacterial liquid PCR and sequencing 
methods.

Analysis of viral communities

The statistical analysis related to the experiment was carried out by Megan v6.21.16 and 
R v4.2.1. The composition analysis of 197 libraries was standardized and compared by 
Megan (33). The viral community structure and richness findings were illustrated using 
R v4.2.1 by employing the heatmap and vegan packages. Additionally, the differences in 
viral communities were visualized using the ggplot2 package. When P < 0.05, the study 
has statistical significance.

Phylogenetic analysis

The protein sequence of the virus identified in this study was utilized in a phylogenetic 
analysis along with its closest match based on BLASTx results in the NCBI GenBank 
database, as well as representative protein sequences of viruses belonging to the same 
family as the virus under investigation. To align the protein sequences of interest, we 
employed the MUSCLE algorithm implemented in MEGA v10.1.8 with the default settings 
(34). Then the sorted protein sequences are used to construct a Bayesian inference tree 
through MrBayes v3.2.7 (35). In MrBayes, we asked amino acid sequences to construct 
phylogenetic analysis under the set program (“prset aamodelpr = mixed”), which allows 
10 built-in amino acid models. The number of generations can be increased to 10 million 
at most, and the standard deviation of the final division frequency is less than 0.01 before 
the operation stops (36). To visually represent the phylogenetic tree, it was visualized and 
edited by Figtree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and Adobe Illustrator 
2020 v26.0.1.

Quality control

In order to eliminate the possibility of nucleic acid contamination in the laboratory, 
sterile ddH2O (Sangon Biotech) was prepared by high-pressure sterilization and further 
processed under the same conditions as the blank control group. In the whole process 
of the experiment, common laboratory preventive measures were followed to prevent 
cross-contamination and nucleic acid degradation. DNase and RNase are not present 
in each substance in direct contact with nucleic acid samples. RNase inhibitors and 
water-DEPC-treated (Sangon Biotech) are used to dissolve nucleic acid samples. No 
viral contamination was detected by analyzing the sequencing results of the negative 
control groups. This indicates that the study was effective in preventing potential viral 
contamination. Negative control group raw data were submitted to the database.

RESULTS

Overview of the canine virome

To gain insight into the enterovirus community present in high-altitude canines, we 
procured a total of 1,970 canine fecal samples from Yushu and Guoluo prefectures in 
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Qinghai Province. Among these, 950 canine fecal samples were collected from Yushu, 
while 1,020 canine fecal samples were procured from Guoluo. From these samples, 197 
libraries were constructed and sequenced through metagenomic sequencing utilizing 
the Illumina NovaSeq platform, resulting in a total of 416,769,906 raw reads with an 
average GC% of 57.9%. The assembled metagenomes were screened and compared 
against the GenBank non-redundant protein database using BLASTx (with an E value of 
less than 10−5), leading to the identification of 17,127,024 virus reads (accounting for 
4.109% of the total). Species richness was determined by analyzing species rarefaction 
and accumulation curves, which revealed that the observed viral species in the majority 
of 197 libraries had leveled off. Thus, we conclude that the current sequencing depth 
has covered the entirety of the virus species present in the collected samples. Even with 
additional sequencing data, the diversity of viral species cannot be further increased 
(Fig. 1A). As the number of samples increased, the species accumulation curves gradually 
smoothed, indicating that the sample size collected in this study was adequate and 
representative of the study as a whole (Fig. 1B). And the accumulation curves showed 
more than 800 different viruses in 197 libraries.

The analysis identified 11 different virus families and 2 unclassified groups for a total 
of 203 viral genome sequences, including 158 DNA viruses and 35 RNA viruses known 
to infect and potentially vertebrate species—Anelloviridae (n = 13), Circoviridae (n = 19), 
Genomoviridae (n = 46), Parvoviridae (n = 45), Smacoviridae (n = 8), unclassified circular 
Rep-encoding single-stranded DNA (CRESS-DNA) viruses (n = 19), Vilyaviridae (n = 7), 
Polyomaviridae (n = 1), Coronaviridae (n = 1), Astroviridae (n = 18), Hepeviridae (n = 1), and 
Picornaviridae (n = 14)—while the remaining 11 genomes were unclassified viruses (n = 
11).

Diversity analysis of virus communities

A heatmap was constructed to investigate the dissimilarities in the viral composition of 
individual libraries. This heatmap was based on the viral family level, sampling region, 
and nucleic acid type of 197 libraries’ viral genome sequences. The resulting data, which 
were log-transformed, showed that 78 virus families, including 28 dsDNA virus families, 
12 ssDNA virus families, 25 ssRNA (+) virus families, 4 ssRNA (−) virus families, 3 ssRNA 
(RT) virus families, and 6 dsRNA virus families were present in the 197 libraries (Fig. 2A). 
Of these libraries, 102 were from Guoluo and 95 were from Yushu. The largest amount 
of Siphoviridaevirus reads was 1,509,845 (26.41%) in the Guoluo group, while the largest 
amount of viral reads was 2,019,571 (33.94%) in the Yushu group, and the number of viral 
reads of Virgaviridae was only 742,161 (12.98%) in the Guoluo group, demonstrating a 
clear difference in canine enterovirus composition between the two regions. The amount 
of Siphoviridae virus reads in the Yushu group was 1,517,068 (25.50%), indicating that 
the same segments existed in the canine enterovirus composition in the two regions. 
Genomoviridae had 767,762 reads (12.90%) in the Yushu group but only 277,230 reads 
(4.85%) in the Guoluo group. There were obvious differences in the amount of virus reads 
among the sameSiphoviridae, Picornaviridae, Parvoviridae, and similar amounts between 
Myoviridae and Microviridae. The relative abundance plots demonstrated that the small 
fractions of canine digestive tract virus composition were similar in the two regions of 
Guoluo and Yushu. However, the differences were obvious (Fig. 2B). To further investigate 
the differences in the composition of the viral communities from the canine digestive 
tract between the two regions, alpha diversity analysis and beta diversity analysis were 
performed on the viral communities from the two regions. In the alpha diversity analysis, 
a significant difference in the viral community was observed between the Guoluo group 
and the Yushu group, as the P value was far from 0.05 (Fig. 2C). In beta diversity analysis, 
the r value greater than 0 indicated that the distance within the group was less than the 
distance between the groups, suggesting a significant difference in grouping, which was 
supported by the P value (0.001) less than 0.05 (Fig. 2D). These results indicate that the 
differences in viral composition between the two regions are statistically significant.
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FIG 1 The diversity of viral species in the 197 libraries. (A) The resulting species rarefaction curves were plotted after log-scale transformation of the raw data in 

Megan v6.21.16 software. (B) Accumulation curve of viral species in canine metagenomes. Individual box plots correspond to the richness values of the samples, 

with light blue areas representing 95% confidence intervals.

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 6

https://doi.org/10.1128/msphere.00345-23


FIG 2 Statistical analysis of enterovirus communities. (A) Heatmap was constructed after transforming read counts per virus 

family in individual libraries on a log10 scale. Nucleic acid types, virus families, and sampling region groupings are annotated 

with different colors (see color legend). (B) Bar chart by virus database by geography showing the relative proportion and 

taxonomy based on viral families. (C) Viruses to be compared were normalized using Megan prior to the comparison of 

virus alpha diversity, and the virus abundance (family level) of the Guoluo Group and Yushu group, which were divided 

into different sampling regions, was measured using the Shannon index. The P value was calculated using the Wilcoxon 

test. (D) Viruses to be compared were normalized using Megan prior to the comparison of virus beta diversity, principal 

co-ordinates analysis (PCoA) analysis of Guoluo Group and Yushu Group at the family level. R was more than 0, which 

indicated that there were differences between the groups. Studies were considered statistically significant when the P value 

was less than 0.05.
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Canine Astroviridae

Astroviruses are single-stranded positive RNAs, and the genomes are divided into three 
overlapping ORFs (37, 38). Astroviruses can infect a wide range of mammals and birds 
(39). In this investigation, the 752,794 reads obtained from sequencing were identified 
and reassembled, resulting in the acquisition of 18 nearly complete astrovirus genomes 
through alignment with the NCBI GenBank database using BLASTx data. In order to 
be able to analyze the relationship between the newly discovered genome and other 
known astroviruses, the respective phylogenetic analysis trees were constructed based 
on the capsid protein (Fig. 3A) and RdRp protein sequences (Fig. 3B), respectively. Overall, 
although the capsid protein-based phylogenetic analysis tree shares a similar topology 
to the RdRp protein tree (e.g., Astroviridaedogfe316c2full, Astroviridaedogfe326c1full, 
AstroviridaeDogfe337C1full), certain strains do not occupy the same positions in 
the tree based on capsid proteins and RdRp (e.g., AstroviridaeDogfe316C1full, Astro­
viridaeDogfe319C1full, AstroviridaeDogfe360C10full), which can be attributed to the 
genomic reorganization performed. From the phylogenetic analysis trees (Fig. 3A 
and B), it can be seen that there are likely evolutionary relationships between the 
astrovirus genomes of new-onset dogs (e.g., AstroviridaeDogfe326C1full, Astroviridae­
Dogfe326C3full) and those present in vivo in various mammals (e.g., murine, bovine, 
swine). And part of the canine astrovirus genomes (e.g., AstroviridaeDogfe352C7full, 
AstroviridaeDogfe376C1full) and part of the human astrovirus genomes belong to the 
same genus and may have shared evolutionary ancestry. These findings suggest that 
astroviruses have a broad range of transmission among mammalian species, highlight­
ing the potential risk of canine astroviruses for human infection. The family Astroviri­
dae at the International Committee on Taxonomy of Viruses (ICTV) determined that 
viruses should be considered as members of the same species if the genetic distance 
between the host and the amino acid sequence of the capsid protein (p distance) 
is >75% identity (40). The four astroviruses, AstroviridaeDogfe319C1full, Astroviridae­
Dogfe360C10full, AstroviridaeDogfe365C2full, and AstroviridaeDogfe380C1full, clustered 
together and shared less than 50% identity, indicating that they may belong to a new 
genus. AstroviridaeDogfe337c1full, on the other hand, clustered separately and shared 
less than 50% identity, suggesting that it may be a new species.

Canine Coronaviridae

Coronaviruses are single-stranded RNA genomes with a size of about 26–32 kb (41). 
Coronavirus was discovered in post-1960 to be transmissible and cause disease in 
animals and humans, with three large outbreaks in human society, respectively, severe 
acute respiratory syndrome in 2002, Middle East respiratory syndrome in 2012, and 
coronavirus disease (COVID-19) in 2019 (42–44). Three large-scale outbreaks, all of 
which were coronavirus transmission to humans via animals, raised serious public safety 
concerns and demonstrated its robust cross-species transmission and ability to adapt to 
human hosts, so that surveillance and research on animals harboring coronaviruses such 
as bats are warranted (45). The 916 reads obtained from sequencing were identified and 
assembled, and subsequently aligned with the NCBI GenBank database using BLASTx 
data. This process yielded one nearly complete coronavirus genome. To enable analysis 
of the difference between the newly discovered genome and other known coronavi­
ruses, a phylogenetic analysis tree was prepared to be constructed. Since coronaviruses 
are enveloped viruses, the spike protein catalyzes and induces neutralizing antibody 
responses, the key first step in the virus-infected host, and therefore, is an important 
target for diagnosis, therapy, and vaccine development. A phylogenetic analysis of the 
coronavirus tree is based on the spike protein sequence (46). CoronaviridaeDogfe319 
is 92.29% identical at the amino acid level to the coronavirus of Eothenomys miletus 
(GenBank no. MT820627) collected in China in 2020, which are considered to have 
a common ancestor and similar in structure and function. Phylogenetic analysis tree 
diagrams illustrate that the canine-derived coronaviruses share a common ancestor with 

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 8

https://www.ncbi.nlm.nih.gov/nuccore/MT820627.1/
https://doi.org/10.1128/msphere.00345-23


FIG 3 Phylogenetic relationship of Astroviridae. (A) Bayesian inference tree based on amino acid sequences of capsid of viruses belonging to Astroviridae. 

(B) Phylogenetic tree based on RdRp protein. The Bayesian inference tree based on amino acid sequences of RdRp of viruses belonging to Astroviridae. Red 

represents sequences from this study. The scale bar represents the length of the unit representing the value of the difference between organisms or sequences, 

equivalent to the scale of an evolutionary tree.
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the partly murine-derived coronaviruses, which are more distant from those of bat origin 
(Fig. 4).

Canine Hepeviridae

Hepatitis E viruses (HEVs) are single-stranded RNAs with a molecular weight of approxi­
mately 7.2 kb and have three ORFs (47). Hepatitis E viruses infect a variety of animals 
(e.g., pigs, sheep, bats, and birds) and humans (48). Hepatitis E viruses can spread 
through four different methods: vertical transmission, zoonotic transmission, transfusion 
transmission, and waterborne transmission. Previous studies have shown that dogs have 
not been infected with hepatitis E virus. Remarkably, our study is the first to demonstrate 
that dogs can be infected with hepatitis E virus. The 299 reads obtained from the 
research identification and recombination sequencing were then compared with the 
NCBI GenBank database using BLASTx data to obtain a roughly complete hepatitis E 
virus. In order to analyze the relationship between the newly discovered genome and 
other known hepatitis E viruses, an amino acid phylogenetic analysis tree based on RdRp 
was constructed. HepeviridaeDogfe360 has 85.40% identity at the RdRp amino acid level 
with hepatitis E virus (GenBank no. ATY47671) collected in 2017 in rodents in China. 
According to the phylogenetic tree, the novel virus identified by our study is the closest 
relative to the hepatitis E virus kindred of murine origin, and within the genus, it can only 
be classified as unclassified within the Hepeviridae (Fig. 5).

Canine Polyomaviridae

Since the first discovery of polyomavirus in mice in 1953, multiple polyomaviruses have 
now been discovered that can infect both mammals and humans (e.g., rabbit polyoma­
virus, BK virus) (49, 50). Polyomaviruses are circular double-stranded deoxyribonucleic 
acids, approximately 5 kb in length, nonenveloped viruses that do not cause disease in 

FIG 4 Phylogenetic relationship of Coronaviridae. A Bayesian inference tree was constructed based on the amino acid sequences of the coronavirus spike 

protein. Red represents sequences from this study. The scale bar represents the length of the unit representing the value of the difference between organisms or 

sequences, equivalent to the scale of an evolutionary tree.
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immunocompetent healthy individuals but are severe in markedly immunocompromised 
patients, potentially leading to cancer (51). In December 2015, the ICTV Polyomaviridae 
study group, in order to update the classification of the Polyomaviridae, established a 
new standard for defining and creating polyomavirus species based on the observed 
distance between large T antigen (LT-Ag) coding sequences (52). The newly discovered 
approximately complete polyomavirus and other known polyomaviruses were combined 
to construct a phylogenetic analysis tree based on the amino acid sequences of LT-Ag. 
The best match at the amino acid level of LT-Ag by PolyomaviridaeDogfe328C1 was 
the bat polyomavirus (GenBank no. MZ218055) (https://www.ncbi.nlm.nih.gov/nuccore/
MZ218055) identity of 68.36%. And as can be seen from the tree, Polyomaviridae­
dogfe328C1 also belongs to the unclassified order and is closest in distance to polyo­
maviruses of partial bat origin, both of which probably shared a common evolutionary 
ancestor (Fig. 6).

Canine Anelloviridae

Anelloviruses are single-stranded DNA viruses, whose genome size varies from 1.6 to 3.9 
kb with one long and two or three shorter ORFs (53, 54). Studies have found a large 
number of diverse anelloviruses, through which phylogenetic trees can be constructed 
with the complete open reading frame 1 (55). Anellovirus is highly prevalent and 
widely distributed in humans, where it has been found through numerous studies to 
have complex interactions with the human immune system, but there is currently no 
evidence for its direct involvement in any pathogenic process, so it belongs to the 
group of viruses that are potentially hazardous to human health (56). We identified and 
assembled 8,524 reads obtained from sequencing, obtained the genomes of 11 nearly 
complete anelloviruses, and then constructed a phylogenetic tree based on the amino 

FIG 5 Phylogenetic relationship of Hepeviridae. A Bayesian inference tree was constructed based on the amino acid sequences of the RdRp of Hepeviridae. Red 

represents sequences from this study. The scale bar represents the length of the unit representing the value of the difference between organisms or sequences, 

equivalent to the scale of an evolutionary tree.

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 11

https://www.ncbi.nlm.nih.gov/nuccore/MZ218055
https://doi.org/10.1128/msphere.00345-23


acid sequence of ORF1. By BLSATx comparison, we found that the genomes of these 
11 anelloviruses (e.g., AnelloviridaeDogfe389C1) were all more than 99% similarity to 
anellovirus of murine origin (GenBank no. UVD40854), considering that there might be a 
possibility of cross-species transmission. Meanwhile, from the tree, it is evident that the 
anelloviruses found in our study belong to unclassified genera and may share a common 
evolutionary ancestor with anellovirus of murine origin (Fig. 7).

Canine Picornaviridae

Picornaviruses are RNA viruses ranging from 6.7 to 10.1 kb in length (57). While infection 
with picornaviruses mostly does not cause disease and only a small subset causes severe 
disease of the central nervous system and the heart, the diseases caused by infection are 
not in the small number due to their ubiquitous presence and wide distribution among 
vertebrates (58). We characterized the 601,432 de novo reads obtained from sequencing 
and finally obtained a genome of 14 nearly complete picornaviruses, and then construc­
ted a phylogenetic analysis based on the amino acid sequences of the RdRp. It is evident 
from the tree that picornaviruses are widely distributed among various organisms and 
that the newly identified picornaviruses are not clustered together in the tree diagrams, 
being distributed among the various genera of the Picornaviridae (Fig. 8). By BLSATx 
comparison, the genes of the RdRp of the 14 picornaviruses showed greater than 
90% similarity, except for Picornaviridaedogfe341C2, Picornaviridaedogfe360C1, and 
Picornaviridaedogfe390C3, and among them. Picornaviridaedogfe442C1 was 99.33% 
identical to a canine-associated picornavirus (GenBank no. KU871312), while Picornaviri­
daedogfe449C1 was 99.11% identical to a canine-associated picornavirus (GenBank no. 
JN819204), both of which were also collected in Hong Kong, China, in 2008. Picornavir­
idaedogfe341C2 is 74.73% identical to picornavirus of rabbit (GenBank no. KT325852) 
collected in Hungary. Picornaviridaedogfe360C1 was 73.09% identical to picornavirus 
of murine (GenBank no. MZ544208) collected in Vietnam. Picornaviridaedogfe390C3 
has 75.00% identity with picornavirus of murine (GenBank no. MH976711) collected 

FIG 6 Phylogenetic relationship of Polyomaviridae. Amino acid sequences structure phylogenetic analysis tree based on LT-Ag of Polyomaviridae. Red represents 

sequences from this study. The scale bar represents the length of the unit representing the value of the difference between organisms or sequences, equivalent 

to the scale of an evolutionary tree.
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in China. Both Picornaviridaedogfe334C1 and Picornaviridaedogfe338C7 are more than 
98% identical to picornaviruses of bovines. This demonstrates that picornaviruses are 
widespread in the world and occur from plateaus to plains, with potential cross-regional 
and cross-species transmission.

Canine Parvoviridae

Parvoviruses are DNA viruses, approximately 4.5–5.5 kb in length, with three or four ORFs 
(59). The three main subfamilies of the Parvoviridae are the Parvovirinae, which infect 
vertebrates, the Densovirinae, which infect arthropods, and the Hamaparvovirinae, which 
infect both invertebrates and vertebrates (60, 61). Parvovirinae is classified into eight 
genera as follows: Erythroparvovirus, Dependoparvovirus, Protoparvovirus, Bocaparvovirus, 
Tetraparvovirus, Aveparvovirus, Copiparvovirus, and Amdoparvovirus; the first five genera 
can infect humans (62). We characterized and assembled 467,460 reads obtained from 
sequencing and ultimately obtained 45 nearly complete parvoviruses. To clearly identify 
the genera in which the emerging viruses are found, a clear phylogenetic analysis tree 
was constructed by building a phylogenetic tree based on the amino acid sequence 
of nonstructural protein 1 (NS1). The phylogenetic tree was divided into seven genera, 
three of which belong to Parvovirinae—Bocaparvovirus (n = 7), Dependoparvovirus (n = 
17), Protoparvovirus (n = 8), Chaphamaparvovirus (n = 2), unclassified Parvoviridae (n = 5), 
Ambidensovirus (n = 2), and unclassified Densovirinae (n = 4) (Fig. 9). NS1 sequences of 
32 canine Parvovirinae show homology between mammalian and avian sequences at the 
amino acid level. Parvoviridaedogfe384C2 is 99.55% identical to the feline panleukopenia 
virus of a lion (GenBank no. EU659113) collected in the United States. They may have a 
common ancestor, and Protoparvovirus may have undergone cross-species transmission. 
ParvoviridaeDogfe368C2 is 99.75% identical to the parvovirus of a bird (GenBank no. 
MV046412) collected in China. They may have a common ancestor, and unclassified 
Parvoviridae may have undergone cross-species transmission. The classification standard 
of viruses belonging to the Parvoviridae family is that members of the same genus 
should have at least 35%–40% amino acid sequence identity, and based on the coverage 
of NS1 protein >80%, if the NS1 protein of parvoviruses has more than 85% amino 
acid sequence identity, it can be considered as members of the same species (63). 

FIG 7 Phylogenetic relationship of Anelloviridae. Phylogenetic analysis tree based on ORF1 amino acid sequences structure of Anelloviridae. Red represents 

sequences from this study. The scale bar represents the length of the unit representing the value of the difference between organisms or sequences, equivalent 

to the scale of an evolutionary tree. Each color represents one genus in the legend. Purple represents the virus of canine origin.
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ParvoviridaeDogfe322C1 and ParvoviridaeDogfe362C9 in Bocaparvovirus form two new 
branches in the phylogenetic tree with identities of less than 60%, which are assumed 
to be novel species. ParvoviridaeDogfe340C1 in Bocaparvovirus forms one new branch 
in the phylogenetic tree with identities of less than 55%, which is assumed to be a 
novel species. The 11 parvoviruses clustered in Dependoparvovirus (e.g., Parvoviridae­
Dogfe346C1, ParvoviridaeDogfe385C1, ParvoviridaeDogfe383C2) formed a new cluster 
branch in the tree, and all share less than 70% identity, presuming that they compose a 
new genus.

Canine CRESS-DNA viruses

In recent years, with the development of viral metagenomics, an increasing number 
of unknown viruses have been identified, especially with a large number of unknown 
CRESS-DNA viruses in the animal digestive tract, and the ICTV continues to increase 
for the classification of CRESS-DNA viruses to meet the constantly newly discovered 
CRESS-DNA viruses (64). This study investigated CRESS-DNA viruses (including the 
Smacoviridae, Vilyaviridae, Circoviridae, Genomoviridae, and unclassified CRESS-DNA 
viruses) and unclassified viruses. We performed analysis on collected canine fecal 
samples, which yielded Circoviridae (n = 19), Genomoviridae (n = 46), Smacoviridae (n = 8), 
unclassified CRESS-DNA viruses (n = 19), Vilyaviridae (n = 7), and unclassified viruses (n = 
11). For these viruses, a phylogenetic tree was constructed based on their rep proteins. 
The 46 viral genome genes belonging to the Genomoviridae, some clustered together 
and some individually with known viruses, form a total of 20 clades (Fig. 10). The eight 
viral genomes that are classified under the Smacoviridae family have clustered together 
into five distinct clades. The species and genus standard demarcations for Smacoviridae 
were based on the whole genome and rep amino acid sequences with cutoffs of 77.0% 
and 40.0%, respectively (65). According to the above indicators, no new genus was found 
among these eight viruses. The 19 viral genomes, which belong to the family Circoviridae, 
have been found to segregate into seven distinct clades. CircoviridaeDogfe341C5 only 
had 39.09% identity, which can assume an unmet species. A large number of CRESS-DNA 
viruses were obtained in this study, but we found that when phylogenetic trees were 
constructed between these viruses and the known CRESS-DNA viruses, the boundaries 
of the partial CRESS-DNA viruses in terms of virus classification were not very clear. A 

FIG 8 Phylogenetic relationship of Picornaviridae. The phylogenetic analysis tree was constructed according to the structure of the RdRp amino acid sequences 

of Picornaviridae. Red represents the sequence of this study. The scale bar represents the length of the unit representing the value of the difference between 

organisms or sequences, equivalent to the scale of an evolutionary tree. Each color in the legend represents a genus.
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number of unclassified CRESS-DNA viruses and unclassified viruses were also identified 
in this study, contributing to the later classification of unclassified viruses with the 
possibility of new families or genera or species.

DISCUSSION

Emerging infectious diseases are becoming more prevalent for various reasons, such as 
the growing trend of globalization, climate change, and other factors. Zoonoses, which 

FIG 9 Phylogenetic relationship of Parvoviridae. A phylogenetic analysis tree was constructed based on the non-structural protein 1 (NS1) amino acid sequence 

structure of Parvoviridae. Each of the different colored dots in the legend represents a host organism, and the red dots represent this study. The scale bar 

represents the length of the unit representing the value of the difference between organisms or sequences, equivalent to the scale of an evolutionary tree.
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are diseases that can be transmitted from animals to humans, make up the majority of 
these emerging diseases. These diseases are the result of intricate interactions between 
animals and humans involving pathogens (66). Since their domestication, dogs have 
been valued as companion animals, providing humans with emotional support and 
assistance. The relationship between humans, companion animals, and the natural 
environment they share is complex, and recent studies have shown that viruses from 
companion animals can cause zoonotic diseases or transmit other diseases to livestock, 
leading to serious disruptions in human daily life and impacting physical and mental 
health (67). Rabies is a well-known zoonosis, with patient case fatality rates approaching 
100% and approximately 59,000 deaths annually worldwide (68). The virus is not limited 
to circulation among dogs alone but is also present among wild animals such as foxes 
and coyotes. To prevent the virus from spreading to other wild animals and triggering 
viral variants that may increase the risk of virus transmission to humans, measures must 
be taken. For instance, bat variant rabies caused a significant number of rabies cases 
between 1950 and 2007 (69). Although the natural reservoir of influenza A virus is not 
dogs, it is currently spillover to dogs due to the strong mutational capacity of viral genes 
(70). So research on the various viruses carried by dogs is imminent. A comprehensive 
understanding of all microbial communities of the canine digestive tract is possible 

FIG 10 Phylogenetic relationship of CRESS-DNA viruses. Phylogenetic analysis trees were constructed based on the amino acid sequences of Rep proteins for 

circoviruses, picornaviruses, and other CRESS-DNA viruses. Red represents this study. The scale bar represents the length of the unit representing the value of the 

difference between organisms or sequences, equivalent to the scale of an evolutionary tree.
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through viral metagenomic techniques, helping us to study the genetic structure of 
known or unknown viruses (22).

To explore the viral composition present in the digestive tract of canines and to 
uncover potential viral threats to human health, the study utilized a total of 1,970 
samples, comprising 1,020 canine fecal samples obtained from Guoluo and 950 from 
Yushu. The findings of the study were significant as they revealed the existence of 203 
viral genomes.

Hepatitis E viruses infect a variety of animals but have not yet been identified in 
dogs (48), and the new hepatitis E virus identified in this study demonstrates the first 
hepatitis E virus discovery in dogs. The transmission route of HEV consists of many, 
mainly through drinking contaminated water sources and eating raw or undercooked 
animals (71). As canines are carriers of HEV, their excretions can contaminate rivers and 
other water sources, posing a threat to the health of both humans and domesticated 
animals. Therefore, it holds immense importance to detect the presence of HEV in dogs, 
particularly in the plateau region of China, where living conditions and habits facilitate 
the transmission of HEV. Furthermore, Yushu and Guoluo are the main birthplaces of 
the Yangtze River Basin and Yellow River Basin in China (72, 73), which, if contaminated, 
would trigger drinking water problems for a large number of residents downstream, 
causing serious social harm.

Our study led to the discovery of numerous novel astroviruses, and we were able to 
establish a plausible evolutionary linkage between the newly identified astroviruses and 
those found in different mammalian species, based on a thorough phylogenetic analysis. 
Furthermore, by employing taxonomic mapping from the ICTV, we were able to define a 
new genus and species that are likely to emerge (40). Through phylogenetic analysis, we 
found that certain newly discovered astroviruses exhibit a close evolutionary relationship 
with human astroviruses. Considering that they may have the ability to transmit to 
human beings, further research should be carried out on the higher-order structure and 
function of their proteins in subsequent studies to investigate whether they really have 
the potential to infect human beings.

Our study revealed a significant number of newly discovered viruses that exhibit 
a high degree of identity with known viruses. Notably, a novel coronavirus of canine 
origin was identified, sharing 92.29% identity with a murine coronavirus (GenBank 
no. MT820627), demonstrating that the two share a common evolutionary ancestor. 
It demonstrated that different species can be transmitted after coronavirus varia­
tion, which has implications for studying cross-species transmission of coronaviruses. 
Furthermore, the 11 anelloviruses found in the study were all more than 99% similar to 
anellovirus of murine (GenBank no. UVD40854), considered likely to have the capacity 
for cross-species transmission, and demonstrated a high degree of variability in the 
anelloviruses. Both Picornaviridaedogfe334C1 and Picornaviridaedogfe338C7 are more 
than 98% identical to picornaviruses of bovines. Additionally, Picornaviridaedogfe449C1 
was 99.11% identical to picornavirus of canine (GenBank no. JN819204) collected in 
Hong Kong, China, in 2008. The high degree of identity of these viral sequences provides 
evidence that picornaviruses are widespread worldwide, from plateaus to plains, with the 
capacity for cross-regional and cross-species transmission. The discovery of these viruses 
helps us to study the origin of virus evolution and the direction of future evolution while 
providing evidence for virus cross-species transmission.

A total of 45 parvoviruses belonging to eight genera were identified in this study, 
of which viruses from three genera, Bocaparvovirus (n = 7), Dependoparvovirus (n = 
17), Protoparvovirus (n = 8), can infect humans (62). These 32 canine Parvovirinae show 
homology between mammalian and avian sequences at the amino acid level. Based 
on classification rules for Parvovirinae, we hypothesized three new species and one 
new genus. Moreover, greater than 99% identity with known viruses was also found 
in the newly identified Parvovirinae, which may demonstrate cross-species transmission 
of Parvovirinae. The present study also identified a number of CRESS-DNA viruses and 
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unclassified viruses, contributing to the later classification of unclassified viruses with the 
potential for the emergence of new families or genera or species.

In conclusion, this preliminary study of viruses isolated from the digestive tract of 
dogs in the plateau area identified 203 novel viral genomes in 1,970 samples. These 
viruses are divided into 11 known families and 2 unclassified groups. The genus and 
species of the new viruses were found in the digestive tract of these dogs, while the 
possibility of cross-species transmission of viruses was demonstrated. Our study enriched 
the viral community in the digestive tract microbiome of dogs and found types of viruses 
that threaten human health, providing technical support for the prevention and control 
of early warning of diseases caused by environmental contaminant viruses. However, we 
do not know much about the higher-order structure, physiological role, and pathogenic 
mechanism of the proteins of these viruses, and further experiments are needed to 
explore.

ACKNOWLEDGMENTS

This research was supported by National Key Research and Development Programs of 
China no. 2022YFC2603801 and Funding for Kunlun Talented People of Qinghai Province, 
High-end Innovation and Entrepreneurship talents—Leading Talents no. 202208170046.

W.Z. and B.N. designed the study and methods. X.J., Y.X., and W.Z. completed the 
data analysis. The paper's first draft was prepared by X.J. and substantially reviewed and 
revised by all authors.

The authors declare no competing interests.

AUTHOR AFFILIATIONS

1Department of Microbiology, School of Medicine, Jiangsu University, Zhenjiang, Jiangsu, 
China
2Qinghai Institute of Endemic Disease Prevention and Control, Xining, Qinghai, China
3Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, 
Shanghai, China

AUTHOR ORCIDs

Xiaojie Jiang  http://orcid.org/0009-0008-0979-7745

FUNDING

Funder Grant(s) Author(s)

MOST | National Key Research and Development 
Program of China (NKPs)

2022YFC2603801 Wen Zhang

Funding for Kunlun Talented People of Qinghai Province, 
High-end Innovation and Entrepreneurship talents - 
Leading Talents

202208170046 Wen Zhang

AUTHOR CONTRIBUTIONS

Xiaojie Jiang, Formal analysis, Software, Visualization, Writing – original draft, Writing – 
review and editing | Jia Liu, Data curation, Investigation | Yuan Xi, Visualization, Writing – 
original draft | Qing Zhang, Data curation, Methodology | Yongshun Wang, Methodology 
| Min Zhao, Visualization | Xiang Lu, Visualization | Haisheng Wu, Supervision | Tongling 
Shan, Investigation, Supervision | Bin Ni, Conceptualization, Data curation, Supervision | 
Xiao Ma, Supervision.

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 18

https://doi.org/10.1128/msphere.00345-23


DATA AVAILABILITY

The viral metagenomic data used to support the findings of this study have been 
deposited in the National Center for Biotechnology Information. The Sequence Read 
Archive (SRA) has received quality-filtered sequence reads that are listed under the 
BioProject ID PRJNA908720 and the BioSample ID SAMN32027925. All novel genes were 
accepted by the National Center for Biotechnology Information. The serial numbers 
were OQ198019–OQ198039, OQ198041–OQ198053, OQ198055–OQ198084, OQ198086–
OQ198190, OQ198192–OQ198195, OQ198197–OQ198199, OQ198202, OQ198204–
OQ198213, OQ198215, OQ198216, OQ198218–OQ198221, OQ198223–OQ198231, and 
OQ686762. There were no access restrictions.

REFERENCES

1. Call L, Nayfach S, Kyrpides NC. 2021. Illuminating the virosphere through 
global metagenomics. Annu Rev Biomed Data Sci 4:369–391. https://doi.
org/10.1146/annurev-biodatasci-012221-095114

2. Whitman WB, Coleman DC, Wiebe WJ. 1998. Prokaryotes: the unseen 
majority. Proc Natl Acad Sci U S A 95:6578–6583. https://doi.org/10.
1073/pnas.95.12.6578

3. Wobus CE, Nguyen TH. 2012. Viruses are everywhere—what do we do 
Curr Opin Virol 2:60–62. https://doi.org/10.1016/j.coviro.2011.12.006

4. Yüce M, Filiztekin E, Özkaya KG. 2021. COVID-19 diagnosis —a review of 
current methods. Biosens Bioelectron 172:112752. https://doi.org/10.
1016/j.bios.2020.112752

5. Lewis NS, Banyard AC, Whittard E, Karibayev T, Al Kafagi T, Chvala I, 
Byrne A, Meruyert Akberovna S, King J, Harder T, Grund C, Essen S, Reid 
SM, Brouwer A, Zinyakov NG, Tegzhanov A, Irza V, Pohlmann A, Beer M, 
Fouchier RAM, Akhmetzhan Akievich S, Brown IH. 2021. Emergence and 
spread of novel H5N8, H5N5 and H5N1 clade 2.3.4.4 highly pathogenic 
avian influenza in 2020. Emerg Microbes Infect 10:148–151. https://doi.
org/10.1080/22221751.2021.1872355

6. Hemachudha T, Ugolini G, Wacharapluesadee S, Sungkarat W, 
Shuangshoti S, Laothamatas J. 2013. Human rabies: neuropathogenesis, 
diagnosis, and management. Lancet Neurol 12:498–513. https://doi.org/
10.1016/S1474-4422(13)70038-3

7. Barbot O. New York city department of health and mental hygiene.
8. Gebreyes WA, Jackwood D, de Oliveira CJB, Lee C-W, Hoet AE, Thakur S. 

2020. Molecular epidemiology of infectious zoonotic and livestock 
diseases. Microbiol Spectr 8. https://doi.org/10.1128/microbiolspec.
AME-0011-2019

9. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, Daszak 
P. 2008. Global trends in emerging infectious diseases. Nature 451:990–
993. https://doi.org/10.1038/nature06536

10. Destoumieux-Garzón D, Matthies-Wiesler F, Bierne N, Binot A, Boissier J, 
Devouge A, Garric J, Gruetzmacher K, Grunau C, Guégan J-F, Hurtrez-
Boussès S, Huss A, Morand S, Palmer C, Sarigiannis D, Vermeulen R, 
Barouki R. 2022. Getting out of crises: environmental, social-ecological 
and evolutionary research is needed to avoid future risks of pandemics. 
Environ Int 158:106915. https://doi.org/10.1016/j.envint.2021.106915

11. Combs MA, Kache PA, VanAcker MC, Gregory N, Plimpton LD, Tufts DM, 
Fernandez MP, Diuk‐Wasser MA. 2022. Socio‐ecological drivers of 
multiple zoonotic hazards in highly urbanized cities. Global Change 
Biology 28:1705–1724. https://doi.org/10.1111/gcb.16033

12. Zhang M, Altan-Bonnet N, Shen Y, Shuai D. 2022. Waterborne human 
pathogenic viruses in complex microbial communities: environmental 
implication on virus infectivity, persistence, and disinfection. Environ Sci 
Technol 56:5381–5389. https://doi.org/10.1021/acs.est.2c00233

13. Bryce CM. 2021. Dogs as pets and pests: global patterns of canine 
abundance, activity, and health. Integr Comp Biol 61:154–165. https://
doi.org/10.1093/icb/icab046

14. Smith LM, Hartmann S, Munteanu AM, Dalla Villa P, Quinnell RJ, Collins 
LM. 2019. The effectiveness of dog population management: a 
systematic review. Animals (Basel) 9:1020. https://doi.org/10.3390/
ani9121020

15. Suchodolski JS. 2011. Intestinal microbiota of dogs and cats: a bigger 
world than we thought. Vet Clin North Am Small Anim Pract 41:261–272. 
https://doi.org/10.1016/j.cvsm.2010.12.006

16. Egert M, de Graaf AA, Smidt H, de Vos WM, Venema K. 2006. Beyond 
diversity: functional microbiomics of the human colon. Trends Microbiol 
14:86–91. https://doi.org/10.1016/j.tim.2005.12.007

17. Shanahan F, Ghosh TS, O’Toole PW. 2021. The healthy microbiome—
what is the definition of a healthy gut microbiome Gastroenterology 
160:483–494. https://doi.org/10.1053/j.gastro.2020.09.057

18. Dillard BA, Chung AK, Gunderson AR, Campbell-Staton SC, Moeller AH. 
2022. Humanization of wildlife gut microbiota in urban environments. 
Elife 11:e76381. https://doi.org/10.7554/eLife.76381

19. Fu M-H, Wang X, Han S, Guan Y-Y, Bergquist R, Wu W-P. 2021. Advances 
in research on echinococcoses epidemiology in China. Acta Trop 
219:105921. https://doi.org/10.1016/j.actatropica.2021.105921

20. Tannock GW. 2001. Molecular assessment of intestinal microflora. Am J 
Clin Nutr 73:410S–414S. https://doi.org/10.1093/ajcn/73.2.410s

21. Chiu CY, Miller SA. 2019. Clinical metagenomics. Nat Rev Genet 20:341–
355. https://doi.org/10.1038/s41576-019-0113-7

22. Wang W-L, Xu S-Y, Ren Z-G, Tao L, Jiang J-W, Zheng S-S. 2015. Applica­
tion of metagenomics in the human gut microbiome. World J 
Gastroenterol 21:803–814. https://doi.org/10.3748/wjg.v21.i3.803

23. Hoyles L, McCartney AL, Neve H, Gibson GR, Sanderson JD, Heller KJ, van 
Sinderen D. 2014. Characterization of virus-like particles associated with 
the human faecal and caecal microbiota. Res Microbiol 165:803–812. 
https://doi.org/10.1016/j.resmic.2014.10.006

24. Conceição-Neto N, Zeller M, Lefrère H, De Bruyn P, Beller L, Deboutte W, 
Yinda CK, Lavigne R, Maes P, Van Ranst M, Heylen E, Matthijnssens J. 
2015. Modular approach to customise sample preparation procedures 
for viral metagenomics: a reproducible protocol for virome analysis. Sci 
Rep 5:16532. https://doi.org/10.1038/srep16532

25. Zhang W, Li L, Deng X, Kapusinszky B, Pesavento PA, Delwart E. 2014. 
Faecal virome of cats in an animal shelter. J Gen Virol 95:2553–2564. 
https://doi.org/10.1099/vir.0.069674-0

26. Zhang W, Li L, Deng X, Blümel J, Nübling CM, Hunfeld A, Baylis SA, 
Delwart E. 2016. Viral nucleic acids in human plasma pools. Transfusion 
56:2248–2255. https://doi.org/10.1111/trf.13692

27. Zhang W, Yang S, Shan T, Hou R, Liu Z, Li W, Guo L, Wang Y, Chen P, 
Wang X, Feng F, Wang H, Chen C, Shen Q, Zhou C, Hua X, Cui L, Deng X, 
Zhang Z, Qi D, Delwart E. 2017. Virome comparisons in wild-diseased 
and healthy captive giant pandas. Microbiome 5:90. https://doi.org/10.
1186/s40168-017-0308-0

28. Liu Z, Yang S, Wang Y, Shen Q, Yang Y, Deng X, Zhang W, Delwart E. 
2016. Identification of a novel human papillomavirus by metagenomic 
analysis of vaginal SWAB samples from pregnant women. Virol J 13:122. 
https://doi.org/10.1186/s12985-016-0583-6

29. Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein alignment 
using DIAMOND. Nat Methods 12:59–60. https://doi.org/10.1038/nmeth.
3176

30. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, 
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, Meintjes 
P, Drummond A. 2012. Geneious basic: an integrated and extendable 
desktop software platform for the organization and analysis of sequence 
data. Bioinformatics 28:1647–1649. https://doi.org/10.1093/bioinfor­
matics/bts199

31. Deng X, Naccache SN, Ng T, Federman S, Li L, Chiu CY, Delwart EL. 2015. 
An ensemble strategy that significantly improves de novo assembly of 

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 19

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA908720
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN32027925
https://www.ncbi.nlm.nih.gov/nuccore/OQ198019.1/
https://www.ncbi.nlm.nih.gov/nuccore/OQ198039
https://www.ncbi.nlm.nih.gov/nuccore/OQ198041.1/
https://www.ncbi.nlm.nih.gov/nuccore/OQ198053
https://www.ncbi.nlm.nih.gov/nuccore/OQ198055
https://www.ncbi.nlm.nih.gov/nuccore/OQ198084
https://www.ncbi.nlm.nih.gov/nuccore/OQ198086
https://www.ncbi.nlm.nih.gov/nuccore/OQ198190
https://www.ncbi.nlm.nih.gov/nuccore/OQ198192
https://www.ncbi.nlm.nih.gov/nuccore/OQ198195
https://www.ncbi.nlm.nih.gov/nuccore/OQ198197
https://www.ncbi.nlm.nih.gov/nuccore/OQ198199
https://www.ncbi.nlm.nih.gov/nuccore/OQ198202
https://www.ncbi.nlm.nih.gov/nuccore/OQ198204
https://www.ncbi.nlm.nih.gov/nuccore/OQ198213
https://www.ncbi.nlm.nih.gov/nuccore/OQ198215
https://www.ncbi.nlm.nih.gov/nuccore/OQ198216
https://www.ncbi.nlm.nih.gov/nuccore/OQ198218
https://www.ncbi.nlm.nih.gov/nuccore/OQ198221
https://www.ncbi.nlm.nih.gov/nuccore/OQ198223
https://www.ncbi.nlm.nih.gov/nuccore/OQ198231
https://www.ncbi.nlm.nih.gov/nuccore/OQ686762
https://doi.org/10.1146/annurev-biodatasci-012221-095114
https://doi.org/10.1073/pnas.95.12.6578
https://doi.org/10.1016/j.coviro.2011.12.006
https://doi.org/10.1016/j.bios.2020.112752
https://doi.org/10.1080/22221751.2021.1872355
https://doi.org/10.1016/S1474-4422(13)70038-3
https://doi.org/10.1128/microbiolspec.AME-0011-2019
https://doi.org/10.1038/nature06536
https://doi.org/10.1016/j.envint.2021.106915
https://doi.org/10.1111/gcb.16033
https://doi.org/10.1021/acs.est.2c00233
https://doi.org/10.1093/icb/icab046
https://doi.org/10.3390/ani9121020
https://doi.org/10.1016/j.cvsm.2010.12.006
https://doi.org/10.1016/j.tim.2005.12.007
https://doi.org/10.1053/j.gastro.2020.09.057
https://doi.org/10.7554/eLife.76381
https://doi.org/10.1016/j.actatropica.2021.105921
https://doi.org/10.1093/ajcn/73.2.410s
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.3748/wjg.v21.i3.803
https://doi.org/10.1016/j.resmic.2014.10.006
https://doi.org/10.1038/srep16532
https://doi.org/10.1099/vir.0.069674-0
https://doi.org/10.1111/trf.13692
https://doi.org/10.1186/s40168-017-0308-0
https://doi.org/10.1186/s12985-016-0583-6
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1128/msphere.00345-23


microbial genomes from metagenomic next-generation sequencing 
data. Nucleic Acids Res 43:e46–e46. https://doi.org/10.1093/nar/gkv002

32. Skewes-Cox P, Sharpton TJ, Pollard KS, DeRisi JL, Tse H. 2014. Profile 
hidden markov models for the detection of viruses within metagenomic 
sequence data. PLoS ONE 9:e105067. https://doi.org/10.1371/journal.
pone.0105067

33. Huson DH, Auch AF, Qi J, Schuster SC. 2007. MEGAN analysis of 
metagenomic data. Genome Res 17:377–386. https://doi.org/10.1101/gr.
5969107

34. Kumar S, Stecher G, Li M, Knyaz C, Tamura K, Battistuzzi FU. 2018. MEGA 
X: molecular evolutionary genetics analysis across computing platforms. 
Mol Biol Evol 35:1547–1549. https://doi.org/10.1093/molbev/msy096

35. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, 
Larget B, Liu L, Suchard MA, Huelsenbeck JP. 2012. MrBayes 3.2: efficient 
bayesian phylogenetic inference and model choice across a large model 
space. Syst Biol 61:539–542. https://doi.org/10.1093/sysbio/sys029

36. Shan T, Yang S, Wang H, Wang H, Zhang J, Gong G, Xiao Y, Yang J, Wang 
X, Lu J, Zhao M, Yang Z, Lu X, Dai Z, He Y, Chen X, Zhou R, Yao Y, Kong N, 
Zeng J, Ullah K, Wang X, Shen Q, Deng X, Zhang J, Delwart E, Tong G, 
Zhang W. 2022. Virome in the cloaca of wild and breeding birds revealed 
a diversity of significant viruses. Microbiome 10:60. https://doi.org/10.
1186/s40168-022-01246-7

37. Méndez E, Murillo A, Velázquez R, Burnham A, Arias CF. 2012. Replication 
cycle of astroviruses, p. 19–45. In Schultz-Cherry, S (ed.), Astrovirus 
research. Springer New York, New York, NY.

38. Marvin SA, Huerta CT, Sharp B, Freiden P, Cline TD, Schultz-Cherry S. 
2016. Type I interferon response limits astrovirus replication and 
protects against increased barrier permeability in vitro and in vivo. J Virol 
90:1988–1996. https://doi.org/10.1128/JVI.02367-15

39. De Benedictis P, Schultz-Cherry S, Burnham A, Cattoli G. 2011. Astrovirus 
infections in humans and animals – molecular biology, genetic diversity, 
and interspecies transmissions. Infect Genet Evol 11:1529–1544. https://
doi.org/10.1016/j.meegid.2011.07.024

40. Donato C, Vijaykrishna D. 2017. The broad host range and genetic 
diversity of mammalian and avian Astroviruses. Viruses 9:102. https://doi.
org/10.3390/v9050102

41. Leao JC, Gusmao T de L, Zarzar AM, Leao Filho JC, Barkokebas Santos de 
Faria A, Morais Silva IH, Gueiros LAM, Robinson NA, Porter S, Carvalho A 
de A. 2022. Coronaviridae-old friends, new enemy! Oral Dis 28 Suppl 
1:858–866. https://doi.org/10.1111/odi.13447

42. Drosten C, Günther S, Preiser W, van der Werf S, Brodt H-R, Becker S, 
Rabenau H, Panning M, Kolesnikova L, Fouchier RAM, Berger A, 
Burguière A-M, Cinatl J, Eickmann M, Escriou N, Grywna K, Kramme S, 
Manuguerra J-C, Müller S, Rickerts V, Stürmer M, Vieth S, Klenk H-D, 
Osterhaus ADME, Schmitz H, Doerr HW. 2003. Identification of a novel 
coronavirus in patients with severe acute respiratory syndrome. N Engl J 
Med 348:1967–1976. https://doi.org/10.1056/NEJMoa030747

43. Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus ADME, Fouchier 
RAM. 2012. Isolation of a novel coronavirus from a man with pneumonia 
in Saudi Arabia. N Engl J Med 367:1814–1820. https://doi.org/10.1056/
NEJMoa1211721

44. Rabi FA, Al Zoubi MS, Kasasbeh GA, Salameh DM, Al-Nasser AD. 2020. 
SARS-CoV-2 and coronavirus disease 2019: what we know so far. 
Pathogens 9:231. https://doi.org/10.3390/pathogens9030231

45. Coronaviridae Study Group of the International Committee on 
Taxonomy of Viruses 等 . 2020. The species severe acute respiratory 
syndrome-rela.Pdf

46. Zhang J, Xiao T, Cai Y, Chen B. 2021. Structure of SARS-CoV-2 spike 
protein. Curr Opin Virol 50:173–182. https://doi.org/10.1016/j.coviro.
2021.08.010

47. Khuroo MS, Khuroo MS, Khuroo NS. 2016. Hepatitis E: discovery, global 
impact, control and cure. World J Gastroenterol 22:7030–7045. https://
doi.org/10.3748/wjg.v22.i31.7030

48. Smith DB, Simmonds P, Jameel S, Emerson SU, Harrison TJ, Meng X-J, 
Okamoto H, Van der Poel WHM, Purdy MA. 2014. Consensus proposals 
for classification of the family hepeviridae. J Gen Virol 95:2223–2232. 
https://doi.org/10.1099/vir.0.068429-0

49. HARTLEY JW, ROWE WP. 1964. New papovavirus contaminating shope 
papillomata. Science 143:258–260. https://doi.org/10.1126/science.143.
3603.258

50. Dalianis T, Garcea RL. 2009. Welcome to the polyomaviridae. Semin 
Cancer Biol 19:209–210. https://doi.org/10.1016/j.semcancer.2009.04.
002

51. Moens U, Calvignac-Spencer S, Lauber C, Ramqvist T, Feltkamp MCW, 
Daugherty MD, Verschoor EJ, Ehlers B. 2017. ICTV virus taxonomy profile: 
polyomaviridae. J Gen Virol 98:1159–1160. https://doi.org/10.1099/jgv.0.
000839

52. Calvignac-Spencer S, Feltkamp MCW, Daugherty MD, Moens U, 
Ramqvist T, Johne R, Ehlers B, Polyomaviridae Study Group of the 
International Committee on Taxonomy of Viruses. 2016. A taxonomy 
update for the family polyomaviridae. Arch Virol 161:1739–1750. https://
doi.org/10.1007/s00705-016-2794-y

53. Biagini P. 2009. Classification of TTV and related viruses (anelloviruses), p 
21–33. In Villiers EM, H zur Hausen (ed), TT viruses. Springer, Berlin 
Heidelberg, Berlin, Heidelberg. https://doi.org/10.1007/978-3-540-
70972-5

54. Webb B, Rakibuzzaman A, Ramamoorthy S. 2020. Torque teno viruses in 
health and disease. Virus Res 285:198013. https://doi.org/10.1016/j.
virusres.2020.198013

55. Varsani A, Opriessnig T, Celer V, Maggi F, Okamoto H, Blomström A-L, 
Cadar D, Harrach B, Biagini P, Kraberger S. 2021. Taxonomic update for 
mammalian anelloviruses (family anelloviridae). Arch Virol 166:2943–
2953. https://doi.org/10.1007/s00705-021-05192-x

56. Taylor LJ, Keeler EL, Bushman FD, Collman RG. 2022. The enigmatic roles 
of anelloviridae and redondoviridae in humans. Curr Opin Virol 
55:101248. https://doi.org/10.1016/j.coviro.2022.101248

57. Zell R. 2018. Picornaviridae—the ever-growing virus family. Arch Virol 
163:299–317. https://doi.org/10.1007/s00705-017-3614-8

58. Vos T, Allen C, Arora M, Barber RM, Bhutta ZA, Brown A, Carter A, Casey 
DC, Charlson FJ, Chen AZ, Coggeshall M, Cornaby L, Dandona L, Dicker 
DJ, Dilegge T, Erskine HE, Ferrari AJ, Fitzmaurice C, Fleming T, 
Forouzanfar MH, Fullman N, Gething PW, Goldberg EM, Graetz N, 
Haagsma JA, Hay SI, Johnson CO, Kassebaum NJ, Kawashima T, Kemmer 
L, Khalil IA, Kinfu Y, Kyu HH, Leung J, Liang X, Lim SS, Lopez AD, Lozano 
R, Marczak L, Mensah GA, Mokdad AH, Naghavi M, Nguyen G, Nsoesie E, 
Olsen H, Pigott DM, Pinho C, Rankin Z, Reinig N, Salomon JA, Sandar L, 
Smith A, Stanaway J, Steiner C, Teeple S, Thomas BA, Troeger C, Wagner 
JA, Wang H, Wanga V, Whiteford HA, Zoeckler L, Abajobir AA, Abate KH, 
Abbafati C, Abbas KM, Abd-Allah F, Abraham B, Abubakar I, Abu-Raddad 
LJ, Abu-Rmeileh NME, Ackerman IN, Adebiyi AO, Ademi Z, Adou AK, 
Afanvi KA, Agardh EE, Agarwal A, Kiadaliri AA, Ahmadieh H, Ajala ON, 
Akinyemi RO, Akseer N, Al-Aly Z, Alam K, Alam NKM, Aldhahri SF, 
Alegretti MA, Alemu ZA, Alexander LT, Alhabib S, Ali R, Alkerwi A, Alla F, 
Allebeck P, Al-Raddadi R, Alsharif U, Altirkawi KA, Alvis-Guzman N, 
Amare AT, Amberbir A, Amini H, Ammar W, Amrock SM, Andersen HH, 
Anderson GM, Anderson BO, Antonio CAT, Aregay AF, Ärnlöv J, Artaman 
A, Asayesh H, Assadi R, Atique S, Avokpaho E, Awasthi A, Quintanilla BPA, 
Azzopardi P, Bacha U, Badawi A, Balakrishnan K, Banerjee A, Barac A, 
Barker-Collo SL, Bärnighausen T, Barregard L, Barrero LH, Basu A, 
Bazargan-Hejazi S, Beghi E, Bell B, Bell ML, Bennett DA, Bensenor IM, 
Benzian H, Berhane A, Bernabé E, Betsu BD, Beyene AS, Bhala N, Bhatt S, 
Biadgilign S, Bienhoff K, Bikbov B, Biryukov S, Bisanzio D, Bjertness E, 
Blore J, Borschmann R, Boufous S, Brainin M, Brazinova A, Breitborde 
NJK, Brown J, Buchbinder R, Buckle GC, Butt ZA, Calabria B, Campos-
Nonato IR, Campuzano JC, Carabin H, Cárdenas R, Carpenter DO, Carrero 
JJ, Castañeda-Orjuela CA, Rivas JC, Catalá-López F, Chang J-C, Chiang P-
C, Chibueze CE, Chisumpa VH, Choi J-Y, Chowdhury R, Christensen H, 
Christopher DJ, Ciobanu LG, Cirillo M, Coates MM, Colquhoun SM, 
Cooper C, Cortinovis M, Crump JA, Damtew SA, Dandona R, Daoud F, 
Dargan PI, Neves J, Davey G, Davis AC, Leo DD, Degenhardt L, Gobbo 
LCD, Dellavalle RP, Deribe K, Deribew A, Derrett S, Jarlais DCD, 
Dharmaratne SD, Dhillon PK, Diaz-Torné C, Ding EL, Driscoll TR, Duan L, 
Dubey M, Duncan BB, Ebrahimi H, Ellenbogen RG, Elyazar I, Endres M, 
Endries AY, Ermakov SP, Eshrati B, Estep K, Farid TA, Farinha CS, Faro S, 
Farvid A, Farzadfar MS, Feigin F, Felson VL, Fereshtehnejad DT, Fernandes 
S-M, Fernandes JG, Fischer JC, Fitchett F, Foreman JRA, Fowkes K, Fox 
FGR, Franklin J, Friedman RC, Frostad J, Fürst J, Futran T, Gabbe ND, 
Ganguly B, Gankpé P, Gebre FG, Gebrehiwot T, Gebremedhin TT, 
Geleijnse AT, Gessner JM, Gibney BD, Ginawi KB, Giref IAM, Giroud AZ, 
Gishu M, Giussani MD, Glaser G, Godwin E, Gomez-Dantes WW, Gona H, 
Goodridge P, Gopalani A, Gotay SV, Goto CC, Gouda A, Grainger HN, 
Greaves R, Guillemin F, Guo F, Gupta Y, Gupta R, Gupta R, Gutiérrez V, 

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 20

https://doi.org/10.1093/nar/gkv002
https://doi.org/10.1371/journal.pone.0105067
https://doi.org/10.1101/gr.5969107
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1186/s40168-022-01246-7
https://doi.org/10.1128/JVI.02367-15
https://doi.org/10.1016/j.meegid.2011.07.024
https://doi.org/10.3390/v9050102
https://doi.org/10.1111/odi.13447
https://doi.org/10.1056/NEJMoa030747
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.3390/pathogens9030231
https://doi.org/10.1016/j.coviro.2021.08.010
https://doi.org/10.3748/wjg.v22.i31.7030
https://doi.org/10.1099/vir.0.068429-0
https://doi.org/10.1126/science.143.3603.258
https://doi.org/10.1016/j.semcancer.2009.04.002
https://doi.org/10.1099/jgv.0.000839
https://doi.org/10.1007/s00705-016-2794-y
https://doi.org/10.1007/978-3-540-70972-5
https://doi.org/10.1016/j.virusres.2020.198013
https://doi.org/10.1007/s00705-021-05192-x
https://doi.org/10.1016/j.coviro.2022.101248
https://doi.org/10.1007/s00705-017-3614-8
https://doi.org/10.1128/msphere.00345-23


Haile RA, Hailu D, Hailu AD, Halasa GB, Hamadeh YA, Hamidi RR, 
Hammami S, Hancock M, Handal J, Hankey AJ, Hao GJ, Harb Y, 
Harikrishnan HL, Haro S, Havmoeller JM, Hay R, Heredia-Pi RJ, 
Heydarpour IB, Hoek P, Horino HW, Horita M, Hosgood N, Hoy HD, Htet 
DG, Huang AS, Huang H, Huynh JJ, Iannarone C, Iburg M, Innos KM, 
Inoue K, Iyer M, Jacobsen VJ, Jahanmehr KH, Jakovljevic N, Javanbakht 
MB, Jayaraman M, Jayatilleke SP, Jee AU, Jeemon SH, Jensen P, Jiang PN, 
Jibat Y, Jimenez-Corona T, Jin A, Jonas Y, Kabir JB, Kalkonde Z, Kamal Y, 
Kan R, Karch H, Karema A, Karimkhani CK, Kasaeian C, Kaul A, Kawakami 
A, Keiyoro N, Kemp PN, Keren AH, Kesavachandran A, Khader CN, Khan 
YS, Khan AR, Khang EA, Khera Y-H, Khoja S, Khubchandani TAM, Kieling J, 
Kim C, Kim P, Kim C, Kim D, Kissoon YJ, Knibbs N, Knudsen LD, Kokubo 
AK, Kolte Y, Kopec D, Kosen JA, Kotsakis S, Koul GA, Koyanagi PA, 
Kravchenko A, Defo M, Bicer BK, Kudom BK, Kuipers AA, Kumar EJ, Kutz 
GA, Kwan M, Lal GF, Lalloo A, Lallukka R, Lam T, Lam H, Langan JO, 
Larsson SM, Lavados A, Leasher PM, Leigh JL, Leung J, Levi R, Li M, Li Y, 
Liang Y, Liu J, Liu S, Lloyd Y, Lo BK, Logroscino WD, Looker G, Lotufo KJ, 
Lunevicius PA, Lyons R, Mackay RA, Magdy MT, Razek M, Mahdavi AE, 
Majdan M, Majeed M, Malekzadeh A, Marcenes R, Margolis W, Martinez-
Raga DJ, Masiye J, Massano F, McGarvey J, McGrath ST, McKee JJ, 
McMahon M, Meaney BJ, Mehari PA, Mejia-Rodriguez A, Mekonnen F, 
Melaku AB, Memiah YA, Memish P, Mendoza ZA, Meretoja W, Meretoja A, 
Mhimbira TJ, Millear FA, Miller A, Mills TR, Mirarefin EJ, Mitchell M, Mock 
PB, Mohammadi CN, Mohammed A, Monasta S, Hernandez L, Montico 
JCM, Mooney M, Moradi-Lakeh MD, Morawska M, Mueller L, Mullany UO, 
Mumford E, Murdoch JE, Nachega ME, Nagel JB, Naheed G, Naldi A, 
Nangia L, Newton V, Ng JN, Ngalesoni M, Nguyen FN, Nisar QL, Pete MI, 
Nolla PMN, Norheim JM, Norman OF, Norrving RE, Nunes B, Ogbo BP, Oh 
FA, Ohkubo I-H, Olivares T, Olusanya PR, Olusanya BO, Ortiz JO, Osman A, 
Ota M, Pa E, Park M, Parsaeian E-K, de Azeredo Passos M, Caicedo VM, 
Patten AJP, Patton SB, Pereira GC, Perez-Padilla DM, Perico R, Pesudovs 
N, Petzold K, Phillips M, Piel MR, Pillay FB, Pishgar JD, Plass F, Platts-Mills 
D, Polinder JA, Pond S, Popova CD, Poulton S, Pourmalek RG, Prabha­
karan F, Prasad D, Qorbani NM, Rabiee M, Radfar RHS, Rafay A, Rahimi A, 
Rahimi-Movaghar K, Rahman V, Rahman M, Rahman MHU, Rai SU, Rajsic 
RK, Ram S, Rao U, Refaat P, Reitsma AH, Remuzzi MB, Resnikoff G, 
Reynolds S, Ribeiro A, Blancas AL, Roba MJR, Rojas-Rueda HS, Ronfani D, 
Roshandel L, Roth G, Rothenbacher GA, Roy D, Sagar A, Sahathevan R, 
Sanabria R, Sanchez-Niño MD, Santos IS, Santos JV, Sarmiento-Suarez R, 
Sartorius B, Satpathy M, Savic M, Sawhney M, Schaub MP, Schmidt MI, 
Schneider IJC, Schöttker B, Schwebel DC, Scott JG, Seedat S, Sepanlou 
SG, Servan-Mori EE, Shackelford KA, Shaheen A, Shaikh MA, Sharma R, 
Sharma U, Shen J, Shepard DS, Sheth KN, Shibuya K, Shin M-J, Shiri R, 
Shiue I, Shrime MG, Sigfusdottir ID, Silva DAS, Silveira DGA, Singh A, 
Singh JA, Singh OP, Singh PK, Sivonda A, Skirbekk V, Skogen JC, Sligar A, 
Sliwa K, Soljak M, Søreide K, Sorensen RJD, Soriano JB, Sposato LA, 
Sreeramareddy CT, Stathopoulou V, Steel N, Stein DJ, Steiner TJ, Steinke 
S, Stovner L, Stroumpoulis K, Sunguya BF, Sur P, Swaminathan S, Sykes 
BL, Szoeke CEI, Tabarés-Seisdedos R, Takala JS, Tandon N, Tanne D, 
Tavakkoli M, Taye B, Taylor HR, Ao BJT, Tedla BA, TerkawiAS, ThomsonAJ, 
Thorne-Lyman AL, ThriftAG, ThurstonGD, Tobe-GaiR, Tonelli M, Topor-
Madry R, Topouzis F, TranBX, Truelsen T, Dimbuene ZT, Tsilimbaris M, 
Tura AK, Tuzcu EM, Tyrovolas S, Ukwaja KN, Undurraga EA, Uneke CJ, 
Uthman OA, van Gool CH, Varakin YY, Vasankari T, Venketasubramanian 
N, Verma RK, Violante FS, Vladimirov SK, Vlassov VV, Vollset SE, Wagner 
GR, Waller SG, Wang L, Watkins DA, Weichenthal S, Weiderpass E, 
Weintraub RG, Werdecker A, Westerman R, WhiteRA, Williams HC, 
Wiysonge CS, Wolfe CDA, Won S, Woodbrook R, Wubshet M, Xavier D, Xu 
G, Yadav AK, Yan LL, Yano Y, Yaseri M, Ye P, Yebyo HG, Yip P, Yonemoto N, 
Yoon S-J, Younis MZ, Yu C, Zaidi Z, Zaki MES, Zeeb H, Zhou M, Zodpey S, 
Zuhlke LJ, Murray CJL. 2016. Global, regional, and national incidence, 

prevalence, and years lived with disability for 310 diseases and injuries, 
1990–2015: a systematic analysis for the global burden of disease study 
2015. Lancet 388:1545–1602. https://doi.org/10.1016/S0140-
6736(16)31678-6

59. Cotmore SF, Agbandje-McKenna M, Chiorini JA, Mukha DV, Pintel DJ, Qiu 
J, Soderlund-Venermo M, Tattersall P, Tijssen P, Gatherer D, Davison AJ. 
2014. The family parvoviridae. Arch Virol 159:1239–1247. https://doi.org/
10.1007/s00705-013-1914-1

60. Pénzes JJ, de Souza WM, Agbandje-McKenna M, Gifford RJ. 2019. An 
ancient lineage of highly divergent parvoviruses Infects both vertebrate 
and Invertebrate hosts. Viruses 11:525. https://doi.org/10.3390/
v11060525

61. Souza WM de, Romeiro MF, Fumagalli MJ, Modha S, de Araujo J, Queiroz 
LH, Durigon EL, Figueiredo LTM, Murcia PR, Gifford RJ. 2017. Chapparvo­
viruses occur in at least three vertebrate classes and have a broad 
biogeographic distribution. J Gen Virol 98:225–229. https://doi.org/10.
1099/jgv.0.000671

62. Mietzsch M, Pénzes JJ, Agbandje-McKenna M. 2019. Twenty-five years of 
structural parvovirology. Viruses 11:362. https://doi.org/10.3390/
v11040362

63. Pénzes JJ, Söderlund-Venermo M, Canuti M, Eis-Hübinger AM, Hughes J, 
Cotmore SF, Harrach B. 2020. Reorganizing the family parvoviridae: a 
revised taxonomy independent of the canonical approach based on 
host association. Arch Virol 165:2133–2146. https://doi.org/10.1007/
s00705-020-04632-4

64. Varsani A, Krupovic M. 2018. Smacoviridae: a new family of animal-
associated single-stranded DNA viruses. Arch Virol 163:2005–2015. 
https://doi.org/10.1007/s00705-018-3820-z

65. Krupovic M, Varsani A. 2021. A 2021 taxonomy update for the family 
smacoviridae. Arch Virol 166:3245–3253. https://doi.org/10.1007/
s00705-021-05224-6

66. Reaser JK, Clark EE, Meyers NM. 2008. All creatures great and minute: a 
public policy primer for companion animal zoonoses. Zoonoses Public 
Health 55:385–401. https://doi.org/10.1111/j.1863-2378.2008.01123.x

67. Hosie MJ, Hofmann-Lehmann R. 2022. Special issue: viral infections in 
companion animals. Viruses 14:320. https://doi.org/10.3390/v14020320

68. Pantha S, Subedi D, Poudel U, Subedi S, Kaphle K, Dhakal S. 2020. Review 
of rabies in Nepal. One Health 10:100155. https://doi.org/10.1016/j.
onehlt.2020.100155

69. De Serres G, Dallaire F, Côte M, Skowronski DM. 2008. Bat rabies in the 
United States and Canada from 1950 through 2007: human cases with 
and without bat contact. Clin Infect Dis 46:1329–1337. https://doi.org/
10.1086/586745

70. Borland S, Gracieux P, Jones M, Mallet F, Yugueros-Marcos J. 2020. 
“Influenza a virus infection in cats and dogs: a literature review in the 
light of the “one health” concept”. Front Public Health 8:83. https://doi.
org/10.3389/fpubh.2020.00083

71. Kamar N, Bendall R, Legrand-Abravanel F, Xia N-S, Ijaz S, Izopet J, Dalton 
HR. 2012. Hepatitis E. Lancet 379:2477–2488. https://doi.org/10.1016/
S0140-6736(11)61849-7

72. Zhang Z, Deng C, Dong L, Liu L, Li H, Wu J, Ye C. 2021. Microplastic 
pollution in the Yangtze River Basin: heterogeneity of abundances and 
characteristics in different environments. Environ Pollut 287:117580. 
https://doi.org/10.1016/j.envpol.2021.117580

73. Liu L, Zeng J, Wu X, Qu J, Li X, Zhang J, Han J. 2022. Review on ECO-
environment research in the Yellow River Basin: a bibliometric 
perspective. Int J Environ Res Public Health 19:11986. https://doi.org/10.
3390/ijerph191911986

Research Article mSphere

September/October 2023  Volume 8  Issue 5 10.1128/msphere.00345-23 21

https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1007/s00705-013-1914-1
https://doi.org/10.3390/v11060525
https://doi.org/10.1099/jgv.0.000671
https://doi.org/10.3390/v11040362
https://doi.org/10.1007/s00705-020-04632-4
https://doi.org/10.1007/s00705-018-3820-z
https://doi.org/10.1007/s00705-021-05224-6
https://doi.org/10.1111/j.1863-2378.2008.01123.x
https://doi.org/10.3390/v14020320
https://doi.org/10.1016/j.onehlt.2020.100155
https://doi.org/10.1086/586745
https://doi.org/10.3389/fpubh.2020.00083
https://doi.org/10.1016/S0140-6736(11)61849-7
https://doi.org/10.1016/j.envpol.2021.117580
https://doi.org/10.3390/ijerph191911986
https://doi.org/10.1128/msphere.00345-23

	Virome of high-altitude canine digestive tract and genetic characterization of novel viruses potentially threatening human health
	MATERIALS AND METHODS
	Canine sample collection
	Sample preparation and library construction
	Bioinformatics analysis
	Virus genome determination and PCR validation
	Analysis of viral communities
	Phylogenetic analysis
	Quality control

	RESULTS
	Overview of the canine virome
	Diversity analysis of virus communities
	Canine Astroviridae
	Canine Coronaviridae
	Canine Hepeviridae
	Canine Polyomaviridae
	Canine Anelloviridae
	Canine Picornaviridae
	Canine Parvoviridae
	Canine CRESS-DNA viruses

	DISCUSSION


