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Highlights: 38 

· 1725 game animals from five mammalian orders were surveyed for viruses 39 

· 71 mammalian viruses were discovered, 18 with a potential risk to humans 40 

· Civets harbored the highest number of potential ‘high risk’ viruses 41 

· A species jump of an alphacoronavirus from bats to a civet was identified 42 

· H9N2 influenza virus was detected in a civet and an Asian badger 43 

· Humans viruses were also identified in game animals  44 
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Abstract 45 

Game animals are wildlife species often traded and consumed as exotic food, and are 46 

potential reservoirs for SARS-CoV and SARS-CoV-2. We performed a meta-47 

transcriptomic analysis of 1725 game animals, representing 16 species and five 48 

mammalian orders, sampled across China. From this we identified 71 mammalian 49 

viruses, with 45 described for the first time. Eighteen viruses were considered as 50 

potentially high risk to humans and domestic animals. Civets (Paguma larvata) 51 

carried the highest number of potentially high risk viruses. We identified the 52 

transmission of Bat coronavirus HKU8 from a bat to a civet, as well as cross-species 53 

jumps of coronaviruses from bats to hedgehogs and from birds to porcupines. We 54 

similarly identified avian Influenza A virus H9N2 in civets and Asian badgers, with 55 

the latter displaying respiratory symptoms, as well as cases of likely human-to-56 

wildlife virus transmission. These data highlight the importance of game animals as 57 

potential drivers of disease emergence.  58 
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Introduction  59 

Mammalian game animals are wildlife or semi-wild animals that are commonly 60 

traded and consumed as exotic food in China and other Asian countries1-3.They 61 

include rodents (such as porcupines, bamboo rats and marmots), carnivores (such as 62 

civets, badgers and foxes), pangolins, hedgehogs and rabbits. These animals are 63 

normally either caught and raised locally or imported illegally from neighboring 64 

countries before being transferred to live animal (or “wet”) markets for trading1,3-7, 65 

and in recent decades there has been a major expansion in commercial wildlife 66 

farming operations and their species diversity. The Huanan Seafood Wholesale 67 

Market in Wuhan, to which many of the early COVID-19 cases were linked8, is a 68 

notable example of a live animal market. Poor hygiene conditions and close contact 69 

between animals and humans, as well as a wide mix of species within live animal 70 

markets and the restaurants they serve, make them ideal breeding ground for 71 

emerging infectious diseases.  72 

Unsurprisingly, consuming, capturing, processing and/or trading game animals has 73 

been linked to several important infectious disease outbreaks with grave public health 74 

consequences. Early cases of both SARS-CoV and SARS-CoV-2 were identified in 75 

animal handlers at animal markets in Guangdong9 and Hubei provinces8, respectively, 76 

and close relatives of SARS-CoV and SARS-CoV-2 have been identified in civets10, 77 

raccoon dogs10, and pangolins11-13. These are the most popular exotic game animals 78 

and subject to frequent trading and human consumption14, although their role as direct 79 

hosts for the transmission of these viruses to humans remains to be confirmed. In an 80 

analogous manner, Human immunodeficiency virus type I (HIV), the causative agent 81 

of AIDS, likely originated from the hunting or handing of carcasses of common 82 

chimpanzees in central-west Africa15-17. 83 

As game animals are frequently associated with important human diseases, it is of 84 

obvious importance to identify existing or potential pathogens within these species so 85 

they can be used to trace the origins of specific epidemics and provide a risk 86 

assessment of the most likely sources of future outbreaks. Since the first SARS-CoV 87 

outbreak in 2002/2003, virus discovery studies have been performed in a variety of 88 
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game animal species including civets, pangolins, marmots, and badgers. Initially, 89 

these studies utilized virus isolation, consensus PCR and Sanger sequencing 90 

approaches10,18-23, while in recent years more attention has been directed toward 91 

metagenomic next-generation sequencing (mNGS)24-27. In addition to SARS-like 92 

viruses, these studies have discovered several infectious agents that are of direct 93 

importance for human infection, such as Rotavirus A from civets and raccoon 94 

dogs28,29 and Hepatitis E virus in wild boar30. Both of these viruses are known to 95 

infect humans along with a wide range of mammalian hosts31-33. Despite this, there 96 

have been few systematic investigations of the virome in game animals, especially in 97 

China where their consumption is commonplace. For example, one study identified a 98 

virus commonly associated with pneumonia in rodents - Sendai virus - in pangolins, 99 

suggesting the epizootic potential of viruses in game animals24.  100 

Since the emergence of SARS-CoV in 2002 China has been the focus of intense 101 

viral surveillance in wildlife animals, and a number of SARS-CoV-2 related viruses 102 

have been discovered in bats34,35. However, with the exception of pangolins, there has 103 

been little investigation of game animals, even though they have close contact with 104 

humans and domestic animals and hence provide a link to other wildlife species. To 105 

help fill this gap we performed a systematic meta-transcriptomic (i.e. total RNA 106 

sequencing) virome investigation of 16 species of game animals representing five 107 

mammalian orders collected across China. Many of the species were investigated for 108 

the first time using a metagenomic framework. Our purpose was to reveal the 109 

diversity and abundance of vertebrate-associated viruses in these game animals and 110 

assess which species have the greatest potential for carrying viruses that could 111 

eventually emerge in human populations. 112 

 113 

Results  114 

Game animals studied 115 

Between 2017 and 2021 we performed a large-scale survey of viral pathogens in 116 

game animals commonly consumed as exotic food throughout China (Figure 1A). Of 117 

these animal samples, 98.55% (1700/1725) were collected after February 2020 and 118 
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hence concurrent with the COVID-19 pandemic. Only a subset of the pangolin 119 

samples (n = 11) were collected between 2017 to 2019.  120 

The total data comprised 1725 animals from 16 species representing five 121 

mammalian orders: Rodentia, Pholidota, Carnivora, Eulipotyphla and Lagomorpha 122 

(Figure 1B), including civets (P. larvata) that have been implicated in the emergence 123 

of SARS-CoV36. While most of these animals were maintained in artificial breeding 124 

sites that supply animal markets and zoos (Figure 1D, upper panel), some were 125 

obtained from their natural habitats. In addition, some animals had obvious signs of 126 

infectious disease and some even died during collection (Figure 1D, middle panel), 127 

presenting with such symptoms as paralysis in porcupines, anorexia and convulsion in 128 

pangolins, and influenza-like symptoms (nasal excretions) in Himalayan marmots 129 

(Figure 1C). Other animals exhibited no overt signs of disease. Respiratory and fecal 130 

samples were collected from these animals across 19 provinces in China (Figure 1D, 131 

bottom panel), which were subsequently organized into 181 pools according to 132 

species, location, health and living condition for meta-transcriptomic sequencing. This 133 

process yielded 172.36 billion nucleotide bases of sequence reads for virus discovery 134 

and characterization. 135 

 136 

Virome characterization 137 

Despite the very large number of viruses discovered, we focused on those 138 

associated with vertebrates, comprising: (i) vertebrate-specific viruses that exhibited 139 

relatively close phylogenetic relationships to virus families or genera already known 140 

to infect vertebrates, and (ii) vector-borne viruses previously associated with both 141 

vertebrates and arthropods. Other viruses likely associated with animal diet, co-142 

infecting parasites, or endosymbionts, were not considered further.  143 

A total of 71 vertebrate-associated viral species from 13 viral families were 144 

identified based on meta-transcriptomic sequencing and confirmed by RT-PCR and 145 

Sanger sequencing (Figure 2A). This comprised six species of DNA virus belonging 146 

to the genera Dependoparvovirus, Bocavirus, Protoparvovirus and Chapparvovirus of 147 

family Parvoviridae and 65 RNA virus species belonging to the genera/families 148 
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Picornaviridae, Astroviridae, Paramyxoviridae, Orthomyxoviridae, 149 

Orthopneumoviruis, Flaviviridae, Reoviridae, Coronaviridae, Caliciviridae, 150 

Tobaniviridae, Hepeviridae and Birnaviridae (Figure 2B). Among these, viruses of 151 

the Picornaviridae, Astroviridae and Flaviviridae were the most commonly detected 152 

and showed relative high abundance and prevalence in many animal species, whereas 153 

other viral families were more sporadically detected (Figure 2C). For example, 154 

coronaviruses were identified in bamboo rats, civets and hedgehogs, influenza viruses 155 

were identified in civets and Asian badgers, caliciviruses were identified in bamboo 156 

rats, rabbits, civets and Asian badgers, and the genera Orthorubulavirus 157 

(Paramyxoviridae) and Pestivirus (Flaviviridae) were mainly identified in pangolins 158 

(Figure 2C). Importantly, no viruses closely related to either SARS-CoV or SARS-159 

CoV-2 (or other sarbecoviruses) were detected in any of animals examined. 160 

 161 

Evolutionary history of vertebrate-associated viruses 162 

Phylogenetic analyses of the viruses identified here revealed that many had close 163 

evolutionary relationship (>80% nucleotide sequence identity) to virus species known 164 

to cause disease in other wildlife species, domestic animals or even humans, thereby 165 

greatly expanding their host range (Figure 3 and 4, Figure S1). In particular, viruses 166 

associated with human infection, namely Influenza A virus (subtype H9N2), Influenza 167 

B virus, Norovirus GII.17, Hepatitis E virus (HEV), Human parainfluenza virus 2 168 

(HPIV2), Rotavirus A and Mammalian orthoreovirus, were identified in game animals 169 

for the first time. Notably, we report the first identification of Influenza A virus H9N2 170 

and HEV in badgers and civets, respectively, while HPIV2, Norovirus GII.17 and 171 

Influenza B virus, previously thought to be human-specific, were detected in 172 

pangolins, civets and bamboo rats at moderate or high abundance (40.01-293198.54 173 

reads per million total reads (RPM)). 174 

We similarly identified cross-species transmission among animal viruses (Figure 175 

S1). Bat-associated coronavirus HKU8 was identified in a civet (98.66% amino acid 176 

sequence identity at RdRp protein); avian-associated coronavirus HKU17 was 177 

identified in porcupines (in both oral and fecal swabs, 94.27% identity); pig 178 
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associated Swine pneumovirus 57 was identified in pangolins (98.56% identity), 179 

bovine associated Bovine respirovirus 3 was identified in a rodent species – coypu 180 

(98.91%); and multiple Carnivore protoparvovirus lineages were identified in both 181 

Malayan and Chinese pangolins (96.60-99.89% identity). Interestingly, our data also 182 

suggested that Mangshi virus (genus Seadornavirus, Reoviridae), a mosquito-borne 183 

virus with unknown vertebrate host but possessing the replication capacity in 184 

vertebrate cell lines (i.e. a vector-borne virus), was identified in both porcupine and 185 

civet samples. The remaining viruses identified, such as Rabbit hemorrhagic disease 186 

virus (RHDV), Aichivirus A and Rodent coronavirus (Embecovirus), were more 187 

reflective of their known host range. 188 

In addition to existing viral species, we identified 45 previously undescribed 189 

putative viral species of vertebrates, the majority of which belonged to the families 190 

Picornaviridae (n=16), Astroviridae (n=9), and Flavivirdae (n=9), with others 191 

belonging to the Reoviridae (Coypu rotavirus, Coypu rotavirus B and Civet rotavirus 192 

D), Tobaniviridae (Porcupine nidovirus), and Caliciviridae (Asian badger vesivirus 193 

and Bamboo rat sapovirus) (Figure 3). Interestingly, some of the newly discovered 194 

viruses or virus groups, including Porcupine pegivirus, Pangolin pestivirus, Bamboo 195 

rat sapovirus, Mammalian enterovirus, and civet and coypu kobuviruses, had both 196 

high prevalence and abundance in their respective host species (Figure 2) and 197 

sometimes formed species-specific clusters (Figures 3 and 4). However, their disease 198 

manifestation and potential threat to humans is unclear. 199 

 200 

The virome of diseased game animals 201 

We further characterized the virome of sick and/or deceased animals, often using 202 

mixed tissue samples. For those animals with a clear record of clinical symptoms, the 203 

majority (13/26) were infected with at least one virus species, while others (6/26) 204 

were infected with two or more viruses (Figure 5A). Specifically, Influenza A virus 205 

H9N2 was detected in both Asian badgers presenting with respiratory symptoms; 206 

different combinations of Pangolin hunnivirus, Human orthorubulavirus 2, Swine 207 

pneumovirus 57, and a diverse group of pangolin pestiviruses were detected in 208 
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Malayan pangolins suffering from gastroenteritis, pneumonia and multiple organ 209 

hemorrhage; Bat coronavirus HKU8 and Norovirus GII.17 were simultaneously 210 

detected in a civet with diarrheal symptoms; and a novel pegivirus (Porcupine 211 

pegivirus) was detected in two Malayan porcupines exhibiting depressive-like 212 

behavior, paralysis and trichomadesis symptoms. Conversely, no viral pathogens were 213 

detected in some deceased animals that had no recorded clinical symptoms and hence 214 

an unknown cause of death, including masked civets (n=5), Asian badger (n=1), 215 

Chinese ferret-badger (n=1), hog badger (n=1), Pallas’s squirrel (n=1), Chinese 216 

pangolin (n=1) and Malayan pangolin (n=1). In addition to diseased animals, 217 

pathogens were also detected in seemingly healthy animals (Figure 5B). For example, 218 

Influenza A virus H9N2 was identified in a healthy civet, although the same virus may 219 

result in influenza-like symptoms in Asian badgers. Similarly, Hepatitis E virus, 220 

Mangshi virus, Parainfluenza virus 5 and Feline coronavirus were detected in healthy 221 

civets, and a common human pathogen, Influenza B virus, was detected in a 222 

seemingly healthy bamboo rat population (Figure 5B). 223 

 224 

Characterization of viruses at high emergence potential 225 

Among the 71 vertebrate-associated viruses identified here, we characterized the 226 

epidemiological patterns of 18 that we considered to pose a greater risk for infection 227 

of humans or other animal species. This risk assessment was simply based on 228 

perceived zoonotic potential (i.e. likely ability to infect humans) and/or tendency to 229 

jump species barriers and infect other animal hosts (Figure 6A). Most of these 230 

putative high-risk viruses exhibited a strong geographic structure, clustering 231 

according to Chinese province. For example, Bat coronavirus HKU8 was found in 232 

Hunan province, Bovine respirovirus 3 was found in Hebei province, and Influenza B 233 

virus was found in Zhejiang province, while Parainfluenza virus 5 was sampled in 234 

Yunnan province (Figure 6B). In contrast, several viruses had a wider geographical 235 

range. For example, Influenza A virus H9N2 was identified in Hebei province 236 

(northern China) and Guangxi province (southern China), while Rotavirus A was 237 

identified in Hubei province (central China), Jiangxi province (eastern China), and 238 
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Guangxi province (southern China) (Figure 6B). 239 

Several viruses exhibited high prevalence as well as signatures of cross-species 240 

transmission, appearing in multiple libraries within the same or different species. For 241 

example, Rotavirus A was detected in three animal species (Figure 6C), while 242 

Mangshi virus was discovered in both porcupines and civets, although human 243 

infection has not yet been identified.  244 

Finally, we compared the likelihood of different game animals carrying pathogens 245 

of greater potential zoonotic risk and the presence of these pathogens among different 246 

species (Figure 6D). Among the animals studied, civets carried the highest number of 247 

potentially high-risk viruses (n=6), followed by porcupines (n=4), coypus (n=3), 248 

bamboo rats (n=3) and Malayan pangolins (n=3). Hence, there is a risk of cross-249 

species transmission to other groups of game animals, and it is notable that Malayan 250 

and Chinese pangolins were not surveyed for viruses until very recently. 251 

 252 

Discussion 253 

We performed a large-scale survey of game animals that are commonly hunted or 254 

consumed for food in China, among which many species were examined for the first 255 

time and some have been banned by the Chinese Government for trading or artificial 256 

breeding since the onset of the COVID-19 pandemic. This analysis identified a wide 257 

diversity of both previously described and novel virus species, some of which may 258 

pose direct threat to human health. Notably, we did not identify any SARS-CoV-2-like 259 

or SARS-CoV-like sequences. This included in Malayan pangolins from which 260 

SARS-CoV-2-like viruses have previously been identified11,12,24. One explanation for 261 

the lack of pangolin SARS-like viruses in our samples is that previous virus-positive 262 

samples were all confiscated by the custom authorities in Guangdong and Guangxi 263 

provinces11,12,24,37, both of which were characterized by an intensive network of 264 

animal smuggling38,39. In contrast, our pangolin samples were obtained from Zhejiang 265 

province in eastern China which does not have an international border that would 266 

facilitate smuggling. Clearly, the ongoing surveillance of pangolins for zoonotic 267 

pathogens is of utmost importance. 268 
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Although no SARS-like viruses were identified in this study, we did identify a clear 269 

cross-species transmission event involving a bat-associated coronavirus that might 270 

seed a disease outbreak. Specifically, we identified a bat-associated virus - BatCoV-271 

HKU8 – in a civet that represents a different mammalian order (Carnivora). Genomic 272 

comparisons revealed a high sequence identity across most of the virus genome 273 

(>93.84% amino acid identity) with the exception of the N-terminal proportion of the 274 

S1 subunit of the spike protein (36.52-81.74% amino acid identity) that contained a 275 

receptor-binding domain (RBD) that might be associated with host adaptation. In 276 

addition, bird-to-porcupine (i.e., Sparrow coronavirus HKU17) and bat-to-hedgehog 277 

(Erinaceus amurensis hedgehog coronavirus HKU31, Ea-HedCoV HKU31) spill-278 

overs or host switches were also identified within the Coronaviridae. The former was 279 

also related to a swine virus (Porcine deltacoronavirus) recently identified in three 280 

Haitian children with acute undifferentiated febrile illness40. The latter clustered 281 

within the MERS-like virus group (Figure 3) that have previously been identified in 282 

Amur hedgehogs and European hedgehogs41,42, suggesting that hedgehogs are likely 283 

important reservoirs for MERS-like viruses. Collectively, we suggest that the cross-284 

species transmission from bats or avian hosts to game animals may represent a 285 

possible pathway for the virus to move from bats to humans. Indeed, bat-associated 286 

alpha- and beta- coronaviruses are notorious for being the ancestors for those viruses 287 

that cause disease outbreaks in humans, including SARS-CoV43,44, SARS-CoV-234, 288 

MERS-CoV45,46, HCoV-229E47,48 and HCoV-NL6349, although they commonly pass 289 

through so-called “intermediate” hosts such as civets and raccoon dogs for SARS-290 

CoVs10, camels for MERS-CoVs50, and alpacas for HCoV-229E51. As such, our study 291 

underlines the fact that coronaviruses are subject to relatively frequent host shifts 292 

from reservoir hosts to terrestrial mammals and therefore pose a direct threat to 293 

wildlife animal handlers or during food consumption. 294 

Another virus that might pose an immediate threat to human health is avian 295 

influenza virus H9N2 that has increased in prevalence in live poultry markets workers 296 

in China52. H9N2 has gradually replaced H5N6 and H7N9 as the most prevalent AIV 297 

subtype in both chickens and ducks53 and has caused numerous human infections in 298 
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China. Indeed, in comparisons to other currently circulating avian influenza viruses, 299 

H9N2 has clear potential to infect humans because almost all subtype H9 AIVs 300 

possess human-type receptor-binding ability54,55. Interestingly, the H9N2 virus 301 

identified here exhibited the 155T, 183N and 226L amino substitutions in the HA1 302 

receptor-binding domain (RBD) previously associated with human infection56. It is 303 

therefore of considerable significance that we detected H9N2 in two game animal 304 

species - Asian badgers and a civet from northern and southern China, respectively 305 

(Figure 6A and 6B). Furthermore, Asian badgers displayed obvious respiratory 306 

symptoms, suggesting a potential respiratory transmission route that increases the risk 307 

of disease transmission to humans.  308 

Our study also revealed that game animals are important hosts for viruses that are 309 

related to diseases in human and/or domestic animals. Not only did we sample 310 

common zoonotic pathogens such as Rotavirus A, hepatitis E virus, and Mammalian 311 

orthoreovirus, Parainfluenza virus 5 that are known be harbored by a wide range of 312 

mammalian hosts, but also viruses previously thought to be specific to certain 313 

mammalian host groups. For example, we present the first evidence of human 314 

pathogens such as Influenza B virus, Human parainfluenza virus 2, and Norovirus 315 

GII.17 in bamboo rats, Malayan pangolins, and civets, indicative of human-to-wildlife 316 

transmission. Of note, Influenza B viruses have previously been identified in other 317 

mammalian species including seals and pigs57,58 . Similarly, BatCoV-HKU8, Bovine 318 

respirovirus 3, Carnivore protoparvovirus and Influenza A virus H9N2, which are 319 

predominantly found in bats, cattle, carnivores, and avian hosts, respectively, were 320 

now detected in a wide range of game animals from different mammalian orders to 321 

their perceived reservoir host groups. It is currently unclear how these viruses are 322 

maintained in these game animal species compared to other hosts. Nevertheless, their 323 

capability to carry these viruses, even for a short period of time, may contribute to the 324 

virus transmission chains or the emergence of new variants. Indeed, the potential for 325 

game animals to act as a separate transmission chain might in part explain the 326 

sometimes sudden and unexpected emergence of new virus variants in humans or 327 

domestic animals, as observed in several norovirus outbreaks59. In addition, our 328 
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results show that these viruses were present in seemingly healthy animals and that 329 

there is ongoing transmission among different species of game animals (Figure 5). 330 

This will increase the likelihood of these animals acting as intermediate hosts and 331 

again highlights the risk of close contact with game animals. 332 

More broadly, our results provide important insights to those game animals and 333 

their viruses that might lead to the next pandemic or epizootic. Indeed, the viruses 334 

discovered in this study can be divided into two categories – those with restricted host 335 

range and those with the capability to infect animals from different mammalian orders 336 

and hence that seem able to overcome host genetic barriers. The latter category merits 337 

most attention as they underpin the great majority of human epidemics and 338 

pandemics. 339 

 340 

Material and methods 341 

Sample collection   342 

Sampling of game animals was performed between June 2017 and June 2021 at 343 

locations representing the natural habitat of animals, artificial breeding sites and zoos 344 

across 19 provinces in China. Accordingly, a total of 2595 samples from 1726 animal 345 

individuals and 16 species were obtained. These comprised: Hystrix brachyura 346 

(Malayan porcupine, n=379), Myocastor coypus (coypu, n=300), Rhizomys pruinosus 347 

(bamboo rat, n=349), Marmota himalayana (himalayan marmot, n=19), Cynomys 348 

ludovicianus (prairie dog, n=60), Callosciurus erythraeus (Pallas's squirrel, n=1), 349 

Sciurus vulgaris exalbidus (Siberian red squirrel, n=1) from the order Rodentia; 350 

Manis javanica (Malayan pangolin, n=20), Manis pentadactyla (Chinese pangolin, 351 

n=12) from the order Pholidota; Arctonyx collaris (hog badger, n=1), Meles leucurus 352 

(Asian badger, n=54), Melogale moschata (Chinese ferret-badger, n=1), Paguma 353 

larvata (civet, n=423),Alopex lagopus (Arctic fox, n=1) from the order Carnivora; 354 

Erinaceus amurensis (Amur hedgehog, n=24) from the order Eulipotyphla; and Lepus 355 

sinensis (Chinese hare, n=71) from the order Lagomorpha (Figure 1A and 1B). 356 

Pharyngeal, anal, nasal and fecal swabs were obtained from living animals, whereas 357 

tissue samples (heart, liver, spleen, lung, kidney, intestine, stomach) were obtained 358 
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from deceased animals. All animal specimens were kept in dry ice before transfer to a 359 

-80℃ freezer for storage.  360 

Host species information was initially identified by experienced field biologists 361 

upon capture based on morphological characteristics, then further confirmed by 362 

Sanger sequencing of the cytochrome b (CytB) gene60. The procedures for sampling 363 

and sample processing were approved by the ethics committee of Institute of Military 364 

Veterinary Medicine, Academy of Military Medical Sciences, Academy of Military 365 

Sciences (No. IACUC of AMMS-11-2020-012). 366 

 367 

RNA extraction, library preparation and sequencing  368 

Samples were pooled according to the species, location, health condition, feeding 369 

(living) condition, for subsequent RNA extraction and library construction. The total 370 

RNA from each pool was extracted using TRIzol® Reagent according to the 371 

manufacturer’s instructions (Invitrogen). Genomic DNA was subsequently removed 372 

using DNase I (Takara). Meta-transcriptome library preparation of each pool was 373 

carried out using the TruSeqTM Stranded Total RNA Sample Preparation Kit from 374 

Illumina (San Diego, CA) after removal of host ribosomal RNA using Illumina Ribo-375 

ZeroTM rRNA Removal Kits (San Diego, CA). Paired-end (150 bp) sequencing of 376 

each RNA library was performed using the Illumina Novaseq 6000 platform.   377 

 378 

Virus discovery and confirmation 379 

For each library, sequencing reads were first quality controlled using bbduk.sh 380 

(https://sourceforge.net/projects/bbmap/; parameters, maq=10 qtrim=r trimq=10 ftl=1 381 

minlen=90). The remaining reads were assembled de novo using MEGAHIT61 382 

(version 1.2.6) deploying default parameters. The assembled contigs were compared 383 

against the NCBI non-redundant protein database (nr) using Diamond blastx (version 384 

0.9.25.26)62. The E-value cut-off was set at 1E-3 to maintain high sensitivity at a low 385 

false-positive rate. Taxonomic lineage information was obtained for the top blast hit 386 

of each contig, and those classified under kingdom “Viruses” were identified as 387 

probable virus hits. Contigs with unassembled overlaps were merged using the 388 
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SeqMan program implemented in the Lasergene software package 7.1 (DNAstar)63. 389 

The final virus genomes were verified by mapping reads to the corresponding contigs 390 

and inspecting the mapping results using Geneious64. The presence of viruses was 391 

further verified using RT-PCR and nested RT-PCR on the original RNA samples using 392 

primer sets designed based on the viral genome sequences. The PCR products were 393 

then sequenced and compared with the original template. For incomplete viral 394 

genomes, the internal gaps were filled by RT-PCR and Sanger sequencing, whereas 395 

the genome termini were determined using RACE analyses. 396 

  Among the virus contigs described here, those likely associated with vertebrates, 397 

specifically vertebrate-specific viruses and vector-borne vertebrate viruses, were 398 

preliminarily identified based on the taxonomic lineage information of the blastx 399 

results and confirmed by phylogenetic analyses. Those grouping within a vertebrate-400 

specific or vector-borne virus family/genus/group were subsequently identified as 401 

vertebrate viruses. We employed a simplified criterion of <80% nucleotide identity at 402 

the whole viral genome level to assign new virus species which were then verified by 403 

detailed phylogenetic analysis (see below). 404 

 405 

Estimation of virus prevalence and abundance  406 

Each virus sequence was first assigned to specific virus species based on the level 407 

of sequence similarity to each other and to reference sequences. To estimate the 408 

relative abundance of each virus species in each library, quality-trimmed reads were 409 

firstly mapped to the SILIVA database (www.arb-silva.de, version 132.1) using 410 

Bowtie2 (version 2.3.5.1)65 to remove reads associated with ribosomal RNA. The 411 

unmapped reads were subsequently mapped to confirmed viral genomes using the 412 

“end-to-end” setting, and the abundance of each virus species was estimated as the 413 

number of mapped reads per million total reads (RPM) in each library. To limit false-414 

positives, we set the RPM greater than or equal to 10 as providing evidence for a 415 

positive virus hit. 416 

 417 

Evolutionary analysis 418 
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To infer the evolutionary history of all vertebrate-associated viruses here, we first 419 

assigned these viral sequences into their respective (vertebrate associated) viral family 420 

or genus based on the Diamond blastx results. The amino acids of viral replicase 421 

proteins (i.e. RNA viruses = RdRp domain; DNA viruses = major capsid protein) of 422 

these virus genomes were then aligned with those of related viruses downloaded from 423 

GenBank using MAFFT66 (version 7.475), employing the L-INS-I algorithm. 424 

Following sequence alignment, all ambiguous aligned regions were removed using 425 

TrimAL67 (version 1.2). Phylogenetic trees were then estimated for the sequence 426 

alignment of each family using the maximum likelihood method available in PhyML 427 

(version 3.1)68, employing the LG model of amino acid substitution and a subtree 428 

pruning and the regrafting (SPR) branch swapping algorithm. A similar procedure was 429 

utilized for intra-specific virus phylogenetic trees, with the exception that the greater 430 

sequence identity meant that genome-scale nucleotide sequences were used in 431 

sequence alignments and a general-time reversible (GTR) substitution model 432 

employed for phylogenetic inference.  433 
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Figure Legends 643 

Figure 1. Game animals analyzed in this study. (A) Circles on the map show the 644 

geographical locations in China where the game animals were surveyed (n=2595 645 

samples from 1725 individuals) during the period June 2017 to June 2021. Circle 646 

colors indicate the animal species according to the legend, and the Chinese provinces 647 

sampled are shown in shades of yellow. (B) Phylogenetic relationships of the game 648 

animal hosts surveyed here and related representative mammalian species. Circles 649 

denote the species included in this study, and stars highlight the phylogenetic position 650 

of humans. (C) Pictures of representative animals surveyed here. (D) Distribution of 651 

game animal samples by feeding condition (top panel), health condition (middle 652 

panel) and sampling province (bottom panel). 653 

 654 

Figure 2. Overview of game animal viromes. (A) The distribution and abundance of 655 

vertebrate-associated viruses in game animal species. The relative abundance of 656 

viruses in each library was calculated and normalized by the number of mapped reads 657 

per million total reads (RPM). To remove potential contamination, only viruses with 658 

an abundance RPM > 10 are shown. Animal feeding and health condition were 659 

recorded when sampling and reflected in the corresponding colors. Viral species from 660 

13 families are shown, with each family indicated by the colors on the heatmap. (B) 661 

Number of vertebrate-associated viral species in each family. (C) Prevalence (i.e., 662 

number of positive libraries) of each viral family in the animal species surveyed. 663 

Species with no vertebrate-associated viruses are not shown. 664 

 665 

Figure 3. Inter-specific phylogenetic relationships of 12 major vertebrate-666 

associated virus families. Each phylogenetic tree was estimated using a maximum 667 

likelihood method based on conserved viral proteins (RNA viruses = RdRp domain; 668 

DNA viruses = major capsid protein). All trees were midpoint-rooted for clarity only, 669 

and the scale bar indicates 0.5 amino acid substitutions per site. Bootstrap values are 670 

shown for major nodes. Within each phylogeny, the viruses newly identified here are 671 

marked by with solid circles and colored by animal host as shown in the key.  672 
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 673 

Figure 4. Intra-specific phylogenetic diversity of pathogenic human viruses 674 

identified in game animals. Each phylogenetic tree was estimated using a maximum 675 

likelihood method based on conserved viral proteins (influenza viruses = HA gene; 676 

other RNA viruses = RdRp domain). The trees were midpoint-rooted for clarity only, 677 

and the scale bar represents the number of nucleotide substitutions per site. For 678 

clarity, only support values > 75% are shown. Within each phylogeny, the names in 679 

black represented published viral genomes while the viruses newly identified here are 680 

marked by with solid circles and colored by animal hosts as shown in the key. Virus 681 

names indicate viral type (subtype), host species, sampling location, strain name and 682 

year, from left to right. 683 

 684 

Figure 5. Virome characterization in diseased game animals. (A) The distribution 685 

and abundance of vertebrate-associated viruses in diseased game animals. The relative 686 

abundance of each virus in each library was calculated and normalized by the number 687 

of mapped reads per million total reads (RPM). To reduce the possibility of 688 

contamination, only RPM > 10 are shown. Disease symptoms were recorded when 689 

sampling and classified into digestive (intestine and stomach related), respiratory 690 

(lung related and influenza-like), neurological (paralysis, convulsion and trauma) and 691 

other (spleen and liver related, injury, weakness, loss of appetite etc.) symptoms. 692 

Living status (i.e. dead or alive) was recorded when sampling and depicted by 693 

different colors. (B) Abundance comparisons between healthy and unhealthy game 694 

animals (see symbols) for 18 pathogenic viruses. 695 

 696 

Figure 6. Epidemiological patterns of “high-risk” viruses with the potential to 697 

infect humans or other mammals. (A) Host range of potential zoonotic viruses as 698 

indicated by the level of the number of mammalian orders infected. For known 699 

viruses, a statistical analysis of host range was conducted based on host species 700 

information retrieved from NCBI and expanded with the hosts newly identified here. 701 

For unknown viruses, a statistical analysis of host range was conducted based only on 702 
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the host species information obtained in this study. (B) Geographical locations of 703 

potential zoonotic viruses identified in this study. Any viruses shared between more 704 

than two hosts were included and regarded as potentially zoonotic viruses. (C) 705 

Distribution of potential zoonotic viruses in each host species. (D) Associations 706 

between potential zoonotic viruses and game species hosts. The size of the colored 707 

circles indicates the number of potential zoonotic viral species carried by each host 708 

species, while the thickness of the line indicates number of potential zoonotic viral 709 

species shared by each host species. 710 

 711 

Figure S1. Intra-specific phylogenetic diversity of non-human pathogenic viruses 712 

identified in game animals. Each phylogenetic tree was estimated using a maximum 713 

likelihood method based on conserved viral proteins (RNA viruses = RdRp domain; 714 

DNA viruses = Major capsid protein). The trees were midpoint-rooted with the scale 715 

bar denoting the number of nucleotide substitutions per site. For clarity, only 716 

bootstrap values > 75% are shown. Within each phylogeny, virus names in black 717 

represent published viral genomes while those newly identified here are marked by 718 

with solid circles and colored by animal host (see animal symbols in the legend bar). 719 

Virus names indicate viral type (subtype), host species, sampling location, strain name 720 

and year, from left to right. For HKU8 and the rodent coronavirus we specified the 721 

host as detailed as by the common name or Latin name. 722 

 723 
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 PIV5|Pig|South Korea|M129|2017
 PIV5|Pig|South Korea|KNU-11|2011

 PIV5|Snake|China|HB01|2019
 PIV5|Pig|South Korea|T399|2016

 PIV5|Canine|China|CC-14|2015
 PIV5|Calf|China|PV5-BC14|2014

 PIV5|Pig|Germany|SER|1998
 PIV5|Pig|South Korea|M197|2017

  PIV5|Civet|China|YN-NAT1|2020
 PIV5|Dog|USA|CPI+|1980
 PIV5|Dog|USA|CPI-|1980

 PIV5|Macaque|USA|W3A|1964
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 PIV5|Human|United Kingdom|MEL|1980
 PIV5|Human|United Kingdom|LN|1980
 PIV5|Human|United Kingdom|MIL|1980

 PIV5|Human|USA|AGS|1983
 PIV5|Horse|China|XJ033|2018

 PIV5|Human|China|L|2017
 PIV5|Bengal tiger|China|HMZ|2018

 PIV5|Pangolin|China|GD18|2017
 PIV5|Pig|China|DP2-1|2015
 PIV5|Amur tiger|China PIV5-SR|2015
 PIV5|Lesser panda|China|ZJQ-221|2015
 PIV5|Pangolin|China|CAN|2018

 PIV5|Dog|United Kingdom|H221|2012
 PIV5|Pig|South Korea|T220|2016
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