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A B S T R A C T   

Here, using viral metagenomic method a novel picornavirus (named UJS-2019picorna, GenBank 
accession number OP821762) was discovered in fecal and blood samples of experimental rabbits 
(Oryctolagus cuniculus). The complete genome size of UJS-2019picorna is 7832 bp excluding the 
poly(A)-tail, with GC content of 44.00% and a nucleotide composition of 28.0% A, 28.0% U, 
21.5% G, and 22.5% C. The viral genome has a typical picornavirus organization pattern from the 
5′-3′ direction: VPg-5′ UTR-(L)-P1, (VP4–VP2–VP3–VP1)–P2, (2 A-2B–2C)–P3, (3 A-3B–3C-3D)-3′

UTR-poly(A). The P1 region of UJS-2019picorna is related to Erbovirus with amino acid identity of 
37.31%, while the P2 and P3 regions are the closest to Bopivirus with amino acid identity of 
35.66%–39.53%. According to the Picornaviridae Study Group guidelines, UJS-2019picorna 
should be presumed to be a new genus belonging to the Picornaviridae family. Epidemiologic 
study revealed that this novel picornavirus was prevalent in a cohort of experimental rabbits, with 
prevalence rate of 23.68% (9/38) in feces and 18.4% (7/38) in blood samples. Further work is 
required to elucidate whether this virus is pathogenic to rabbits and whether it has influence on 
studies using rabbits as experimental animal.   

1. Introduction 

Thanks to the development and widespread application of sequencing technologies, the number of newly identified viruses has 
expanded rapidly in recent years, as is the number of known host species [1,2]. Members of the family Picornaviridae are spherical, 
non-enveloped, single-stranded positive-sense RNA viruses which infect vertebrates including fish, mammals, birds and even humans 
[3–5]. Numerous identified picornaviruses have been found in mammals and birds, but until now, novel picornaviruses have also been 
characterized in other animals such as amphibians and reptiles [2,6–8]. Some picornaviruses are important pathogens causing a wide 
range of diseases in humans as well as wild, domestic and laboratory animals including the common cold, polio, hand-foot-and-mouth 
disease, meningitis, diarrhea, hepatitis, etc [9–11]. However, little is known about whether these viruses can spread between humans 
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and animals and cause disease. 
According to the classification principles of the International Committee for the Taxonomy of Viruses (ICTV), the family Picor-

naviridae currently consists of 158 species grouped into 68 genera. Viral genomes are approximately 7.1–8.9 kilobases (kb) in size and 
typically contain a single open reading frame (ORF) encoding a large polyprotein [12,13]. The polyprotein is cleaved by proteases into 
several functionally active proteins, such as P1 region encoding capsid proteins, P2 and P3 regions encoding non-structural proteins 
[14]. Typical picornaviruses encode a leader (L) protein between P1 and 5′ UTR and have a 3′UTR and a poly(A)-tail structure at the 3′

end of the genome. The characteristic organizational pattern of the viral genome from the 5′-3′ direction is as follows: VPg-5′

UTR-(L)-P1, (VP4–VP2–VP3–VP1)–P2, (2 A-2B–2C)–P3, (3 A-3B–3C-3D)-3′ UTR-poly(A) [4,14,15]. The P1 region contains four 
structural proteins, 1 A, 1 B, 1C, and 1D, which encode VP1-4, respectively, responsible for capsid formation and virus-receptor 
binding. The P2 and P3 proteins encode 2 A, 2 B, 2C and 3 A, 3 B, 3C, and 3D, respectively [13,16–18]. 2 A and 2 B mainly inter-
fere with host cell function, while 2C is involved in vesicle formation. 3 A protein is involved in membrane protein presentation and 
inhibition of cellular protein transport. 3 B can be involved in viral replication and can serve as a primer for RNA synthesis. The 3C 
protein is the protease responsible for cleaving the P1 precursor protein, and the 3D protein is the RNA-dependent RNA polymerase 
required for viral replication [13]. 

In recent years, there have been some reports on the discovery of picornaviruses in rabbits [19]. So far, fewer complete picor-
naviruses have been identified in rabbits. Péter Pankovics et al. reported a novel complete picornavirus Rabbit 01/2013/HUN 
(KT325852) in domestic rabbits in 2015 [14]. Here, we report the identification and complete genome characterization of a novel 
picornavirus in experimental rabbits (Oryctolagus cuniculus). 

2. Materials and methods 

2.1. Sample collection and preparation 

In May 2019, fresh fecal samples of 38 healthy adult experimental rabbits were collected using disposable absorbent cotton swabs 
at the Laboratory Animal Center of Jiangsu University. The weight range of rabbits is 3.5–5 kg. Whole blood samples were also 
collected from each rabbit. All samples were stored in sterile covered containers and shipped on dry ice. About 10 g of each fecal 
sample was resuspended using 5 mL DPBS and vortexed for 5 min vigorously, then incubated at 4 ◦C for 30 min. After centrifugation at 
15,000 g for 10 min, 1 mL of each supernatant was transferred to new 1.5 mL centrifuge tubes and stored at − 80 ◦C for later use [20]. 
Whole blood samples were centrifuged (10 min, 15,000 g) to collect plasma. Five samples of rabbit feces were randomly selected to 
construct the library and the remaining samples were used for PCR screening. 

2.2. Viral metagenomic analysis 

A total of 500 μL of supernatant was pipetted from 5 samples (100 μL per sample) and then collected into a new 1.5 mL tube. These 
samples were centrifuged at 12,000 g for 5 min at 4 ◦C and filtered through a 0.45 μm filter to remove non-viral particles. RNase and 
DNase were used to treat the filtrates followed by digestion of unprotected nucleic acids at 37 ◦C for 60 min [21]. Total nucleic acids 
were then extracted strictly using the manufacturer’s protocol provided by QIAamp MinElute Virus Spin Kit. These nucleic acid 
samples containing DNA and RNA viral sequences were then subjected to reverse transcription reactions with SuperScript III reverse 
transcriptase and 100 pmol of a random hexamer primer, followed by a single round of DNA synthesis using Klenow fragment po-
lymerase. Libraries were constructed using the Nextera XT DNA Sample Preparation Kit and sequenced on the NovaSeq Illumina 
platform with 250 bases paired ends with dual barcoding. Paired end reads of 250 bp generated by NovaSeq were debarcoded using 
vendor software from Illumina for bioinformatics analysis. Process sequencing data using an in-house analysis pipeline running on a 
64-node Linux cluster. Potential host sequences were removed using Bowtie 2 software [22,23] and primer sequences of raw reads 
were trimmed using Trim Galore. The generated files were then quality controlled with options ‘–phred 33 –length 50 –stringency 3 
–paired –fastqc’. QC reports were then integrated using MultiQC [24] with default parameters and confirmed manually. Duplicated 
reads were marked using PRINSEQ-lite v0.20.4 (-derep 1). The library was then assembled by MEGAHIT software [25] with the 
minimum length parameter of output contigs set to 1500 bp. All generated contigs and singlets reads were then matched against the NR 
database using blastx program built-in DIAMOND [26] with an E-value cutoff of <10− 5. 

2.3. Acquisition and annotation of viral genomes 

To obtain viral genomes of interest, those contigs which showed significant identity (E-value <10− 5) to vertebrate-related viruses 
were further analyzed. Putative viral open reading frames (ORFs) were also predicted by Geneious Prime v2022.0.1 with default 
parameters [27], and were further verified by comparison with related viruses. Annotations of these putative ORFs were based on 
comparisons with Conserved Domain Database (CDD). Finally, we obtained a relatively complete picornavirus genome with low amino 
acid sequence identity to other picornaviruses and incorporated it into subsequent analyses. 

2.4. PCR amplification and screening 

The SMARTer RACE 5’/3’ Kit utilizing Rapid Amplification of cDNA Ends (RACE) technology was employed to amplify both the 3′

and 5′ ends of the target virus to obtain its full-length genome. Nested PCR screening was performed for the novel picornavirus in stool 
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and blood samples to facilitate investigation of prevalence. The nested PCR procedure involved the following conditions: initial pre- 
denaturation at 95 ◦C for 5 min, followed by 31 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C (first round) and 60 ◦C 
(second round) for 30 s, and elongation at 72 ◦C for 30–110 s, with a final elongation step at 72 ◦C for 5 min. The reaction system 
utilized the premixed enzyme rTaq (TaKaRa). The details of the sequences of the primers used in this research are listed in Table 1. 

2.5. Phylogenetic analysis 

To infer phylogenetic relationships, protein sequences of different reference viruses belonging to the family Picornaviridae were 
downloaded from the GenBank database. Protein sequences were aligned using the built-in alignment program in Geneious Prime and 
the results were further optimized using the MUSCLE program in MEGA v11 [28]. Phylogenetic trees were constructed by MrBayes 
v3.2 [29]. We specified “prset aamodelpr = mixed” for the phylogenetic analysis of amino acid sequences, enabling the program to 
employ its 10 pre-built amino acid models. The maximum number of generations was raised to 1 million until the standard deviation of 
split frequencies dropped below 0.01. Samples were taken every 50 generations, and the first 25% of Markov chain Monte Carlo 
(mcmc) samples were discarded as burn-in. Maximum Likelihood trees were also constructed using MEGA v11 [28] to validate all 
phylogenetic trees. 

2.6. Prediction of tertiary structure 

In this study, we utilized ColabFold [30] to forecast the three-dimensional arrangement of the viral capsid protein. Moreover, we 
employed SWISS-MODEL [31] to evaluate and filter out the models having comparable spatial structures from the PDB database. For 
visualization purposes, PyMOL v2.0 was employed. 

2.7. Quality control 

All experimental steps were strictly in accordance with relevant requirements to prevent sample cross-contamination and nucleic 
acid degradation during the process. Aerosol filter tips are used to reduce the probability of sample cross-contamination, and all other 
experimental materials, including microcentrifuge tubes and tips, that are in direct contact with nucleic acid samples are free of DNase 
and RNase. Samples were dissolved in DEPC-treated water containing RNase inhibitors. 

To test blank controls, sterile ddH2O was prepared simultaneously and further processed under the same experimental conditions. 
During quality testing using agarose gel electrophoresis and Agilent bioanalyzer 2100, there was no detectable DNA in the control 
pool. During the sequencing process on the Illumina NovaSeq platform, the control pool generated a very small number of reads. No 
viral sequences were found in the control pool by BLASTx search. 

2.8. Data availability 

All raw reads are deposited in the Short Read Archive (SRA) of the GenBank database with accession no. SRR22164050. 
The novel picornavirus sequence identified in this research has been uploaded to the GenBank database under accession number 

OP821762. 

3. Results 

3.1. Viral metagenomic overview 

The rabbit fecal metagenomic library (rabbitFe01) generated a total of 13, 198, 586 raw reads on the Illumina NovaSeq platform, 
the number of clean reads obtained after quality control is 13, 194, 536. After queried of the clean reads against the nr database, a total 
of 3,572,430 reads had the best matches with viral proteins (Supplementary Table 1), accounting for 27.08% of the total clean reads. 
About 14 viral families were detected, the most abundant viral family was Siphoviridae (53.15% of the total clean viral reads), followed 
by Microviridae (26.72%), Inoviridae (7.91%), Podoviridae (6.53%), Myoviridae (3.73%), Circoviridae (1.43%), Tombusviridae (0.15%), 
and Picornaviridae (0.11%) (Supplementary Table 1). However, most of the detected viruses, particularly those related to vertebrates, 
exhibited a high degree of identity to the sequences in the GenBank database. Furthermore, there are 9694 reads that have not been 
clearly assigned to viruses at any taxonomic level (E value > 10− 5) and potentially novel viruses may be present in these reads. 

Table 1 
Primers used for specific PCR confirmation.  

Primer Targeted virus Sequence (5′-3′) Fragment size (bp) Annealing temperature (oC) 

Fw UJS-2019picorna ATTCCATTGCCTCCATGCCA 563 60 
Rw TCTGTCAAGCCCGGGAATTC   
Fn GGCAACGGAACAGTGGGATA 294 60 
Rn CTCAGGATTGTCCAGCCGTT   
Fw, outer sense; Rw, outer antisense; Fn, inner sense; Rn, inner antisense.  
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3.2. Identification of a novel picornavirus 

In this research, one viral contig (named UJS-2019picorna) related to Picornaviridae was obtained using the assemble sequences 
program in Geneious Prime, After queried against the nr database, this contig was initially considered to be a possible novel member of 
the family Picornaviridae. After RACE amplification, we obtained the whole genome of UJS-2019picorna. The complete genome size of 
UJS-2019picorna is 7832 bp excluding the poly(A)-tail, with GC content of 44.00% and a nucleotide composition of 28.0% A, 28.0% U, 
21.5% G, and 22.5% C, with an average sequencing coverage of 20. The characteristic organizational pattern of the viral genome from 
the 5′-3′ direction is shown in Fig. 1A. The 5′ UTR and 3′ UTR are 590 and 141 nt long, respectively. There is a typical poly(A)-tail 
structure at the 3′ end of the genome. The search results of blastn showed that the 5′ UTR and 3′ UTR regions of UJS-2019picorna 
did not have any matches in GenBank. The putative in-frame AUG initiation codon is at nt position 591–593 in an optimal Kozak 
consensus (GUCGA591UGA). The UJS-2019picorna encodes a 7101 nt (2367 aa) long large polyprotein that is cleaved into serveal 
proteins during the folding process. The polyprotein cleavage sites were inferred from the annotated strains in the GenBank database. 
The putative L protein is 273 nt (91 aa) long, the P1 region encoding the capsid protein includes VP4, VP2, VP3 and VP1 with lengths of 
189 (63 aa), 810 (270 aa), 678 (226 aa) and 921 (307 aa) nt, respectively. The lengths of 2 A, 2 B, 2C, 3 A, 3 B, 3C and 3D included in 
the P2 and P3 regions encoding non-structural proteins are 399 (133 aa), 216 (72 aa), 1002 (334 aa) nt, 537 (179 aa), 69 (23 aa), 615 
(205 aa) and 1392 (464 aa) nt, respectively. 

3.3. Prevalence of UJS-2019picorna 

To investigate the prevalence of UJS-2019picorna in all collected samples, primers were designed based on 3C and 3D regions 
(Table 1). PCR screening results indicated that out of the 38 rabbit fecal samples, 9 (23.68%) tested positive for UJS-2019picorna. Of 
these 9 rabbits, 7 were found to be positive for blood as well. The sequences were obtained from the positive individuals and were 
identical. 

Fig. 1. (A) Genomic organization of UJS-2019picorna identified in rabbits. (B) Phylogenetic analysis of UJS-2019picorna identified in rabbits. 
Bayesian inference tree based on amino acid sequences of the P1, P2 and P3 regions of viruses belonging to Picornaviridae identified here. Bayesian 
posterior probabilities were displayed next to each node. Within each tree, the virus found in this study is marked with a red dot, and a silhouette of 
a rabbit is provided next to it. Each scale bar indicates 0.3 amino acid substitutions per site. 
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3.4. Phylogenetic analysis 

Representative sequences of the current 68 genera of the family Picornaviridae were included in the subsequent analysis, phylo-
genetic analysis based on the amino acid sequences of the P1, P2 and P3 regions indicated that UJS-2019picorna clustered on a sister 
clade with Equine rhinitis B virus 1 (Erbovirus; NP_653,077) and Bovine picornavirus (Bopivirus; YP_009,116,874) isolated from horse 
and cattle, respectively (Fig. 1B). The amino acid sequence identity of the whole genome sequence with the best match in GenBank 
database is 37.20% (Bopivirus; YP_009,116,874). The P1 region of UJS-2019picorna is related to Erbovirus with amino acid identity of 
37.31%, while the P2 and P3 regions are the closest to Bopivirus with amino acid identity of 35.66%–39.53%. The maximum likelihood 
trees constructed by MEGA v11 supports the above results. 

Distance matrix analysis of the P1, P2 and P3 regions showed that UJS-2019picorna shared less than 40% identity with the amino 
acid sequences of any currently known virus belonging to the family Picornaviridae (Supplementary Figure 1 and Supplementary 
Table 2). Based on the Picornaviridae Study Group guidelines, members of different genera of the family Picornaviridae should share less 
than 40.0%, 40.0%, and 50.0% amino acid sequence identity in the P1, P2, and P3 region, respectively [4]. Therefore, 
UJS-2019picorna could be presumed to be a new genus of picornaviruses. In addition, the RDP4 software did not indicate any sig-
nificant evidence of recombination signals. 

3.5. Prediction of tertiary structure of UJS-2019picorna capsid protein (VP1-4) 

To forecast and assess the likeness of spatial structure between the capsid protein of UJS-2019picorna and the structure encoded by 
presently available sequences, we obtained sequences from the GenBank database that correspond to the capsid protein region of UJS- 
2019picorna. Some of these sequences include Erbovirus (AAZ81659) and Bopivirus (UPG35835). We employed ColabFold to forecast 
the spatial structure of the sequences that encode capsid proteins. Furthermore, we used SWISS-MODEL to search and download the 
virus model (Seneca Valley Virus 3cji.1. B) that is most similar to UJS-2019picorna. We imported the PDB files generated above into 
PyMOL software for pairwise comparisons. Typically, an RMSD of less than approximately 2 Å would be regarded as very similar. In 
this study, UJS-2019picorna and Erbovirus (AAZ81659), Bopivirus (UPG35835) and Seneca Valley Virus (3cji.1. B) have good similarity 
in capsid protein spatial structure (Fig. 2A, B and C). This implies that UJS-2019picorna and these viruses might share similar 
characteristics in terms of virus-receptor binding. 

4. Discussion 

In recent decades, an increasing number of novel viruses have been discovered, largely due to innovations and advances in met-
agenomic sequencing, which allows researchers to detect viruses on the skin and in vivo. Genomic studies on human or animal samples 
have revealed dozens of unknown viruses in intestines, lungs, skin, and blood [32,33]. Some of these newly discovered viruses tend to 
accompany the emergence and progression of disease, but for the most part, some of them are apparently harmless to humans or 
animals. However, the presence of the virus in healthy animals does not preclude its pathogenic potential. Understanding how these 
newly discovered viruses affect humans or animals will allow us to determine whether their infections can be prevented and treated. 

Rabbits, like other animals, often carry multiple pathogens such as viruses, mycoplasma, chlamydia, bacteria, fungi, and various 
parasites [34–39]. In some cases, rabbits encounter poultry raised by humans and living environments, the pathogens carried by them 

Fig. 2. Viral capsid protein structural model visualization. PDB files were visualized and pairwise aligned using PyMOL v2.0 software. (A) Pre-
diction of the three-dimensional structural similarity between the capsid proteins of UJS-2019picorna and Erbovirus (AAZ81659). (B) Prediction of 
the three-dimensional structural similarity between the capsid proteins of UJS-2019picorna and Bopivirus (UPG35835). (C) Prediction of the three- 
dimensional structural similarity between the capsid proteins of UJS-2019picorna and Seneca Valley Virus (3cji.1. B). 
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may cause diseases in animals and even spread to humans. Tularemia [40] is an example, infections in humans can cause skin lesions, 
sepsis, and meningitis. However, in the past period, only a few complete picornaviruses (such as KT325852) have been identified in 
rabbits and uploaded to the GenBank database. 

In this study, we assembled and obtained a complete virus belonging to the family Picornaviridae in a rabbit fecal library, named 
UJS-2019picorna. The whole genome size of UJS-2019picorna is 7832 bp excluding the poly(A)-tail, with GC content of 44.00%. The 
amino acid sequence identity of the best match in the blastx search of the UJS-2019picorna whole genome sequence is 37.20% 
(Bopivirus; YP_009,116,874), and there is no matching sequence in the blastn search. The P1, P2 and P3 regions of UJS-2019picorna 
share less than 40% amino acid identity with other known viruses. Phylogenetic analysis based on the amino acid sequence of RdRp 
showed that UJS-2019picorna has a distant relationship with 68 known genera of Picornaviridae. Based on the Picornaviridae Study 
Group guidelines, UJS-2019picorna could be presumed to be a new genus of picornaviruses. After a prevalence survey, UJS- 
2019picorna was positive in fecal samples of 9 rabbits, and 7 of them were also positive in blood samples. After three-dimensional 
structure prediction, UJS-2019picorna showed similarity to the capsid protein structure (VP1-4) of Seneca Valley Virus-001 (SVV- 
001) in the PDB database. There is a report that SVV-001 does not infect humans, but multiplies in tumor cells, displaying neuro-
endocrine features [41]. 

To some extent, this research has increased our understanding of the diversity of picornaviruses. In general, although there is a lot 
of evidence showing that picornaviruses are associated with various clinical diseases, there is little evidence that these viruses are 
directly related to specific pathological conditions, further dynamic monitoring of these viruses is necessary in the future. 
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