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Feline stool-associated circular DNA virus (FeSCV) is an unclassified circular replication-associated protein-encoding single-stranded (CRESS) DNA virus that was discovered in cats in Japan in 2018. Few studies on the genomic characteristics and prevalence of FeSCV have been conducted. To investigate whether FeSCV has been circulating in domestic cats in Guangdong, China, fecal samples were collected from cats with diarrhea in an animal hospital in 2018 to promote research on FeSCV. The FeSCV genome was obtained by PCR amplification and sequencing, and the detected virus was named PY4 (GenBank No. MT732515). The genome of PY4 was 2,034 nt in size, which was 12 nt smaller than the reported genome of Japanese FeSCV strains (KU7, KU8, KU9, KU14) (2,046 nt). The PY4 strain shared 95.1 ~ 95.5% homology with Japanese FeSCV strains. Notably, the Cap protein of PY4 was mutated at 15 amino acid sites, and the PY4 genome contained a unique open reading frame 3. In addition, there were two additional base insertions in the stem-loop structure of PY4, and the nucleotide homology of the spacer region was not high. A phylogenetic tree based on Rep proteins showed that PY4, Japanese FeSCVs and rodent stool-associated circular viruses (RodSCVs) clustered together, suggesting that they might share a similar origin in their phylogenetic evolution. In this study, samples collected in Guangzhou, China, in 2018 were subjected to an etiological investigation, and 20% (2/10) of the samples were positive for FeSCV. The ORFs, stem-loop structures, Cap proteins and intergenic region sequences of PY4 were significantly different from those reported in Japan. This is the first report of FeSCV in domestic cats with diarrhea in China, and further epidemiological studies are urgently needed to assess the impact of the virus on cats.
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INTRODUCTION

Recently, many viruses of the Circoviridae family have been found in different animal tissues, feces and even in human spinal fluid (1, 2). Notably, Cycloviron-Vietnam has been detected in both humans and animals (3). With the discovery of novel circular replication-associated protein-encoding single-stranded (CRESS) DNA viruses, the known range of Circoviridae members has been expanded. Feline stool-associated circular virus (FeSCV), a member of the Circoviridae family with a circular genome (2,046 nt) encoding two open reading frames (ORFs), was found in the feces of diarrheal cats in Japan in 2018 (4). This novel virus was suspected of being associated with enteric disease (4). Members of Circoviridae may cause immunosuppression, increasing the chance of the host being infected other pathogens (5, 6), so the novel FeSCV is worthy of further study. To date, the molecular characterization of FeSCV has been reported only in Japan. Moreover, four reported FeSCV strains show high genomic homology. No further studies on this newly identified CRESS DNA virus have been reported in other countries, and it is worth obtaining more information about FeSCV.



MATERIALS AND METHODS


Clinical Samples

From August to November 2018, fecal samples were collected from cats at an animal hospital in Guangdong, China. All samples were obtained from cats suffering severe diarrhea. Each sample was collected with the oral permission of the cat owner, and the feces were collected without causing any pain to the animals. All collected samples were stored at −80°C until analysis.



Nucleic Acid Extraction and Reverse Transcription

DNA/RNA was extracted using the SimplyP Virus DNA/RNA Extraction Kit (BSC67S1, Bioer Technology, China) according to the manufacturer's instructions. In addition to the detection of FeSCV, the presence of other viruses causing intestinal diseases, including feline panleukopenia virus (FPV), feline kobuvirus (FeKoV), feline astrovirus (FeAstV) and feline enteric coronavirus (FeCoV), was also assessed. DNA/RNA was directly used for the detection of DNA viruses, including FeSCV and FPV. The RNA sequences of FeKoV, FeAstV and FeCoV were reverse transcribed (RT) using 5 × All-In-One RT Master Mix (G490, Applied Biological Materials, Canada) to synthesize first-strand cDNA.



PCR Detection of FeSCV and Other Feline Enteric Pathogens

First, we detected FeSCV by referring to the primers reported in previous research (FeSCV1F 5′-GCTAAGGTCTGCCTCAGGTG and FeSCV1R 5′-CTATGTCCAGGTCGGGAGAA). The amplification procedure was as follows: 95°C for 5 min, 35 cycles of 95°C for 30 s, 55°C for 45 s, and 72°C for 45 s, and a final extension at 72°C for 7 min; the amplified product of the positive sample was 303 bp (4). Then, for the detection of other feline viruses described above, the primer sequences used in this study came from a multiplex PCR detection kit for several feline pathogens that was invented in our laboratory (7). All the primers were synthesized at Beijing Liuhe Huada Gene Technology Company (Beijing, China). The procedure for the detection of multiple pathogens was as follows: initial denaturation at 98°C for 3 min, 36 cycles of 98°C for 20 s, 55.6°C for 1 min, and 72°C for 1 min, and a final extension at 72°C for 5 min. Ex-taq Master Mix (RR902A, Takara, Japan) was used for PCR amplification, followed by electrophoresis in a 1.2% agarose gel. Positive virus samples were determined by observing the size of product bands and then excising them from the gel to send for sequencing.



Genome Amplification and Sequencing

First, Phi29 DNA Polymerase (LP101-01, Transgen, China) was used to amplify the single-stranded circular genome of FeSCV from the extracted DNA. The steps for genomic PCR amplification were performed according to a previous study conducted in Japan (4). Different fragments were amplified using Premix Prime STAR HS DNA polymerase (Takara, Beijing, China). After A bases were added, the 303 and 1,800 bp bands were cloned into the pMD-19T simple vector, and the ligation products were transformed into DH5α cells. After the monoclonal bacteria were tested by PCR, the positive clones were sent to Beijing Liuhe Huada Gene Technology Company (Beijing, China) for sequencing. Finally, by splicing the 303 and 1,800 bp bands, genome information was obtained.



Characterization of the FeSCV Genome

First, SnapGene software (version 4.2.4; from Insightful Science; available at snapgene.com) was used to splice the genome sequences together and draw the complete gene map. The DNASTAR package (DNASTAR, Madison, WI, USA) was used for sequence alignment and homology analysis. The NCBI Open Reading Frame (ORF) Finder (https://www.ncbi.nlm.nih.gov/orffinder/) was used to identify the putative main ORFs of FeSCV. The stem-loop structure of FeSCV was verified using the Mfold web server (http://mfold.rna.albany.edu/?q=mfold) (8).



Identification of Replication Initiator Protein (Rep) and Capsid Protein (Cap) Mutations

The Rep protein is a non-structural protein encoded by the Rep gene that shows relatively high amino acid conservation. Among the members of the Circovirus genus, the Rep gene is necessary for viral replication (9). In general, the Cap protein is the main protective antigen protein of the virus and determines its antigenicity. Additionally, the Cap protein is related to the virulence of the virus, and it also interacts with host proteins (10–12). In this study, we analyzed the amino acid sites where mutations occurred in the Rep and Cap proteins, and BioEdit (version 7.0.9.0) was used for amino acid mutation analysis (13).



Phylogenetic Analysis of the Rep Gene

To understand the genetic evolution of the FeSCV strain obtained in this study, the Rep amino acid sequence of the new virus was compared with those of control strains including FeSCV-KU7, FeSCV-KU8, FeSCV-KU9, and FeSCV-KU14 (4), and 43 representative Circovirus, Smacovirus, Cyclovirus and Unclassified CRESS DNA virus strains. Smacovirus was selected as an outgroup to determine the roots of the evolutionary tree. Finally, the neighbor-joining tree (p-distance model) (bootstrap value = 1,000) was built using Mega software (Version: 7.0.26) (14).




RESULTS


Collection and Detection of Fecal Samples

From August to November 2018, a total of 10 samples were obtained from 10 diarrheic cats at an animal hospital in Guangdong. After PCR and RT-PCR detection, the results showed that 20% of the samples (2/10) were positive for FeSCV and that cats were coinfected with other intestinal viruses (Table 1). All samples producing target bands were verified by sequencing the PCR products. FPV, FeKoV, and FeAstV showed high detection rates in this study.


Table 1. Results of multiple virus tests on cat fecal samples.
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Genome Sequence and Characterization Analysis

In the course of the etiological investigation, one sample was accidentally degraded during storage, and another sample was selected, from which the genome of FeSCV was amplified to study its characteristics. Phi29 DNA polymerase was found to be effective for the downstream PCR amplification of the extracted genomes. After sequencing several monoclonal colonies, genome information was obtained. The FeSCV strain obtained in this study was named PY4 (GenBank number: MT732515). The genome of the PY4 strain was significantly different from that of the 4 strains reported in Japan. The genome of PY4 was 2,034 nt in size, which was 12 nt smaller than the reported genome of the FeSCV strain (KU7, KU8, KU9, KU14) from Japan (2,046 nt). The content of AT bases in the PY4 genome was 41.99% and that of CG bases was 58.01%. Homology analysis by using Meg Align software revealed that the PY4 strain showed homology of 95.1~95.5% with the FeSCV-KU7, FeSCV-KU8, FeSCV-KU9, and FeSCV-KU14 strains (Figure 1A).
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FIGURE 1. The genomic characteristics of FeSCV-PY4. (A) Whole-genome homology analysis of PY4 with other Japanese isolates. (B) The genome map of the PY4 strain. Cap is indicated by an orange arrow, Rep by a purple arrow and ORF3 by a green arrow. (C) Amino acid analysis of the FeSCV N-terminus. Arginine residues are highlighted with a blue background. (D) The stem-loop structure of the PY4 strain. The conserved canonical non-anucleotide motif (5′ TAGTATTAC) is shown in purple.


Two main ORFs, encoding the Rep and Cap proteins, were identified with NCBI-ORF Finder, as reported in a previous study. Unexpectedly, a third major ORF in addition to those of Rep and Cap was found in the PY4 strain (Figure 1B), which differed from the FeSCV-KU14 strain.

The Rep gene (ORF1) was located (56 nt ~ 1,015 nt) on the complementary strand and encoded a 319 aa protein. The Cap gene (ORF2) was located (1,134 nt ~ 1,878 nt) on the sense strand and encoded a 246 aa protein. ORF3 (1,775 nt ~ 2,017 nt) and ORF1 were both located on the complementary chain. The unique ORF3 gene encoded an 80 aa protein whose function is unknown. The Rep protein of the PY4 strain showed amino acid homology of 99.4% ~ 99.7% with those of the KU7, KU8, KU9, and KU14 strains. Similarly, only rolling-circle replication (RCR) motif III was present in PY4 (15), while the Walker A motif of the SH3 helicase in the Rep protein of PY4 had the sequence GPSGSGKS. The homology of the Cap protein was low (91.5% ~ 93.5%). There were many duplicated arginines in the N-terminus of the Cap protein, making it highly alkaline. Analysis by BioEdit alignment suggested that the N-terminus of the Cap protein in the PY4 strain contained more arginine residues than those of Japanese FeSCVs (Figure 1C), which may be involved in its nuclear localization.

The stem-loop structure of the virus is very important for its replication. In our study, a conserved canonical non-anucleotide motif (5′ TAGTATTAC) was found in the large intergenic region (LIR) of PY4. Next, the Mfold Web server was used to predict the stem-loop structure of the virus. However, there were differences between the stem-loop structure of the PY4 strain and the KU14 strain. Interestingly, additional insertions of T and A bases were found in the loop structure of the PY4 strain (Figure 1D), which are worthy of further study to determine whether they affect virus replication. LIR and small intergenic region (SIR) sequences were also non-conserved between PY4 and the KU14 strain. The nucleotide homology of LIR between the PY4 and KU14 strains was 80.4%, and the nucleotide homology of SIR between them was 86.9%. These results suggested that there were significant differences in the stem-loop structure and intergenic region sequences among the strains from different regions.



Mutations of Rep and Cap Genes Identified in This Study

The Rep protein is necessary for viral replication, and the Cap protein usually determines antigenicity, interacts with host proteins and is also related to virulence. Therefore, we analyzed mutations in two major proteins in the PY4 strain, which can provide the basis for further study of the pathogenicity of the virus. Amino acid sequence alignment analysis showed that there was only one mutation in the Rep protein, at site 54, resulting in a V to I substitution. The Cap protein showed many mutation sites compared with previously reported Cap sequences. Compared with KU14 and the other three strains, PY4 showed 15 novel and unique mutant amino acid sites (Supplementary Figure 1). According to the above comparison results, we speculated that PY4 and KU14 showed little difference in replicative ability, but PY4 might belong to a new antigenicity strain branch.



Rep Gene Phylogenetic Analysis

To further understand the phylogeny of Chinese FeSCV-PY4, we constructed a neighbor-joining tree (p-distance model) (bootstrap value = 1,000) based on the Rep amino acid sequences of FeSCV and the reference strains. The evolutionary tree showed that PY4 was closely related to the Japanese FeSCV strains and shared an evolutionary branch with rodent stool-associated circular viruses (RodSCVs), suggesting that they might have a similar origin in phylogenetic evolution (Figure 2). Although both RodSCV and FeSCV belonged to unclassified CRESS DNA viruses, the bootstrap value between the unclassified CRESS DNA viruses and other viruses was 100, indicating that these newly discovered viruses show some similarities with the previously studied viruses, which is worthy of further study.
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FIGURE 2. Neighbor-joining tree based on the Rep amino acid sequences of CRESS DNA viruses. The tree was constructed using the neighbor-joining method carried out in MEGA 7.0.26 with bootstrap tests of 1,000 replicates (p-distance model). The blue dot indicates the virus identified in this study.





DISCUSSION

In recent years, with the development of sequencing technology, an increasing number of novel CRESS DNA viruses have been discovered. Although the number of CRESS DNA viruses is large, relatively few studies of these viruses have been carried out (16, 17). Among mammalian circoviruses, PCV-2 alone seems to be the focus of significant research, and with this virus causes miscarriage in sows and death in piglets, seriously impacting the development of the pig industry (18). Canine circovirus and mink circovirus have been discovered recently, and research on detection methods for these viruses and their pathogenesis is gradually being carried out (19–22). The CRESS DNA viruses have a wide range of hosts and have been found in birds, rodents, chimpanzees, and even humans (1, 23–25). At present, little progress has been made in determining whether CRESS DNA causes disease. One study suggested that CRESS DNA without apparent pathogenicity may contribute to the development of infectious diseases by slightly affecting host immunity and facilitating the invasion of the host by other pathogens (26).

FeSCV is a virus that was newly reported in 2018 in Japan and was thought to cause diarrhea in cats. However, its genetic characteristics are poorly described. In this study, feline stool samples were collected in Guangdong, China. The detection results suggested that coinfection with multiple viruses in diarrheal cats was common, and two samples were positive for FeSCV. One strain (named PY4) was selected and amplified to determine its genome. It should be noted that FeSCV is a single-stranded DNA virus and the gene of this virus was found to be unstable and easy to degrade during our study. Therefore, after positive samples were detected, the samples can be packaged and stored at −80°C to avoid repeated freezing and thawing. In addition, Phi29 DNA Polymerase treatment will be helpful for genomic signal amplification and avoiding the problems associated with DNA degradation. The genome of PY4 was 2,034 nt in size, which was 12 nt smaller than the reported genome of the FeSCV strains from Japan. Homology analysis suggested that the PY4 strain shared homology of 95.1%~ 95.5% with the FeSCV-KU7, FeSCV-KU8, FeSCV-KU9, and FeSCV-KU14 strains. ORF finder predicted that there were three main ORFs in PY4. This finding differs from a previous report in Japan because although we looked within all 4 strains of FeSCV from Japan, we did not find the same ORF3 found in PY4. We hypothesize that the presence or absence of ORF3 is primarily caused by genetic mutations. Small ORFs may often be involved in virulence processes such as apoptosis, which is reflected in ORF3 of PCV2 (27–29). Therefore, the function of ORF3 in FeSCV will be further studied in the future.

In the comparison of the stem-loop structures of the PY4 strain and the reported Japanese FeSCV strains, additional insertions of T and A bases were found in the loop structure of the PY4 strain. Through the comparison of SIR and LIR sequences between different strains, we found that the sequence homology of intergenic regions between PY4 and KU14 was not high. The genome structures of FeSCVs differed significantly between China and Japan, which may be due to geographical isolation with independent evolution. Whether these different structures contribute to the different pathogenicities of the viruses remains to be further studied.

The two most important proteins of FeSCV, Rep and Cap, are related to replication and antigenicity, respectively. By comparing the amino acid sequences of these proteins, we found that there were 15 unique amino mutations in PY4 compared with the Cap proteins of four reference strains, which may have arisen during long-term evolution after geographical isolation. However, only one amino acid site was mutated in the Rep protein. In conclusion, the antigenicity of the PY4 strain may be different from that of the reported strains.

The Rep gene is believed to be the only phylogenetic marker of the CRESS DNA virus. In this study, a phylogenetic tree based on the Rep protein was constructed using the neighbor-joining method, and the results showed that the PY4 and KU14 strains shared a common ancestor. It is worth noting that the bootstrap value between unclassified CRESS DNA viruses and other viruses was 100, indicating that these newly discovered viruses shared common characteristics with the previously studied viruses. Recently, it has been suggested that parasites may be potential hosts for CRESS DNA viruses; however, the parasite genomes did not actually contain CRESS endogenous viral elements (30). Coincidentally, a sequence of Giardia intestinalis was indeed found in the FeSCV genome. According to previous studies, Giardia intestinalis has not been detected in cats with FeSCV-positive samples (4); therefore, FeSCV cannot be considered the direct origin of Giardia intestinalis. Because CRESS DNA viruses are prone to genetic mutation or recombination, we speculated that FeSCV may infect a host simultaneously with Giardia intestinalis at a certain time and thereby obtain exogenous genes through gene recombination. As a result, the versatility of the FeSCV genome would have been enriched, and the exogenous genes would have been preserved during evolution. The origin and evolution of FeSCV may be complex, so studies on its natural hosts and pathogenicity are urgently needed.

In summary, this investigation provides molecular information on FeSCV from China. The genomic characteristics of PY4 were significantly different from those of FeSCV strains from Japan, which may be due to geographical isolation and independent evolution. Our study combined with previous reports from Japan showed that FeSCV has a high prevalence rate and shows variation in its virus genes. We speculate that FeSCV is related to diarrhea in cats. Unfortunately, the isolation of the virus is difficult due to the presence of other viruses in FeSCV-positive samples. As the genome of FeSCV is small, there is an opportunity to establish an infectious cloning method to investigate whether the virus is pathogenic in the future.

Because the trade of cats among different countries is common and the monitoring of FeSCV has not yet been carried out, more research should proceed to determine whether FeSCV causes severe diarrhea and to determine the prevalence of FeSCV in other regions. Global surveillance should also be strengthened to investigate how FeSCV is spread among cat populations. These efforts are critical for animal health and indeed for public health. In conclusion, we have described the first identification and full genomic characterization of FeSCV in cats in China, which will provide fundamental knowledge about FeSCV strains circulating in China.
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