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Genome rearrangement occurs to porcine circovirus type 2 (PCV2) during in vitro and in vivo infections, and a number of rearranged PCV2 genomes have been isolated and characterized. This study was conducted to investigate the role of the rearranged PCV2 (rPCV2) in PCV2 replication and the biological effect of rPCV2 in host cells. Two whole rPCV2 genome sequences (358 nt and 1125 nt in length) were synthesized and recombinant plasmids pBSK(+)-rPCV2 (pBSK(+)-1125 and pBSK(+)-358) were constructed. A novel virus-like agent (rPCV2-1125) was rescued by in vitro transfection of porcine kidney cell line (PK-15) and porcine alveolar macrophage 3D4/21 cells. The data indicate that rPCV2-1125 significantly enhanced PCV2 replication in vitro. Furthermore, rPCV2-1125 led to oxidative stress in host cells, as indicated by decreased intracellular glutathione (GSH) and total superoxide dismutase (SOD) activities, as well as increased malondialdehyde (MDA) levels. These results provide new insights into genome rearrangement of PCV2 and will contribute to future studies of PCV2 replication and associated mechanisms.
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Introduction

Porcine circovirus (PCV), belonging to the genus Circovirus in the family Circoviridae, was first recognized as a contaminant of the continuous porcine kidney cell line (PK-15) in 1974 in Germany (Ellis, 2014). It is a group of small, nonenveloped viruses with a circular, single-stranded DNA genome (Tischer et al., 1982). Four genotypes of PCV are known to us, including non-pathogenic PCV type 1 (PCV1) (Tischer et al., 1974), pathogenic PCV type 2 (PCV2) (Segalés et al., 2008), recently identified PCV type 3 (PCV3) (Palinski et al., 2016; Phan et al., 2016) and PCV type 4 (PCV4) (Zhang et al., 2020). PCV2 is the causative agent of PCV associated disease (PCVAD), which has emerged globally and caused great economic losses for the global swine industry and swine-producing countries (Chae, 2005; Gillespie et al., 2009; Zhai et al., 2014; Saporiti et al., 2020; Wang et al., 2020; Zheng et al., 2020).

In virology, defective interfering particles (DIPs), also known as defective interfering viruses, are spontaneously generated virus mutants in which a critical portion of the genome is lost due to defective replication (Marriott and Dimmock, 2010). The existence of DIPs has been known for decades, and they can occur in nearly every class of both DNA and RNA viruses (Stauffer Thompson et al., 2009; Dimmock et al., 2012; Saira et al., 2013; Sun et al., 2015; Petterson et al., 2016). In recent years, a variety of rearranged genomic PCV2 subviral molecules have been demonstrated in vivo and in vitro, and are regarded as PCV2 DIPs (Wen et al., 2012a; Wen et al., 2012b; Wen et al., 2012c; Wen et al., 2012d; Huang et al., 2012; Wen et al., 2012e). Sequencing of the PCV2 DIPs showed that their lengths ranged from 436 nt to 896 nt, for those obtained from sera samples of PCV2-infected pigs, and from 358 nt to 1125 nt, for those obtained from PCV2-infected PK-15 cells (Wen et al., 2013). However, Wen et al. (2013) pointed out that PCV2 DIPs were difficult to identify using an electron microscope because of the difficulty in purifying rearranged PCV2 (rPCV2) free of the wildtype PCV2 (Wen et al., 2013). Besides, the effect of rPCV2 on replication of wildtype PCV2 and the biological activity of rPCV2 in host cells remain unclear.

In this study, the whole genome sequences of two rPCV2 DIPs (358 nt and 1125 nt in length) were synthesized and rPCV2 was rescued in vitro. For the first time, PCV2 DIPs were successfully detected using an electron microscope. In addition, the effects of rPCV2 on PVC2 replication and intracellular redox status were also investigated.



Materials and Methods


Cell Lines, Virus and Sequences of rPCV2

PK-15 and 3D4/21cells, free of PCV, were purchased from the China Institute of Veterinary Drug Control (Beijing, China) and grown at 37°C in an atmosphere of 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA) and 1% penicillin-streptomycin antibiotics (Sangon, China). The PCV2-Haian strain (GenBank accession number FJ712216.1) maintained by the Institute of Veterinary Medicine, Jiangsu Academy Agricultural Sciences, was propagated in PK-15 cells, harvested after 72 h incubation, and stored at −70°C until use. The genome sequences of PCV2-Haian strain, rPCV2-1125, and rPCV2-358 were obtained from GenBank (accession numbers FJ712216.1, JX984589, and JX984585, respectively).



Construction of Recombinant Plasmids Containing the rPCV2 Sequences

The whole genome sequences of rPCV2-1125 and rPCV2-358 were synthesized by Shanghai Majorbio Biomedicine Technology Co., Ltd., China. Recombinant pBSK(+)-1125 and pBSK(+)-358 plasmids were generated by cloning two tandem copies of the complete rPCV2-1125 or rPCV2-358 sequence into a pBluescriptII SK(+) vector, as described previously (Fenaux et al., 2002). The recombinant plasmids were transformed into E. coli DH5α and positive colonies were screened by ampicillin. Plasmid DNA was extracted using an Endo-free Plasmid Mini Kit II (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions, and confirmed by DNA sequencing followed with analysis using DNAMAN 9.0 software (Wang et al., 2021).



Cell Transfection

PK-15 and 3D4/21 cells were seeded into 24-well tissue culture plates and grown to approximately 60%-80% confluency. After washing with OptiMEM medium (Gibco, Waltham, MA, USA), cells were transfected with the recombinant pBSK(+)-1125 or pBSK(+)-358 plasmid using Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. The cells were then replaced with complete medium (DMEM with 10% FBS) 6 h post transfection.



Morphological Observations of the Rescued Viruses

Cell samples with rescued rPCV2 were harvested, frozen and thawed three times, and ultracentrifuged in CsCl for 48 h at 270000 g. The product from the CsCl gradient centrifugation were negatively stained with 2% phosphotungstic acid for 60 s. Morphological characteristics of the virus were observed under a transmission electron microscope (Philips, Amsterdam, Netherlands) (Wen et al., 2012e).



Indirect Fluorescence Assay (IFA)

The PCV2-based IFA was performed as described previously (Liu et al., 2011). In brief, PK-15 and 3D4/21 cells were fixed with cold methanol at 4°C for 10~15 min. After washing with PBS, the fixed cells were incubated with optimally diluted porcine anti-PCV2 antibody (VMRD, Pullman, WA, USA) at 37°C for 1 h, washed with PBS again and incubated with FITC-conjugated goat anti-pig antibody (Abcam, UK) at 37°C for 45 min. Then, the stained cells were washed with PBS and examined under a fluorescence microscope (Olympus, Shinjuku, Tokyo, Japan).



Virus Titers

Samples collected from the cell culture plates were frozen and thawed three times, and then serially ten-fold diluted in DMEM (1:10 to 1:108). The cells free of PCV were seeded in 96-well plates, grown until reaching 40%-50% confluency, and then inoculated with the diluted samples, with eight wells for each dilution. After 48 h incubation, PCV2-positive wells in each 96-well plate were determined by IFA as described previously (Liu et al., 2011), and virus titers were calculated by the Reed-Muench method (Reed and Muench, 1938). Each experiment was performed in triplicate.



DNA Extraction and TaqMan-Based Real-Time PCR

DNA was extracted using a Column Viral DNAout Kit (TIANDZ, Beijing, China) according to the manufacturer’s instructions. Total DNA was stored at -70°C until use. To analyze viral DNA, the primers and TaqMan probe specific to wildtype PCV2 (rPCV2 would not be detected) were designed as follows:

	forward primer 5’- AGTGAGCGGGAAAATGCAGA -3’,

	reverse primer 5’- TATGTGGTTTCCGGGTCTGC -3’,

	TaqMan probe 5’-[6-FAM] ATTGTGGGGCCACCTGGGTG [TAMRA]-3’.



A recombinant pGEM-T easy vector (TaKaRa, China) containing PCV2 genome insert was constructed, as described previously (Xue et al., 2019). The qPCR standard curve was generated by analysis of ten fold serial dilutions ranging from 102 to 107 copies. Each reaction was run in triplicate. TaqMan-based real-time PCR was performed on 7500 Real-Time PCR Systems (Applied Biosystems, Bedford, MA, USA) by using the following thermal cycles: 95°C for 30 s, 40 cycles at 95°C for 5 s, and 60°C for 34 s.



Detection of GSH, SOD and MDA

GSH, SOD and MDA were determined by spectrophotometry using commercial kits obtained from Nanjing Jiancheng Bioengineering Institute, China. The catalog numbers for GSH, SOD and MDA assay kits are A006-2, A001-3 and A003-1, respectively. Briefly, cell samples were collected, homogenized with ice cold saline and centrifuged at 12,000 × g at 4°C for 20 min. The resulting supernatants were used for biochemical assessments according to the manufacturer’s protocols. At the same time, total cellular protein was determined by Coomassie blue staining with total protein quantitative assay kit (catalog number A-045-2) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. Each experiment was performed in triplicate.



Statistical Analysis

Tests of significance were performed using Duncan’s multiple-range test after one-way ANOVA with the SPSS 23.0 statistics software (Lim et al., 2021). Data are presented as means ± SD. A value of P < 0.05 was considered statistically significant.




Results


Identification of Recombinant Plasmids

Schematic diagrams of the recombinant pBSK(+)-1125 and pBSK(+)-358 plasmids were displayed in Figure 1, where two tandem copies of rPCV2-1125 or rPCV2-358 genome were cloned into the pBSK(+) vector (2977 bp in length). The dimerized tandem DNA clone is more efficient in transfecting cells than the clone containing one single copy of the viral genome (Fenaux et al., 2002). The recombinant pBSK(+)-1125 and pBSK(+)-358 plasmids were both confirmed by DNA sequencing (data not shown).




Figure 1 | Schematic diagrams of recombinant plasmids. Recombinant pBSK(+)-1125 and pBSK(+)-358 plasmids were constructed by inserting two tandem copies of the complete rPCV2-1125 or rPCV2-358 genome into the pBluescriptII SK(+) vector.





Morphological Observations

Rescued rPCV2-1125 particles with a uniform shape (approximate 20 nm in diameter), which is similar to the size of wildtype PCV2 (Mo et al., 2019), were observed under an electron microscope (Figure 2A). In contrast, no virus-like particle was detected from the cells transfected with pBSK(+)-358 (Figure 2A).




Figure 2 | Detection of rPCV2 under microscope. (A) Rescued viruses examined by electron microscopy (bar=100 nm). PCV2 virus-like particles were observed using negative staining in rPCV2-1125 samples. (B) PCV2-based IFA only specifically detected wildtype PCV2 but not rPCV2. No fluorescence signal was detected in cells transfected with either pBSK(+)-1125 or pBSK(+)-358.





IFA Detection of rPCV2

PCV2-based IFA only specifically detected wildtype PCV2 (Figure 2B). No fluorescence signal was detected in cells transfected with either pBSK(+)-1125 or pBSK(+)-358 (Figure 2B).



Effects of rPCV2 on PCV2 Replication

PCV2-based IFA (Figure 3A), to some degree, suggest that transfection with pBSK(+)-1125 likely led to increased PCV2 infection, which was further supported by the measurement of viral DNA copies and virus titers. PCV2 DNA copy numbers from PCV2-infected cells transfected with pBSK(+)-1125 or from the culture supernatants of these cells were significantly higher than the DNA copy numbers from the PCV2-infected control (P < 0.01) (Figures 3B, C). Similarly, virus titers from PCV2-infected cells transfected with pBSK(+)-1125 were also significantly increased compared with virus titers from the PCV2-infected control (P < 0.01) (Figures 3D, E). Moreover, transfection with pBSK(+)-358 or pBSK(+) had very little effect on PCV2 replication. Data obtained from the PK-15 and 3D4/21 cells were consistent, indicating that rPCV2-1125 significantly enhanced PCV2 replication in vitro.




Figure 3 | Effects of rPCV2 on PCV2 replication in vitro. Cells were seeded into 24-well tissue culture plates and grown to 60%-80% confluency, and then transfected with the recombinant pBSK(+)-1125 or pBSK(+)-358 plasmids. After 6 h, the cells were infected with PCV2 (multiplicity of infection (MOI) of 1.0) for 48 h. By IFA, PCV2-specific fluorescence was examined under a fluorescence microscope (A) (200× magnification). Samples from the cell extracts and the supernatants were harvested separately. PCV2 DNA copies (B, C) and virus tiers (D, E) were determined. Noninfected cells were considered as the mock control while the cells infected with PCV2 alone were used as PCV2-infected control. Data are presented as means ± SD from three independent experiments. In each cell line or in culture supernatant, **P < 0.01 and ##P < 0.01 for transfected cells or culture supernatant vs the PCV2-infected control. Each experiment was performed in triplicate.





Effects of rPCV2 on the Intracellular Redox Status

PCV2 infection resulted in a marked decrease in GSH and SOD activity and an increase in MDA levels in PK-15 and 3D4/21 cells (P < 0.05) (Figure 4). Moreover, GSH and SOD activity in PCV2-infected cells transfected with pBSK(+)-1125 were significantly lower than those in the mock control cells or PCV2-infected control cells (P < 0.05 or P < 0.01). Nevertheless, MDA levels in PCV2-infected cells transfected with pBSK(+)-1125 were significantly higher than those in mock cells or in PCV2-infected control cells (P < 0.05 or P < 0.01). However, GSH and SOD activity and MDA level in the PCV2-infected cells transfected with pBSK(+) or pBSK(+)-358 were similar to those in the PCV2-infected control cells (P > 0.05). Additionally, transfection with pBSK(+) alone almost did not alter intracellular GSH, SOD or MDA in relation to those in mock control cells.




Figure 4 | The intracellular redox status regulated by rPCV2. Cells were seeded into 24-well tissue culture plates and grown to 60%-80% confluency, and then transfected with the recombinant pBSK(+)-1125 or pBSK(+)-358 plasmids. 6 h post transfection, the cells were infected with PCV2 (1 MOI) for 48 h Cell culture supernatants were removed and the cell samples were washed with PBS, and then trypsinized and harvested separately. GSH (A), SOD (B) and MDA (C) were detected by the commercial kits. Data are presented as means ± SD from three independent experiments. In the same cell line, *P < 0.05, **P < 0.01, #P <0.05, and ##P < 0.01 for transfected cells vs mock cells; &P < 0.05 and △P < 0.05 for transfected cells vs the PCV2-infected control. Each experiment was performed in triplicate.






Discussion

PCV2 is the causative agent of PCVAD which is a multifactorial disease linked to both non-infectious and infectious factors (Opriessnig and Halbur, 2012; Sun et al., 2016). Postweaning multisystemic wasting syndrome (PMWS), the first recognized PCVAD in Canada in 1991 (Clark, 1997), is one of the most important PCVADs affecting the pig industry. It is difficult to reproduce PMWS by experimental infection with PCV2 alone, because the development of full-blown PMWS induced clinical symptoms and pathological lesions requires other co-infection factors (Chang et al., 2005), including some unknown pathogens. Our research group previously reported that a porcine circovirus-like agent P1, considered as a PCV2 recombinant with other organisms rather than intragenomic rearrangement, caused PMWS symptoms in pigs. Interestingly, the disease caused by P1 was different from PCV2-induced PMWS (Wen et al., 2012e). We have described many rearranged genomes of PCV2 (Wen et al., 2013; Wen and He, 2021), but, to date, only the rPCV2 sequences have been analyzed and no further studies on rPCV2 have been performed.

The PCV2 genome consists of 1767 or 1768 nucleotides with 11 putative open reading frames (ORFs), only five of which have been confirmed to encode proteins (Lv et al., 2015). ORF1 encodes a replicase (Rep), which is considered as the essential protein for viral replication (Cheung, 2003). ORF2 encodes a capsid protein (Cap), which is the only structural protein of PCV2 and contains a nuclear location signal in the N-terminus (Nawagitgul et al., 2000). ORF3 encodes a non-structural protein that has been reported to associate with viral replication and pathogenesis (Karuppannan et al., 2009). ORF4 encodes a protein that plays a role in suppressing the PCV2-induced apoptosis, but is not essential for PCV2 replication (He et al., 2013). ORF5 encodes a novel protein that is not essential for viral replication and likely plays an important role in persistent PCV2 infection by regulating the NF-κB signaling pathway (Lv et al., 2015). There is a deletion of more than 600 nucleotides in rPCV2-1125 genome. Sequence alignment suggested that the rPCV2-1125 genome contains a truncated ORF1, whole ORF2, parts of ORF4 and ORF9, whereas the rPCV2-358 genome contains only a truncated ORF1 and part of ORF5. The truncated ORF1 in rPCV2-1125 contains replication origin and replication motifs I, II and III (Mankertz et al., 2004), however, it lacks middle and N-terminal parts that are essential for replication functions, including oligomerization and ATPase domains (Tarasova et al., 2021). Moreover, the truncated ORF1 in rPCV2-358 retains none of the motifs or domains described above. The whole ORF2 in rPCV2-1125 contains few point mutations leading to 1% difference in the alignment with wild type PCV2 capsid protein sequence. The antigenic epitopes recognized by polyclonal antibodies may be partially located in the 1% differential region, which to some degree explains the IFA experiment failed for rPCV2-1125 detection (Larochelle et al., 2002; Ge et al., 2013). In the current study, we constructed recombinant pBSK(+)-1125 and pBSK(+)-358 plasmids and successfully rescued rPCV2-1125 by in vitro transfection. Rescued rPCV2-1125 particles were observed by electron microscopy, but no virus-like particles were detected from the cells transfected with pBSK(+)-358. These findings confirmed that ORF2 was essential for formation of porcine circovirus-like particles. However, propagation of rPCV2-1125 in serial passage cells was limited because rPCV2-1125 is a DIP with a truncated ORF1 which affected viral replication. Previous reports also revealed that DIPs could still penetrate host cells, but required another fully functional virus particle (the ‘helper’ virus) to co-infect the cells, in order to compensate the lost factors (Makino et al., 1988; Palmer et al., 2011).

Co-infection with other infectious agents, such as porcine parvovirus (PPV) (Allan et al., 1999), porcine reproductive and respiratory syndrome virus (PRRSV) (Allan et al., 2000) and Mycoplasma hyopneumoniae (Opriessnig et al., 2004), or stimulation with non-infectious agents, such as lipopolysaccharide (Chang et al., 2006), concanavalin A (Lefebvre et al., 2008) and the interferons IFN-α/IFN-γ (Ramamoorthy et al., 2009), remarkably enhanced PCV2 replication in vitro or in vivo. Interestingly, rPCV2-1125 was proved to effectively enhance PCV2 replication in the present study, as indicated by the remarkable increase in PCV2 DNA copies and virus titers in PK-15 and 3D4/21 cells. Although the mechanisms associated with this phenomenon were unclear, we accidentally found that intracellular redox status was regulated by rPCV2-1125, because in vitro transfection with pBSK(+)-1125 significantly decreased the GSH and SOD activity and increased the MDA level in PCV2 infected PK-15 and 3D4/21 cells. A possible relationship between PCV2 infection and host oxidative stress was suggested previously (Chen et al., 2012a). Indeed, PCV2 infection induces oxidative stress in host cells while oxidants, such as H2O2, mediates oxidation which contributes to an increase in PCV2 replication (Chen et al., 2012b; Chen et al., 2013). Data from this study indicates that enhanced PCV2 replication might be partly due to oxidative stress caused by rPCV2-1125, which provides a potential mechanism for the regulation of PCV2 replication induced by rPCV2-1125. However, genes, proteins and signaling pathways involved in the regulation process remain to be discovered. Moreover, in vivo studies are needed to investigate the effects of rPCV2-1125 on PCV2 infection in pigs.



Conclusion

A novel virus-like agent named rPCV2-1125, originated from the intragenomic rearrangement of PCV2, was rescued in vitro for the first time. We also demonstrated that rPCV2-1125 notably enhanced PCV2 replication in vitro. This phenomenon was partly due to changes in the intracellular redox status of infected cells, because we found that oxidative stress caused by rPCV2-1125 was closely linked to PCV2 replication in the host cells.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author Contributions

CL and TX directed the research and reviewed the data and manuscript. CL wrote the manuscript. HF and JF conducted the research and compiled the data. BZ was involved in data analysis and participated in drafting the manuscript. All authors have read and approved the manuscript.



Funding

This work was supported by grants from Shandong Provincial Natural Science Foundation, China (ZR2020MC019, ZR2021LZY030), the National Natural Science Foundation of China (31502099). Open access publication fees will be supported by the grant from Shandong Provincial Natural Science Foundation, China (ZR2020MC019).



References

 Allan, G. M., Kennedy, S., McNeilly, F., Foster, J. C., Ellis, J. A., Krakowka, S. J., et al. (1999). Experimental Reproduction of Severe Wasting Disease by Co-Infection of Pigs With Porcine Circovirus and Porcine Parvovirus. J. Comp. Pathol. 121, 1–11. doi: 10.1053/jcpa.1998.0295

 Allan, G. M., McNeilly, F., Ellis, J., Krakowka, S., Meehan, B., McNair, I., et al. (2000). Experimental Infection of Colostrum Deprived Piglets With Porcine Circovirus 2 (PCV2) and Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) Potentiates PCV2 Replication. Arch. Virol. 145, 2421–2429. doi: 10.1007/s007050070031

 Chae, C. (2005). A Review of Porcine Circovirus 2-Associated Syndromes and Diseases. Vet. J. 169, 326–336. doi: 10.1016/j.tvjl.2004.01.012

 Chang, H. W., Jeng, C. R., Liu, J. J., Lin, T. L., Chang, C. C., Chia, M. Y., et al. (2005). Reduction of Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) Infection in Swine Alveolar Macrophages by Porcine Circovirus 2 (PCV2)-Induced Interferon-Alpha. Vet. Microbiol. 108, 167–177. doi: 10.1016/j.vetmic.2005.03.010

 Chang, H. W., Pang, V. F., Chen, L. J., Chia, M. Y., Tsai, Y. C., and Jeng, C. R. (2006). Bacterial Lipopolysaccharide Induces Porcine Circovirus Type 2 Replication in Swine Alveolar Macrophages. Vet. Microbiol. 115, 311–319. doi: 10.1016/j.vetmic.2006.03.010

 Chen, X. X., Ren, F., Hesketh, J., Shi, X. L., Li, J. X., Gan, F., et al. (2012a). Selenium Blocks Porcine Circovirus Type 2 Replication Promotion Induced by Oxidative Stress by Improving GPx1 Expression. Free Radical Biol. Med. 53, 395–405. doi: 10.1016/j.freeradbiomed.2012.04.035

 Chen, X., Ren, F., Hesketh, J., Shi, X., Li, J., Gan, F., et al. (2012b). Reactive Oxygen Species Regulate the Replication of Porcine Circovirus Type 2 via NF-kB Pathway. Virology 426, 66–72. doi: 10.1016/j.virol.2012.01.023

 Chen, X., Ren, F., Hesketh, J., Shi, X., Li, J., Gan, F., et al. (2013). Interaction of Porcine Circovirus Type 2 Replication With Intracellular Redox Status In Vitro. Redox. Rep. 18, 186–192. doi: 10.1179/1351000213Y.0000000058

 Cheung, A. K. (2003). Comparative Analysis of the Transcriptional Patterns of Pathogenic and Nonpathogenic Porcine Circoviruses. Virology 310, 41–49. doi: 10.1016/S0042-6822(03)00096-5

 Clark, E. (1997). “Postweaning Multisystemic Wasting Syndrome,” in Proceedings of the American Association of Swine Practitioners (Quebec), 499–501.

 Dimmock, N. J., Dove, B. K., Scott, P. D., Meng, B., Taylor, I., Cheung, L., et al. (2012). Cloned Defective Interfering Influenza Virus Protects Ferrets From Pandemic 2009 Influenza A Virus and Allows Protective Immunity to be Established. PloS One 7 (12), e49394. doi: 10.1371/journal.pone.0049394

 Ellis, J. (2014). Porcine Circovirus: A Historical Perspective. Vet. Pathol. 51 (2), 315–327. doi: 10.1177/0300985814521245

 Fenaux, M., Halbur, P. G., Haqshenas, G., Royer, R., Thomas, P., Nawagitgul, P., et al. (2002). Cloned Genomic DNA of Type 2 Porcine Circovirus Is Infectious When Injected Directly Into the Liver and Lymph Nodes of Pigs: Characterization of Clinical Disease, Virus Distribution, and Pathologic Lesions. J. Virol. 76 (2), 541–551. doi: 10.1128/JVI.76.2.541-551.2002

 Ge, M., Yan, A., Luo, W., Hu, Y. F., Li, R. C., Jiang, D. L., et al. (2013). Epitope Screening of the PCV2 Cap Protein by Use of a Random Peptide-Displayed Library and Polyclonal Antibody. Virus Res. 177 (1), 103–107. doi: 10.1016/j.virusres.2013.06.018

 Gillespie, J., Opriessnig, T., Meng, X. J., Pelzer, K., and Buechner-Maxwell, V. (2009). Porcine Circovirus Type 2 and Porcine Circovirus-Associated Disease. J. Vet. Intern. Med. 23 (6), 1151–1163. doi: 10.1111/j.1939-1676.2009.0389.x

 He, J., Cao, J., Zhou, N., Jin, Y., Wu, J., and Zhou, J. (2013). Identification and Functional Analysis of the Novel ORF4 Protein Encoded by Porcine Circovirus Type 2. J. Virol. 87, 1420–1429. doi: 10.1128/JVI.01443-12

 Huang, Z., Su, S., Wei, C. Y., Xie, J. X., Zhu, W. J., Chen, J. D., et al. (2012). Complete Genome Sequence of a Novel Field Strain of Rearranged Porcine Circovirus Type 2 in Southern China. J. Virol. 86, 10895. doi: 10.1128/JVI.01817-12

 Karuppannan, A. K., Jong, M. H., Lee, S. H., Zhu, Y., Selvaraj, M., Lau, J., et al. (2009). Attenuation of Porcine Circovirus 2 in SPF Piglets by Abrogation of ORF3 Function. Virology 383, 338–347. doi: 10.1016/j.virol.2008.10.024

 Larochelle, R., Magar, R., and D’Allaire, S. (2002). Genetic Characterization and Phylogenetic Analysis of Porcine Circovirus Type 2 (PCV2) Strains From Cases Presenting Various Clinical Conditions. Virus Res. 90 (1-2), 101–112. doi: 10.1016/S0168-1702(02)00141-7

 Lefebvre, D. J., Meerts, P., Costers, S., Misinzo, G., Barbé, F., Van Reeth, K., et al. (2008). Increased Porcine Circovirus Type 2 Replication in Porcine Leukocytes In Vitro and In Vivo by Concanavalin A Stimulation. Vet. Microbiol. 132, 74–86. doi: 10.1016/j.vetmic.2008.05.004

 Lim, C., Blaszczyk, E., Riazy, L., Wiesemann, S., Schüler, J., von Knobelsdorff-Brenkenhoff, F., et al. (2021). Quantification of Myocardial Strain Assessed by Cardiovascular Magnetic Resonance Feature Tracking in Healthy Subjects-Influence of Segmentation and Analysis Software. Eur. Radiol. 31 (6), 3962–3972. doi: 10.1007/s00330-020-07539-5

 Liu, X. J., Wang, X. B., Song, Y., Fan, J., Gao, S., and Liu, X. F. (2011). A Candidate Inactivated Chimeric Vaccine PCV1-2 Constructed Based on PCV1 and PCV2 Isolates Originating in China and Its Evaluation in Conventional Pigs in Regard to Protective Efficacy Against PCV2 Infection. Microbiol. Immunol. 55, 254–266. doi: 10.1111/j.1348-0421.2011.00311.x

 Lv, Q., Guo, K., Xu, H., Wang, T., and Zhang, Y. (2015). Identification of Putative ORF5 Protein of Porcine Circovirus Type 2 and Functional Analysis of GFP-Fused ORF5 Protein. PloS One 10, e0127859. doi: 10.1371/journal.pone.0127859

 Makino, S., Shieh, C. K., Soe, L. H., Baker, S. C., and Lai, M. M. (1988). Primary Structure and Translation of a Defective Interfering RNA of Murine Coronavirus. Virology 166, 550–560. doi: 10.1016/0042-6822(88)90526-0

 Mankertz, A., Caliskan, R., Hattermann, K., Hillenbrand, B., Kurzendoerfer, P., Mueller, B., et al. (2004). Molecular Biology of Porcine Circovirus: Analyses of Gene Expression and Viral Replication. Vet. Microbiol. 98 (2), 81–88. doi: 10.1016/j.vetmic.2003.10.014

 Marriott, A. C., and Dimmock, N. J. (2010). Defective Interfering Viruses and Their Potential as Antiviral Agents. Rev. Med. Virol. 20, 51–62. doi: 10.1002/rmv.641

 Mo, X., Li, X., Yin, B., Deng, J., Tian, K., and Yuan, A. (2019). Structural Roles of PCV2 Capsid Protein N-Terminus in PCV2 Particle Assembly and Identification of PCV2 Type-Specific Neutralizing Epitope. PloS Pathog. 15 (3), e1007562. doi: 10.1371/journal.ppat.1007562

 Nawagitgul, P., Morozov, I., Bolin, S. R., Harms, P. A., Sorden, S. D., and Paul, P. S. (2000). Open Reading Frame 2 of Porcine Circovirus Type 2 Encodes a Major Capsid Protein. J. Gen. Virol. 81, 2281–2287. doi: 10.1099/0022-1317-81-9-2281

 Opriessnig, T., and Halbur, P. G. (2012). Concurrent Infections Are Important for Expression of Porcine Circovirus Associated Disease. Virus Res. 164, 20–32. doi: 10.1016/j.virusres.2011.09.014

 Opriessnig, T., Thacker, E. L., Yu, S., Fenaux, M., Meng, X. J., and Halbur, P. G. (2004). Experimental Reproduction of Postweaning Multisystemic Wasting Syndrome in Pigs by Dual Infection With Mycoplasma Hyopneumoniae and Porcine Circovirus Type 2. Vet. Pathol. 41, 624–640. doi: 10.1354/vp.41-6-624

 Palinski, R., Piñeyro, P., Shang, P., Yuan, F., Guo, R., Fang, Y., et al. (2016). A Novel Porcine Circovirus Distantly Related to Known Circoviruses Is Associated With Porcine Dermatitis and Nephropathy Syndrome and Reproductive Failure. J. Virol. 91 (1), e01879–e01816. doi: 10.1128/JVI.01879-16

 Palmer, S. R., Soulsby, L., Torgerson, P., and Brown, D. W. G. (2011). Oxford Textbook of Zoonoses: Biology, Clinical Practice, and Public Health Control. 2nd (Oxford Press), 399–400.

 Petterson, E., Guo, T. C., Evensen, Ø., and Mikalsen, A. B. (2016). Experimental Piscine Alphavirus RNA Recombination In Vivo Yields Both Viable Virus and Defective Viral RNA. Sci. Rep. 6, 36317. doi: 10.1038/srep36317

 Phan, T. G., Giannitti, F., Rossow, S., Marthaler, D., Knutson, T. P., Li, L., et al. (2016). Detection of a Novel Circovirus PCV3 in Pigs With Cardiac and Multi-Systemic Inflammation. Virol. J. 13 (1), 184. doi: 10.1186/s12985-016-0642-z

 Ramamoorthy, S., Huang, F. F., Huang, Y. W., and Meng, X. J. (2009). Interferon-Mediated Enhancement of In Vitro Replication of Porcine Circovirus Type 2 Is Influenced by an Interferon-Stimulated Response Element in the PCV2 Genome. Virus Res. 145, 236–243. doi: 10.1016/j.virusres.2009.07.009

 Reed, L. J., and Muench, H. (1938). A Simple Method of Estimating Fifty Percent Endpoints. Am. J. Hygiene 27, 493–497. doi: 10.1080/14737167.2018.1430571

 Saira, K., Lin, X., DePasse, J. V., Halpin, R., Twaddle, A., Stockwell, T., et al. (2013). Sequence Analysis of In Vivo Defective Interfering-Like RNA of Influenza A H1N1 Pandemic Virus. J. Virol. 87 (14), 8064–8074. doi: 10.1128/JVI.00240-13

 Saporiti, V., Huerta, E., Correa-Fiz, F., Grosse Liesner, B., Duran, O., Segalés, J., et al. (2020). Detection and Genotyping of Porcine Circovirus 2 (PCV-2) and Detection of Porcine Circovirus 3 (PCV-3) in Sera From Fattening Pigs of Different European Countries. Transbound. Emerg. Dis. 67 (6), 2521–2531. doi: 10.1111/tbed.13596

 Segalés, J., Olvera, A., Grau-Roma, L., Charreyre, C., Nauwynck, H., Larsen, L., et al. (2008). PCV-2 Genotype Definition and Nomenclature. Vet. Rec. 162, 867–868. doi: 10.1136/vr.162.26.867

 Stauffer Thompson, K. A., Rempala, G. A., and Yin, J. (2009). Multiple-Hit Inhibition of Infection by Defective Interfering Particles. J. Gen. Virol. 90, 888–899. doi: 10.1099/vir.0.005249-0

 Sun, Y., Jain, D., Koziol-White, C. J., Genoyer, E., Gilbert, M., Tapia, K., et al. (2015). Immunostimulatory Defective Viral Genomes From Respiratory Syncytial Virus Promote a Strong Innate Antiviral Response During Infection in Mice and Humans. PloS Pathog. 11 (9), e1005122. doi: 10.1371/journal.ppat.1005122

 Sun, N., Sun, P. P., Lv, H. P., Sun, Y. G., Guo, J. H., Wang, Z. R., et al. (2016). Matrine Displayed Antiviral Activity in Porcine Alveolar Macrophages Co-Infected by Porcine Reproductive and Respiratory Syndrome Virus and Porcine Circovirus Type 2. Sci. Rep. 6, 24401. doi: 10.1038/srep24401

 Tarasova, E., Dhindwal, S., Popp, M., Hussain, S., and Khayat, R. (2021). Mechanism of DNA Interaction and Translocation by the Replicase of a Circular Rep-Encoding Single-Stranded DNA Virus. mBio 12 (4), e0076321. doi: 10.1128/mBio.00763-21

 Tischer, I., Gelderblom, H., Vettermann, W., and Koch, M. A. (1982). A Very Small Porcine Virus With Circular Single-Stranded DNA. Nature 295, 64–66. doi: 10.1038/295064a0

 Tischer, I., Rasch, R., and Tochtermann, G. (1974). Characterization of Papovavirus-and Picornavirus-Like Particles in Permanent Pig Kidney Cell Lines. Zentralbl Bakteriol Orig A 226 (2), 153–167.

 Wang, L., Liu, Y., Chai, M., Chen, H., Aslam, M., Niu, X., et al. (2021). Genome-Wide Identification, Classification, and Expression Analysis of the HSF Gene Family in Pineapple (Ananas Comosus). PeerJ 9, e11329. doi: 10.7717/peerj.11329

 Wang, Y., Noll, L., Porter, E., Stoy, C., Dong, J., Anderson, J., et al. (2020). Development of a Differential Multiplex Real-Time PCR Assay for Porcine Circovirus Type 2 (PCV2) Genotypes PCV2a, PCV2b and PCV2d. J. Virol. Methods 286, 113971. doi: 10.1016/j.jviromet.2020.113971

 Wen, L., and He, K. (2021). Genomic Rearrangement and Recombination of Porcine Circovirus Type 2 and Porcine Circovirus-Like Virus P1 in China. Front. Vet. Sci. 8, 736366. doi: 10.3389/fvets.2021.736366

 Wen, L. B., He, K. W., Li, B., Wang, X. M., Guo, R. L., Yu, Z. Y., et al. (2012d). In Vitro and In Vivo Isolation of a Novel Rearranged Porcine Circovirus Type 2. J. Virol. 86, 13120. doi: 10.1128/JVI.02392-12

 Wen, L. B., He, K. W., Ni, Y. X., Zhang, X. H., Li, B., Wang, X. M., et al. (2012b). Complete Genome Sequence of the Rearranged Porcine Circovirus Type 2. J. Virol. 86, 5963. doi: 10.1128/JVI.00494-12

 Wen, L. B., He, K. W., Ni, Y. X., Zhang, X. H., Li, B., Wang, X. M., et al. (2012c). In Vitro Intragenomic Rearrangement of Porcine Circovirus Type 2. J. Virol. 86, 8911. doi: 10.1128/JVI.01377-12

 Wen, L., He, K., Xiao, Q., Yu, Z., Mao, A., Ni, Y., et al. (2012e). A Novel Porcine Circovirus-Like Agent P1 Is Associated With Wasting Syndromes in Pigs. PloS One 7, e41565. doi: 10.1371/journal.pone.0041565

 Wen, L. B., He, K. W., Yu, Z. Y., Mao, A. H., Ni, Y. X., Zhang, X. H., et al. (2012a). Complete Genome Sequence of a Novel Porcine Circovirus-Like Agent. J. Virol. 86, 639. doi: 10.1128/JVI.06469-11

 Wen, L. B., Wang, F. Z., Li, B., Yu, Y., Yu, Z. Y., Mao, A. H., et al. (2013). Genetic Diversity of Intragenomic Rearrangement of Porcine Circovirus Type 2 In Vitro and In Vivo. Agr Sci. Technol. 14, 1719–1722.doi: 10.16175/j.cnki.1009-4229.2013.12.001

 Xue, T., Li, J., and Liu, C. (2019). A Radical Form of Nitric Oxide Inhibits Porcine Circovirus Type 2 Replication In Vitro. BMC Vet. Res. 15 (1), 47. doi: 10.1186/s12917-019-1796-x

 Zhai, S. L., Chen, S. N., Xu, Z. H., Tang, M. H., Wang, F. G., Li, X. J., et al. (2014). Porcine Circovirus Type 2 in China: An Update on and Insights to Its Prevalence and Control. Virol. J. 11, 88. doi: 10.1186/1743-422X-11-88

 Zhang, H. H., Hu, W. Q., Li, J. Y., Liu, T. N., Zhou, J. Y., Opriessnig, T., et al. (2020). Novel Circovirus Species Identified in Farmed Pigs Designated as Porcine Circovirus 4, Hunan Province, China. Transbound. Emerg. Dis. 67 (3), 1057–1061. doi: 10.1111/tbed.13446

 Zheng, G., Lu, Q., Wang, F., Xing, G., Feng, H., Jin, Q., et al. (2020). Phylogenetic Analysis of Porcine Circovirus Type 2 (PCV2) Between 2015 and 2018 in Henan Province, China. BMC Vet. Res. 16, 6. doi: 10.1186/s12917-019-2193-1




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Feng, Fu, Zhang, Xue and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-855920-g003.jpg
pBSK(+)-1125 + PCV2

PCV2-infected control pBSK(+) + PCV2 pBSK(+)-358 + PCV2

3D4/21
cells
100 pm 100 pm
100 pm

55

15 cells . 50
re supernatants EZRin 30421 cells.

n cuture spematants 45

09,, DNA copies






OEBPS/Images/fcimb.2022.855920_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

A Novel Virus-Like Agent Originated
From Genome Rearrangement
of Porcine Circovirus
Type 2 (PCV2) Enhances PCV2
Replication and Regulates Intracellular
Redox Status /In Vitro





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A Novel Virus-Like Agent Originated From Genome Rearrangement of Porcine Circovirus Type 2 (PCV2) Enhances PCV2 Replication and Regulates Intracellular Redox Status In Vitro

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Lines, Virus and Sequences of rPCV2

          



          		

            Construction of Recombinant Plasmids Containing the rPCV2 Sequences

          



          		

            Cell Transfection

          



          		

            Morphological Observations of the Rescued Viruses

          



          		

            Indirect Fluorescence Assay (IFA)

          



          		

            Virus Titers

          



          		

            DNA Extraction and TaqMan-Based Real-Time PCR

          



          		

            Detection of GSH, SOD and MDA

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Identification of Recombinant Plasmids

          



          		

            Morphological Observations

          



          		

            IFA Detection of rPCV2

          



          		

            Effects of rPCV2 on PCV2 Replication

          



          		

            Effects of rPCV2 on the Intracellular Redox Status

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-855920-g004.jpg
3D4/21 cells

B2 in PK-15 cells

RXJin

90

3D4/21 cells

in

B2 in PK-15 cells

80

e esesesaratites

* R s
e es s es
SRR,

PRI
R R
e euses

(urejoud Buyn) A0S

s SRR

%%
) 43 %
¥ ‘o

RRIZZ SRR
R R
* atseteres SRR
BRI s
RSt tate st elnls e lat oottt il

I \
P T AT ILT

%
26867 %% 0 ata e et tsa tatottetetetatotetetet

.

"0.ococcconoccvo_qocccococqvvnocﬁoco
B R IR
PRI I K I I HAR A I AL IIHKK
B R SRR

YAATY,

PR IS
B RS RRRARLR, s Y
BRI s A
oo s
B RS RB? -

o o o o

~ © o <~

(ursjo1d Byjowt) HSO

pREEEEER
e e

R IR RS

s

st
]
b4 B IR

o %
oo a A 02000 00020 a AR et
SOTSAIT ATt ta Tttt et tate e tetatatatetatatetatetetete!

3D4/21 cells
*k

in

B2 in PK-15 cells

T oo sosss st tes
e o s asetesessss
B esa oo tateterstetetateretits

Satatetetetatetitatatetetetitatatatatotetotsl

- - - S o

20

©®© © % o o ®© ©
- -

(urejoud Blowrt) vam





OEBPS/Images/fcimb-12-855920-g002.jpg
pBSK(+)-1125

3D4/21
cells






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-855920-g001.jpg
Sma I Sma I Sma |

Recombinant pBSK(+)-1125 plasmid

Sma I Sma | Sma I

rPCV2-358 j rPCV2-358

Recombinant pBSK(+)-358 plasmid






