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Establishment of a reverse genetics system for an epidemic strain of porcine rotavirus JXAY01 type G5P[23]I12
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Porcine rotavirus is one of the most important pathogens causing diarrhea in newborn piglets, and the genome of this virus contains 11 double-stranded RNA segments, which are easy to be recombined among strains to produce new strains with different antigenic properties. The reverse genetics system is an informative tool for studying virus biology. Recently, adaptable plasmid-based reverse genetics systems were developed for the porcine rotavirus OSU strain; however, such systems have not been developed for epidemic porcine rotavirus genotypes in China. In this study, we successfully established a reverse genetic system based on an epidemic strain of porcine rotavirus JXAY01 isolated in recent years, which was characterized by a specific genotype constellation: G5-P[23]-I12-R1-C1-M1-A8-N1-T7-E1-H1. 11 gene segments of porcine rotavirus JXAY01 were cloned into plasmid vectors similar to the SA11 system. JXAY01 genome segment plasmids were co-transfected with 10 complementary SA11 genome plasmids, and 11 monoreassortant strains were successfully rescued. Viral replication analyses of the parental SA11 strain and the monoreassortant strains showed that the structural protein replacement monoreassortants had reduced cell proliferation compared with the parental SA11 and non-structural protein replacement strains. The recombinant rJXAY01 strain could be successfully rescued using 11 pRG-JXAY01 plasmids. Whole genome sequencing showed 12 amino acid differences between the isolate JXAY01 and the recombinant rJXAY01, but there was no significant difference in their in vitro replication ability. This study reports the reverse genetic system, which lays the foundation for further understanding of porcine rotavirus molecular biology and novel vaccine development.
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1 Introduction

Rotavirus infections often cause viral diarrhea in infants and animals, which can be transmitted between humans and animals and pose a serious threat to both human and animal husbandry (1). Porcine rotavirus primarily infects suckling piglets aged 1 to 4 weeks. The clinical symptoms include watery diarrhea, weight loss, and dehydration (2). Epidemiological studies show high antigenic positivity of porcine rotavirus in pig farms (3). Although rotavirus infection causes low diarrhea mortality and high morbidity in piglets, the loss of production caused by it poses a huge economic burden on pig farming.

Rotaviruses are a type of virus that have double-stranded RNA and are classified in the Rotavirus genus within the Sedoreoviridae family (4). Rotavirus comprises six structural proteins that come together to form non-enveloped viral particles with three layers. These particles contain a genome consisting of 11 segments. The RV genotypes are determined by two viral surface proteins: glycoprotein VP7, which is responsible for the G-type, and spike protein VP4, which determines the P-type (5). Porcine rotaviruses have been reported to consist of 12 G-type (G1 to G6, G8 to G12, and G26) and 16 P-type (P[1] to P[8], P[11], P[13], P[19], P[23], P[26] to P[27], P[32], and P[34]) viruses, and the combination of G-type and P-type viruses may take place randomly (1). The dual (G/P) tying method has been expanded into a comprehensive genome categorization system, which relies on nucleotide sequencing of all 11 RV segments and sets specific cut-off values for nucleotide percent identity for each segment. In this system, VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 RV genes are designated as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (6). The RVA strains from China were the most prevalent genotypes for each segment: G9/G5/G4/G26- P13/P23/P7/P6- I5/I1- R1- C5- M1- A8- N1- T1/T7- E1- H1 (3, 7).

Reverse genetics is a powerful technology that allows for the creation of live viruses from cloned cDNA(s). It is an informative tool for studying various aspects of virus biology, such as viral replication, pathogenesis, and virus-host interactions (8). Additionally, it can be used to produce vaccine seed strains and viral vectors. RNA viruses with segmented genomes are more challenging to rescue because they require the simultaneous introduction of multiple genome-infectious clone molecules into a single cell. Until 2017, the first whole plasmid-based reverse genetic system for the monkey rotavirus strain SA11 was established (9). Rotavirus reverse genetics systems have been subsequently constructed for several species sources, including non-human primates (SA11 and RRV), humans (KU, CDC-9, Odelia, and RIX4414-like), cattle (UK, RF, BLR, and HM26), mice (rD6/2-2 g), birds (PO-13), and porcine (OSU) (10–20).

In this paper, 11 genomic cDNA plasmids were constructed using the isolated porcine rotavirus strain JXAY01 as a template. Successful rescue of 11 monoreassortant strains based on the SA11 reverse genetics system. The whole plasmid was successfully used to rescue the endemic porcine rotavirus strain rJXAY01.



2 Materials and methods


2.1 Cells, virus and plasmid

African green monkey kidney epithelial MA104 cells (ATCC CRL-2378) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 5% fetal bovine serum (FBS; Gibco). Baby hamster kidney cells stably expressing T7 RNA polymerase (BSR-T7/5 cells) were obtained from the Cell Resource Center, Peking Union Medical College (which is part of the National Science and Technology Infrastructure, the National Biomedical Cell-Line Resource, NSTI-BMCR, http://cellresource.cn). The cells were cultured in 1640 medium supplemented with 5% FBS. Epidemic porcine rotavirus strain JXAY01 isolated from Jiangxi Province, China, was propagated in MA104 cells grown in DMEM without serum and supplemented with 5 μg/mL trypsin (Solarbio, China). The plasmids used in the previously described reverse genetics systems (RGS) for the RVA strain SA11 (9) consisted of the 11 separate SA11 genome segment plasmids, together with three helper plasmids, pCAG-D1R, pCAG-D12L, and pCAG-FAST-p10 (kindly provided by Takeshi Kobayashi and received through Addgene).



2.2 Plasmid construction

The rescue vector plasmid pRG-Base (GenBank accession no. PQ736896), utilized in the reverse genetics system, was constructed by incorporating the HDV nuclease self-shearing sequence and the T7 terminator sequence into the restriction enzyme sites (SmaI and HindIII) of the pUC19 plasmid. The JXAY01 strain of porcine rotavirus was plaque-purified and passaged to the twentieth generation on MA104 cells. The whole-genome nucleotide sequences of the JXAY01 strain (GenBank accession no. PQ736897 to PQ736907) was determined using the illumina NovaSeq PE150 high throughput sequencing platform (Tsingke Biotech, Beijing, China). Primers for plasmid synthesis were prepared according to the instructions provided by the In-Fusion Cloning kit (Takara bio, China). The forward primers contain the T7 RNA polymerase promoter sequence and a sequence corresponding to the 5′ terminus of each viral segment. To construct the JXAY01 rescue plasmids pRG-JXAY01-VP1, pRG-JXAY01-VP2, pRG-JXAY01-VP3, pRG-JXAY01-VP4, pRG-JXAY01-VP6, pRG-JXAY01-VP7, pRG-JXAY01-NSP1, pRG-JXAY01-NSP2, pRG-JXAY01-NSP3, pRG-JXAY01-NSP4, and pRG-JXAY01-NSP5, each of which contains the full-length cDNA of the corresponding gene segment from strain JXAY01, full-length RV cDNAs were amplified by RT-PCR from viral dsRNA extracted from purified virions. The amplified cDNA segments were incorporated into pRG-Base by the process of In-fusion cloning. The viral cDNAs were flanked by T7 promoter and HDV ribozyme sequences in rescue plasmids. DNA sequencing was used to confirm each plasmid. The purification of all plasmids was carried out using the Endo Free Mini Plasmid Kit II (TIANGEN, China). The primer sequences utilized for plasmid synthesis can be provided by making a request.



2.3 Generation of recombinant rotaviruses

Recovery of SA11, monoreassortants, and rJXAY01 from cloned cDNAs was performed following previously published methods, with certain adjustments (9, 21). Briefly, a monolayer of BSR-T7/5 cells in 12-well plates was cultured for 24 h and then co-transfected with different combinations of plasmids using the TransIT-LT1 transfection reagent (Mirus Bio, United States). The following plasmid amounts were added to 125 μL Opti-MEM: Each of the 11 genome segment plasmids of either SA11 or PoRV-AY01 were added at an amount of 650 ng, except for the plasmids encoding NSP2 and NSP5, which were added at an amount of 1950 ng each (10). 650 ng of pCAG-D1R and pCAG-D12L, and 50 ng of pCAG-FAST. Following the addition of 17.5 μL of transfection reagent, the mixture was pre-incubated for 30 min at room temperature. Afterwards, BSR-T7/5 cells were rinsed three times with serum-free 1,640 media and then provided with 1 mL of this medium. Subsequently, the DNA mixture was introduced into the cells. After 48 h incubation at 37°C and 5% CO2, virus was harvested from the cells by three freeze/thaw cycles and then separated by centrifugation for 10 min at 3000 rpm. To passage, 500 μL of the liquid above the sediment was used to infect MA104 cells that were cultivated in 6-well plates. The supernatant containing the virus was treated with 15 μg/mL of trypsin for a duration of 1 h at a temperature of 37°C. Confluent MA104 cells cultivated in 6-well plates were rinsed twice with DMEM. The active virus was diluted in a 1:1 ratio with DMEM and introduced to the cells. Following a 1 h incubation at a temperature of 37°C and a CO2 concentration of 5%, the virus inoculum was removed. The cells were then washed once with DMEM before adding the maintenance medium, which contained 5 μg/mL of trypsin. The infected cells were harvested at 3 days post-infection or upon the detection of a visible cytopathic effect (CPE).



2.4 Plaque assay

Virus-containing cell lysates were activated as described above. Monolayers of MA104 cells in 6-well plates were rinsed with DMEM and exposed to 400 μL of virus that had been diluted 10-fold in a series. This exposure lasted for 1 h at a temperature of 37°C and a CO2 concentration of 5%. Following virus adsorption, the virus inoculum was removed. After washing the cells with DMEM, 2 mL/well overlay medium was added (1:1 ratio of 2.4% low melting point Agarose [sigma-aldrich, United States] and 2 × DMEM supplemented with) and incubated for 4 days. The cells were stained with 500 μL of Neutral Red Sterile Solution (Solarbio, China). After incubating for 3 h, the number of plaque and their respective diameters were determined using ImageJ software.



2.5 Growth kinetics of viruses

A monolayer culture of MA104 cells in 6-well plates was incubated overnight and subsequently infected with a virus at a multiplicity of infection (MOI) of 0.1 plaque-forming units (pfu) per cell. Following a 1 h absorption period at 37°C, the cells were rinsed twice with DMEM and subsequently placed in 2 mL of DMEM with 5 μg/mL trypsin at 37°C and 5% CO2. The cells were disrupted by the process of freeze/thawing after being incubated for 0, 12, 24, 36, and 48 h post infection. The viral titre of each sample was measured using plaque assays.



2.6 Electrophoresis of dsRNA

Viral dsRNA was purified from lysates of virus-infected cells using the RNA Viral Genome Extraction Kit (Solarbio, China), according to the manufacturer’s instructions. Genomic RNAs were fractionated on 10% polyacrylamide gel with a Tris-glycine buffer. Electrophoresis was conducted at room temperature for 240 min at a constant current of 130 V. polyacrylamide gels were visualized by silver nitrate staining.



2.7 Immunofluorescence analysis

Monolayer MA104 cells in 96-well plates were infected for 24 h with Lysed supernatant from BSR-T7/5 cells 48 h post-transfection activated with trypsin. Then fixed with 10% paraformaldehyde. The cells were incubated for 1 h at 37°C with anti-A group rotavirus VP6 protein monoclonal antibody 4G7 diluted at 1:2000. Monoclonal antibody 4G7 was prepared in our laboratory using a porcine rotavirus isolate as the immunogen and has been confirmed to target the VP6 protein of group A rotavirus of different genotypes, including I1, I5, and I12. After, the cells were washed 3 times with PBS and then incubated for 1 h at 37°C with FITC-labelled goat anti-mouse monoclonal antibody (diluted 1:500, Solarbio, China), Images were acquired under fluorescence microscope.



2.8 Sequence analyses

Extraction of viral RNA from centrifuged supernatants of infected cell lysates. The whole-genome nucleotide sequences of the JXAY01 and rJXAY01 strain was determined using the illumina NovaSeq PE150 high throughput sequencing platform (Tsingke Biotech, China). Data were analyzed with Geneious Prime (Version 2023.0.4, Biomatters).



2.9 Statistical analysis

Graphs were generated by GraphPad Prism 9.0.0. The data is presented as the mean as well as the standard deviation, derived from three separate trials, with each experiment including technical duplicates, unless specified otherwise. p values were calculated using the ratio paired t test. A significance level of <0.05 was regarded statistically significant with p ≤ 0.05 (*), p < 0.01 (**), and p < 0.001 (***).




3 Results


3.1 Porcine rotavirus JXAY01 monoreassortants viruses were generated based on simian RV SA11 strains

In order to create a reverse genetics system for PoRV, we produced cloned cDNA that encodes each of the 11 gene segments obtained from strain JXAY01(G5P[23]I12). cDNAs encoding the 11 JXAY01 dsRNA gene segments were inserted into plasmids at specific locations that were surrounded by the T7 promoter and Hepatitis delta virus ribozyme sequences. Infectious cloning plasmids were required to contain the exact viral genome ends, and we sequenced the plasmids and verified the accuracy of each plasmid based on the SA11 reverse genetics system. A collection of genetically engineered monoreassortants has been created, consisting of 10 segments derived from SA11 and 1 segment from JXAY01. In PAGE verification, the viral dsRNAs obtained from the 11 rescued monoreassortants moved to the identical locations as the corresponding segments of JXAY01 with a SA11 backbone (Figure 1). The gene segments derived from strain JXAY01, when arranged on the genetic background of strain SA11, are indicated by red markers. The results demonstrated that all 11 infectious clones of porcine rotavirus, pRG-JXAY01, were accurately produced and are suitable for strain rescue.

[image: Figure 1]

FIGURE 1
 PAGE of viral genomic dsRNA extracted from SA11, native JXAY01 and monoreassortants. The numbers on the side indicate the order of the genomic dsRNA segments of SA11 and JXAY01. The red markers indicate recombinant segments.




3.2 Size of plaque in parental and monoreassortants rSA11-JXAY01

The size of plaque formation was evaluated on MA104 cells infected with the SA11 strain, the monoreassortants rSA11-JXAY01, and the JXAY01 strain after a duration of four days. Plaque formation assays were performed on 13 strains, comprising 11 single-segment recombinant SA11 strains and two parental strains, SA11 and JXAY01. The plaque size exhibited significant variation among certain strains in comparison to the original strains (Figure 2A). For the statistical analysis, 30 plaques were randomly selected from two distinct replications. In comparison to the SA11 strain, the rSA11-JXAY01-VP1, rSA11-JXAY01-VP2, rSA11-JXAY01-VP3, rSA11-JXAY01-VP4, rSA11-JXAY01-VP6, rSA11-JXAY01-VP7, rSA11-JXAY01-NSP1, and rSA11-JXAY01-NSP3 demonstrated reduced plaque size, with statistically significant differences (p < 0.01). The rSA11-JXAY01-NSP2, rSA11-JXAY01-NSP4, and rSA11-JXAY01-NSP5 viruses exhibited decreased plaque size. No obvious disparity existed in the measurements of the plaque when compared to SA11 (Figure 2B).

[image: Figure 2]

FIGURE 2
 Plaque size comparison. (A) Plaques were formed on MA104 monolayers and identified at 4 days post-infection using Neutral Red staining. Displayed are representative images of viral plaques. (B) The dimensions of a minimum of 30 plaques, picked randomly from two separate plaque tests, were quantified using the GraphPad Prism software and expressed as area in relative units. The mean values and standard deviation are displayed. The statistical significance was assessed using a Student’s t-test. The asterisks are used to highlight significant differences (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).




3.3 Growth curve of parental and monoreassortants rSA11-JXAY01

The parental strain SA11 and 11 single segment recombinant rotavirus rSA11-JXAY01 were infected with MA104 at a multiplicity of infection (MOI) of 0.1. The growth curves and peak titre of the infected cells were then assessed. According to Figure 3, the recombinant rSA11-JXAY01 strain, in which the non-structural protein (NSP) of JXAY01 was replaced, showed no significant differences compared to the parental SA11 strain in terms of growth curves and peak viral titre (Figure 3A). Among the strains where the structural protein (VP) was replaced, rSA11-JXAY01-VP2 and rSA11-JXAY01-VP4 exhibited a noteworthy decrease in viral multiplication when compared to the original SA11 strain (Figure 3B). The ability of the rSA11-JXAY01-VP2 and rSA11-JXAY01-VP4 viruses to reproduce in the structural protein (VP) replacement strain was significantly less than that of the original SA11 strain (p < 0.01, Figure 3C).

[image: Figure 3]

FIGURE 3
 Growth kinetics of reassortant viruses. (A,B) Confluent MA104 cells cultured in 6 wells were exposed to an infection with a multiplicity of infection (MOI) of 0.1. At the specified time intervals, samples were collected and the number of plaque-forming units (PFUs) was calculated using plaque assay. (C) The illustrated data are the means obtained from three separate experiments, and the error bars indicate the standard deviation. The viral titers at 24 h post-infection were used for statistical analysis, and the results showed that the viral titers of the VP2 and VP4 single-segment recombinant strains were significantly reduced (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).




3.4 Porcine rotavirus strain JXAY01 whole plasmid rescue

A total of eleven pRG-JXAY01 infectious cloned plasmids were utilized, which were confirmed through sequence determination and single segment group recombination. These plasmids were employed for the complete plasmid rescue of pig rotavirus rJXAY01. For the entire plasmid rescue of porcine rotavirus rJXAY01, we utilized 11 pRG-JXAY01 infectious clone plasmids that were confirmed using sequence determination and segment group recombination. After 48 h of transfection, the BSR-T7/5 cells in the transfected wells were subjected to freeze-thawing and collected as the F0 viral solution. The MA104 cells in the 96-well plates were then infected with the activated F0 viral solution, diluted at a ratio of 1:10. After 24 h, an immunofluorescence assay (IFA) was performed. MA104 cells were infected with a 1:1 dilution of the activated F0 virus solution in 6-well plates. This was done to continuously observe the cytopathic effect (CPE). Figure 4A demonstrates that both the rescue strain rJXAY01 and the positive rescue control SA11 exhibited specific fluorescence 24 h after infection. The rJXAY01’s rescue success rate (4/5) may be marginally inferior to that of the SA11 (5/5) due to the characteristics of viral replication. The fluorescence intensity of rJXAY01 was inferior to that of SA11. The fluorescence emitted by the rJXAY01 was detected in the wells that underwent amplification 48 h after infection. After 48 h of infection, only a modest quantity of cytopathic effect (CPE) was found in rJXAY01. In contrast, the SA11 cells in the infected wells exhibited full illness, with over 80% of the cells becoming detached and lysed. The cells in the infected wells of the SA11 strain exhibited complete disease symptoms, with over 80% of them becoming detached. The 1:1 F1 viral solution was utilized for subsequent passaging, and the rescue strain rJXAY01 induced full lesion and lysis of MA104 cells 24 h after infection. At 24 h after infection, the MA104 cells were fully damaged and separated. The virus obtained from this process was then collected for the purpose of purifying and identifying it.

[image: Figure 4]

FIGURE 4
 Establishment of a reverse genetics system for Porcine rotavirus strain JXAY01. (A) Immunofluorescence detection and CPE observation of the whole plasmid rescue strain rJXAY01. (B) Electrophoretic patterns of dsRNA from SA11, native JXAY01 and rJXAY01. (C) Plaque morphologies of native JXAY01 and rJXAY01 on MA104 cells were detected by neutral red staining and sizes. (D) The plaque size were measured using ImageJ software. Statistical analysis shows no significant difference in the plaque sizes between the two strains. (E) Growth kinetics of native JXAY01 and recombinant strain rJXAY01 in MA104 cells. Statistical analysis shows no significant difference in the viral titers between the two strains (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).


The nucleic acid was isolated from the genome of the porcine rotavirus rescue strain rJXAY01 and analyzed using nucleic acid electrophoresis (Figure 4B). The nucleic acid electrophoresis results revealed that the migrating bands of the rescue strain were indistinguishable from those of the isolate JXAY01, while the bands of the rotavirus SA11 exhibited dissimilarities. The proliferation properties of the JXAY01 isolate and the rJXAY01 rescue strain on MA104 cells were assessed. There was no notable disparity in the size of plaque morphologies generated on MA104 cells between the rescue strain and the isolate (Figures 4C,D). The viruses were administered with a MOI of 0.1. The MA104 cells were infected with the virus at a MOI of 0.1. The viral growth curves were then plotted, revealing no notable disparity in the viral titre and proliferation process between the rescue strain and the isolate (Figure 4E). The findings indicated that there was no notable disparity in the viral titre and proliferation process between the rescue strain and the isolate.



3.5 Sequence analysis of rescue and parental strains

The rescued strain rJXAY01 was plaque-purified and subsequently propagated to the fifth generation for sequencing. The complete sequences have been deposited in GenBank and assigned accession numbers as follows: PP975110 ~ PP975120. A comparative analysis was conducted between the complete genome sequencing of the rescued strain rJXAY01 and the parental isolate JXAY01. Table 1 reveals that there were a total of 20 variations in nucleotides and 12 variations in amino acids between the two strains. Specifically, there were 5 nucleotide mutations in the NSP1 gene, leading to 3 amino acid alterations, as well as 2 amino acid changes in VP4 and 1 amino acid change in VP7. Additionally, VP4 and VP7 underwent 2 and 1 amino acid alterations, respectively. The mutations listed did not result in any notable variation in the proliferation properties of the rescue. Furthermore, the fact that the strains were successfully saved indirectly demonstrates that these mutations did not hinder the rescue process.



TABLE 1 Nucleotide and amino acid changes in parental and rescue strains.
[image: Table1]




4 Discussion

The plasmid-based rotavirus reverse genetics technology has proved crucial in both fundamental and practical research (22, 23). The establishment of a reverse genetic system for rotavirus strains from various sources and hosts has significantly expanded the scope of research on rotavirus host specificity, viral replication gene regulation, heterotypic immunoprotection, and the development of new vaccines (21, 24, 25). Rotaviruses are commonly spread between different locations, and the ongoing task of discovering and categorising strains worldwide is always evolving. Nevertheless, the reverse genetic approaches employed for the investigation of rotavirus strains generally rely on transmissible strains that have been acclimated to laboratory cells and were obtained and cultivated in previous years (13–15). The sole existing porcine rotavirus complete plasmid reverse genetics method presently relies on the OSU strain, which was obtained by the Ohio State University in 1975, and differs significantly from the generally prevalent strains observed in recent times (17). In this study, we successfully established a reverse genetic system based on a porcine rotavirus strain JXAY01 that was isolated from China in 2021. The genomic constellation of this strain was G5-P[23]-I12-R1-C1-M1-A8-N1-T7-E1-H1. Epidemiological surveys indicate that in China, the prevalence of P[23] rotavirus is ranked second, following P[13] rotavirus (3, 26). Rotavirus type I12 is infrequently observed and commonly linked to transmission between humans and pigs (27, 28).

The untranslated regions (UTRs) located at the ends of rotavirus segments exhibit variations in length and consist of sequences and structural features that play a role in the regulation of transcription and packaging of viral genome (29, 30). The 5’UTRs of eight genome segments (gs3, gs5-6, gs7-11) from the simian SA11 strain exhibited a potent inhibitory effect on the production of viral proteins in uninfected cells when using T7 polymerase-driven cDNAs expression (29). The final four GACC nucleotides of viral mRNA are crucial for optimal translation, and both the NSP3 eIF4G- and RNA-binding domains are necessary (30). In this study, the plasmid was constructed by designing primers for conserved sequences at the end of the high-consistency sequence. The UTRs of the pRG-JXAY01 plasmid showed a strong similarity to the human rotavirus Odelia and KU strains, which have been successfully rescued from virulent strains. However, it exhibited significant differences from the monkey rotavirus SA11 strain, the bovine rotavirus RF strain, and the avian rotavirus PO-13 strain.

This study aimed to rescue porcine rotaviruses by utilising the similar reverse genetic system of monkey rotavirus strain SA11 (9). Initially, we successfully recovered 11 monoreassortant rotavirus rSA11-JXAY01 strains. Segmented RNA viruses are susceptible to gene segment exchange to form new viruses during co-infection occurrences. The successful rescue of the 11 recombinant strains indicated that there were no genetic restricted on the recombination of porcine rotavirus with SA11. The rescue and proliferation features of rotavirus recombinant strains were regulated by strain-specific interactions between rotavirus capsid proteins (31).

All replacements of structural proteins (VP) and non-structural protein (NSP) substitutions in the recombinant strains with a single segment were successful. The text mentions substitutions in the VP and NSP of the rSA11-JXAY01 virus, namely in the NSP1 and NSP3 proteins. The formation of viral plaques was significantly diminished in rSA11-JXAY01-NSP1, rSA11-JXAY01-NSP2, and rSA11-JXAY01-NSP3 as compared to the original SA11 strain. The three remaining recombinant strains exhibited no notable variations in plaque formation compared to SA11.

VP4 is a key component of rotavirus susceptibility to infection and rotavirus rescue. VP4 is the key to rotavirus infectivity and rotavirus rescue, and substitution of VP4 from strains with poor in vitro proliferative capacity could not rescue the single-segment recombinant rSA11 strain. The single segment recombinant strain rSA11-VP4 could not be rescued by replacing VP4 with that of a less proliferative strain in vitro (32). After replacing the KU-VP4 segment with the SA11-VP4 segment, the single-segment recombinant rKU-VP4SA11 was successfully rescued, and the proliferative capacity of this strain was significantly higher than that of the parental KU strain and similar to that of SA11 (16). The 11 single-segment recombinant rSA11-JXAY01 strains rescued from this study were subjected to etch size and growth curve measurements. The dimensions and rate of expansion of the 11 individual recombinant rSA11-JXAY01 strains recovered in this investigation were measured. The viral titre of rSA11-JXAY01-VP4 was reduced compared to the original strain, and it caused an etch on MA104. The rSA11-JXAY01-VP4 exhibited a reduced viral concentration compared to the original strain and produced the least lesion on MA104.

The rJXAY01 strain was successfully rescued using the validated 11 infectious clones of plasmid pRG-JXAY01. There was no significant difference between the rescued strain and the isolate JXAY01 in terms of etch formation and viral growth curve. High-throughput sequencing was performed on the rescued strain to compare its performance with that of JXAY01. High-throughput sequencing was performed to compare the nucleotide and amino acid sequence differences between the rescued strain and the parental strain, and the results showed that there were 20 nucleotides and 12 amino acid sequences in the rescued strain compared with the parental strain. Rotaviruses often undergo mutations during in vitro and ex vivo generations (33, 34) and some cell-adapted mutations enhance the proliferation of the virus in the corresponding cell lines (35). The mutation probability of rotavirus probability of mutation is influenced by cell lineage and can affect virus virulence (36). During the establishment of the reverse genetic system in this study, the virus transmission, plasmid construction, and virus rescue may have caused mutations during the establishment of the reverse genetic system in this study. There was no significant difference between the rescued strain and the parental strain at the cell proliferation level, and the existence of viral virulence alteration should be further investigated.

In conclusion, this experiment successfully established a reverse genetic system based on the porcine rotavirus isolate JXAY01. It lays the foundation for the study of host specificity, virulence genes and virulence mechanism of porcine rotavirus disease at the molecular level, and provides a basis for the development of new porcine rotavirus strains. It also provides a tool for the development of new porcine rotavirus vaccines.



Data availability statement

The data presented in the study are deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/), The plasmid pRG-Base (GenBank accession no. PQ736896), porcine rotavirus JXAY01 strain (GenBank accession no. PQ736897 to PQ736907) and rescued porcine rotavirus rJXAY01 strain (GenBank accession no. PP975110 to PP975120).



Ethics statement

The animal study was approved by Jiangxi Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

CL: Conceptualization, Data curation, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. HW: Data curation, Methodology, Validation, Writing – review & editing. XZ: Data curation, Validation, Writing – review & editing. WW: Validation, Visualization, Writing – review & editing. ZS: Data curation, Formal analysis, Validation, Writing – review & editing. FL: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing. SD: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project was supported by the Technology System of Modern Agricultural Swine Industry of Jiangxi Province (JXARS-03).



Conflict of interest

FL was employed by Jiangxi Jinyibo Biotechnology Company.

The remaining 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.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



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.



References

 1. Kumar, D, Shepherd, FK, Springer, NL, Mwangi, W, and Marthaler, DG. Rotavirus infection in swine: genotypic diversity, immune responses, and role of gut microbiome in rotavirus immunity. Pathogens. (2022) 11:1078. doi: 10.3390/pathogens11101078 

 2. Wang, ZY, Lv, CC, Xu, X, Li, XD, Yao, YL, Gao, XJ , et al. The dynamics of a Chinese porcine G9P 23 rotavirus production in MA-104 cells and intestines of 3-day-old piglets. J Vet Med Sci. (2018) 80:790–7. doi: 10.1292/jvms.17-0657 

 3. Qiao, M, Li, M, Li, Y, Wang, Z, Hu, Z, Qing, J , et al. Recent molecular characterization of porcine rotaviruses detected in China and their phylogenetic relationships with human rotaviruses (2024) 16:453. doi: 10.3390/v16030453

 4. Matthijnssens, J, Attoui, H, Banyai, K, Brussaard, CPD, Danthi, P, Del Vas, M , et al. ICTV virus taxonomy profile: Sedoreoviridae 2022. J Gen Virol. (2022) 103. doi: 10.1099/jgv.0.001782

 5. Caddy, S, Papa, G, Borodavka, A, and Desselberger, U. Rotavirus research: 2014-2020. Virus Res. (2021) 304:198499. doi: 10.1016/j.virusres.2021.198499 

 6. Matthijnssens, J, Ciarlet, M, Heiman, E, Arijs, I, Delbeke, T, McDonald, SM , et al. Full genome-based classification of rotaviruses reveals a common origin between human Wa-like and porcine rotavirus strains and human DS-1-like and bovine rotavirus strains. J Virol. (2008) 82:3204–19. doi: 10.1128/JVI.02257-07 

 7. Li, Y, Wang, F, Kan, R, Cao, H, Tang, C, Yue, H , et al. Genetic and immunological characterization of G9 group a porcine rotaviruses in China. Zoonoses Public Health. (2022) 69:694–703. doi: 10.1111/zph.12958 

 8. Zhang, X, and Wen, F. Recent advances in Reovirales viruses reverse genetics research. Virus Res. (2022) 321:198911. doi: 10.1016/j.virusres.2022.198911 

 9. Kanai, Y, Komoto, S, Kawagishi, T, Nouda, R, Nagasawa, N, Onishi, M , et al. Entirely plasmid-based reverse genetics system for rotaviruses. Proc Natl Acad Sci USA. (2017) 114:2349–54. doi: 10.1073/pnas.1618424114 

 10. Sanchez-Tacuba, L, Feng, NG, Meade, NJ, Mellits, KH, Jais, PH, Yasukawa, LL , et al. An optimized reverse genetics system suitable for efficient recovery of simian, human, and murine-like rotaviruses. J Virol. (2020) 94:e01294–20. doi: 10.1128/JVI.01294-20 

 11. Diebold, O, Gonzalez, V, Venditti, L, Sharp, C, Blake, RA, Tan, WS , et al. Using species a rotavirus reverse genetics to engineer chimeric viruses expressing SARS-CoV-2 spike epitopes. J Virol. (2022) 96:e0048822. doi: 10.1128/jvi.00488-22

 12. Kawagishi, T, Nurdin, JA, Onishi, M, Nouda, R, Kanai, Y, Tajima, T , et al. Reverse genetics system for a human group a rotavirus. J Virol. (2020) 94:e00963–19. doi: 10.1128/JVI.00963-19 

 13. Hamajima, R, Lusiany, T, Minami, S, Nouda, R, Nurdin, JA, Yamasaki, M , et al. A reverse genetics system for human rotavirus G2P 4. J Gen Virol. (2022) 103. doi: 10.1099/jgv.0.001816 

 14. Kanda, M, Fukuda, S, Hamada, N, Nishiyama, S, Masatani, T, Fujii, Y , et al. Establishment of a reverse genetics system for avian rotavirus a strain PO-13. J Gen Virol. (2022) 103. doi: 10.1099/jgv.0.001760 

 15. Philip, AA, Agbemabiese, CA, Yi, GH, and Patton, JT. T7 expression plasmids for producing a recombinant human G1P 8 rotavirus comprising RIX4414 sequences of the RV1 (Rotarix, GSK) vaccine strain. Microbiol Res Announc. (2023) 12:e0060323. doi: 10.1128/MRA.00603-23

 16. Komoto, S, Fukuda, S, Murata, T, and Taniguchi, K. Human rotavirus reverse genetics systems to study viral replication and pathogenesis. Viruses-Basel. (2021) 13:1791. doi: 10.3390/v13091791 

 17. Snyder, AJ, Agbemabiese, CA, and Patton, JTJV. Production of OSU G5P [7] porcine rotavirus expressing a fluorescent reporter via reverse genetics. Viruses. (2024) 16:411. doi: 10.3390/v16030411 

 18. Qin, SK, Li, KH, Liu, BJ, Cao, C, Yu, DB, Jiang, ZG , et al. Efficient and robust reverse genetics system for bovine rotavirus generation and its application for antiviral screening. Virol Sin. (2024) S1995–820X(24)00149-4. doi: 10.1016/j.virs.2024.09.010

 19. Kawagishi, T, Sánchez-Tacuba, L, Feng, N, Greenberg, HB, and Ding, S. Reverse genetics of murine rotavirus: a comparative analysis of the wild-type and cell-culture-adapted murine rotavirus VP4 in replication and virulence in neonatal mice. Viruses. (2024) 16:767. doi: 10.3390/v16050767 

 20. Zhu, Y, Sullender, ME, Campbell, DE, Wang, L, Lee, S, Kawagishi, T , et al. CRISPR/Cas9 screens identify key host factors that enhance rotavirus reverse genetics efficacy and vaccine production. NPJ Vaccines. (2024) 9:211. doi: 10.1038/s41541-024-01007-7 

 21. Uprety, T, Wang, D, and Li, F. Recent advances in rotavirus reverse genetics and its utilization in basic research and vaccine development. Arch Virol. (2021) 166:2369–86. doi: 10.1007/s00705-021-05142-7 

 22. Kobayashi, T, Patton, JT, and Desselberger, U. Species a rotavirus reverse genetics: achievements and prospects. Virus Res. (2021) 306:198583. doi: 10.1016/j.virusres.2021.198583 

 23. Desselberger, U. At last: a fully tractable, plasmid only based reverse genetics system for rotavirus. Future Virol. (2017) 12:519–24. doi: 10.2217/fvl-2017-0046

 24. Antia, A, Pinski, AN, and Ding, S. Re-examining rotavirus innate immune evasion: potential applications of the reverse genetics system. MBio. (2022) 13:e0130822. doi: 10.1128/mbio.01308-22 

 25. Sadiq, A, Bostan, N, Khan, J, and Aziz, A. Effect of rotavirus genetic diversity on vaccine impact. Rev Med Virol. (2022) 32:e2259. doi: 10.1002/rmv.2259 

 26. Gao, L, Shen, H, Zhao, S, Chen, S, Zhu, P, Lin, W , et al. Isolation and pathogenicity analysis of a G5P[23] Porcine Rotavirus Strain. Viruses. (2023) 16:21. doi: 10.3390/v16010021

 27. Takatsuki, H, Agbemabiese, CA, Nakagomi, T, Pun, SB, Gauchan, P, Muto, H , et al. Whole genome characterisation of G11P 25 and G9P 19 rotavirus a strains from adult patients with diarrhoea in Nepal. Infect Gen Evol. (2019) 69:246–54. doi: 10.1016/j.meegid.2019.02.007 

 28. Chae, SJ, Jung, S, Cho, SR, Choi, W, and Lee, DY. Outbreak associated with rotavirus G11,P[25] in Korea in 2018. Infect Chemother. (2020) 52:616–20. doi: 10.3947/ic.2020.52.4.616 

 29. De Lorenzo, G, Drikic, M, Papa, G, Eichwald, C, Burrone, OR, and Arnoldi, F. An inhibitory motif on the 5 ' UTR of several rotavirus genome segments affects protein expression and reverse genetics strategies. PLoS One. (2016) 11:e0166719. doi: 10.1371/journal.pone.0166719 

 30. Gratia, M, Vende, P, Charpilienne, A, Baron, HC, Laroche, C, Sarot, E , et al. Challenging the roles of NSP3 and untranslated regions in rotavirus mRNA translation. PLoS One. (2016) 11:e0145998. doi: 10.1371/journal.pone.0145998 

 31. Kanai, Y, Onishi, M, Kawagishi, T, Pannacha, P, Nurdin, JA, Nouda, R , et al. Reverse genetics approach for developing rotavirus vaccine candidates carrying VP4 and VP7 genes cloned from clinical isolates of human rotavirus. J Virol. (2021) 95:e01374–20. doi: 10.1128/JVI.01374-20 

 32. Falkenhagen, A, Huyzers, M, van Dijk, AA, and Johne, R. Rescue of Infectious Rotavirus Reassortants by a reverse genetics system is restricted by the receptor-binding region of VP4. Viruses-Basel. (2021) 13:363. doi: 10.3390/v13030363 

 33. Tsugawa, T, Tatsumi, M, and Tsutsumi, H. Virulence-associated genome mutations of murine rotavirus identified by alternating serial passages in mice and cell cultures. J Virol. (2014) 88:5543–58. doi: 10.1128/JVI.00041-14 

 34. Tsugawa, T, and Tsutsumi, H. Genomic changes detected after serial passages in cell culture of virulent human G1P 8 rotaviruses. Infect Gen Evol. (2016) 45:6–10. doi: 10.1016/j.meegid.2016.08.015 

 35. Esona, MD, Foytich, K, Wang, YH, Shin, G, Wei, G, Gentsch, JR , et al. Molecular characterization of human rotavirus vaccine strain CDC-9 during sequential passages in Vero cells. Hum Vaccin. (2010) 6:247–53. doi: 10.4161/hv.6.3.10409 

 36. Resch, TK, Wang, YH, Moon, S, and Jiang, BM. Serial passaging of the human rotavirus CDC-9 strain in cell culture leads to attenuation: characterization from in vitro and in vivo studies. J Virol. (2020) 94:e00889–20. doi: 10.1128/JVI.00889-20 


Copyright
 © 2025 Liu, Wei, Zhang, Wu, Shen, Luo and Deng. 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.

OPS/images/fvets-11-1512327-t001.jpg
Gene Nucleotide difference Amino acid exchange

VPL NC NC

VP2 NC NC

VP3 T770CIA1702G 1551M

VP4 A432G/T1227C/CL424T T41M/S472L

VP6 C126T NC

VP7 A393G/GOSET W289L

NP1 A48G/A292G/GS80A/AI60G/A1386T DI3G/N317S/Y459F
NSP2 NC NC

NSP3. T388C/A606G/T1058C MIOGT/KI79E
NSP4. A248G/G480A/T767C. 154M/D132N

NSP5 Ga6sA RI48K





OPS/images/fvets-11-1512327-g003.jpg
>
w

10 — san PR
5 — san
— rSATIUXAYOLNSP1 B
. £ . — rSAT-JXAYO1VPY
— rsAttUxAvOLNSP2Z 8
2 — rSAT-XAYO1VP2 =
& — rsAtUxAYOLNSPS B
= — ISAT-JXAYOLVPS
— rSA-UXAYOLNSPA D
< — rSAT-JXAYO1-VPA
- ATXAYOLNSPS 4
e — rsATtXAYOLVPE
w2 ® 2 — rSA11-JXAY01-VP7
] H
s >
) o oz %
Hours post.infetion Hours postinfetion
= SAN
= rSA11-JXAY01-VP1
8
= rSAT1JXAY01-VP2
= rSAT1-JXAY01-VP3
7 = rSAT1-JXAY01-VP4
wx [l o N (SAT1-JXAYO01-VPE
R = rSAT1JXAY01-VPT
. rSAT1-JXAYO1-NSP1
B rSAT1-JXAYO1-NSP2
s . rSAT1-JXAYO1-NSP3
S fHS LS == rSA11-JXAY01-NSP4
OG0 G TS 0 ISAT1-JXAYO1-NSPS
AT T o W S





OPS/images/fvets-11-1512327-g004.jpg
F124H
(IFA)

F148H
(CPE)

Hayy,

o

C CC [EEA
(SR

£y

(

Xy,

i e

LX)

#

Plaque size (mm)

rJXAY01

JXAYO01

JXAYO1 rIXAY01

m

Virus titre (log PFUs/mL)

SA11

rJXAY01

2 24 3%
Hours post-infetion

48

— JXAY01
— rXAY01





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Establishment of a reverse genetics system for an epidemic strain of porcine rotavirus JXAY01 type G5P[23]I12



		1 Introduction



		2 Materials and methods



		2.1 Cells, virus and plasmid



		2.2 Plasmid construction



		2.3 Generation of recombinant rotaviruses



		2.4 Plaque assay



		2.5 Growth kinetics of viruses



		2.6 Electrophoresis of dsRNA



		2.7 Immunofluorescence analysis



		2.8 Sequence analyses



		2.9 Statistical analysis









		3 Results



		3.1 Porcine rotavirus JXAY01 monoreassortants viruses were generated based on simian RV SA11 strains



		3.2 Size of plaque in parental and monoreassortants rSA11-JXAY01



		3.3 Growth curve of parental and monoreassortants rSA11-JXAY01



		3.4 Porcine rotavirus strain JXAY01 whole plasmid rescue



		3.5 Sequence analysis of rescue and parental strains









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fvets-11-1512327-g001.jpg
ELLR

w©

~oo

10

"






OPS/images/fvets-11-1512327-g002.jpg
A

FSAT1XAYO1-VP1 [SAT1JXAYOI-VP2 rSAT1-JXAYO1-VP3

satt
FSAT1-JXAYO1VP
FSAT-JXAYO1-VP2
FSAT1-JXAYO1VPY
FSAT-JXAYO1-VP4
FSAT1-JXAYO1-VPS
FSAT-JXAYO1-VPT
FSAT1XAYOTNSPT
FSA1-JXAYOTNSP2
ISAT1-JXAYO1-NSP3
FSAT1-JXAYO1NSPA
FSAT1JXAYO1NSPS
Jxavor

sat1

ISATI-XAYO1-VP4  SA11-UXAYO1-VPG TSAT1~JXAYO1-VPT rSAT1-XAYO1-NSP1

' ORIOGOREE
TS X‘*@{\ £
‘ ‘ . . 2 %ﬁﬁ{@mf
A FEET S IFF T

FSAT1-JXAYO1-NSP2 ISAT1-JXAYO1-NSP3 rSA11-JXAYO1-NSP4 SAT1-JXAYO1-NSPS

Plaque size (mm)






OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Establishment of a reverse
genetics system for an epidemic
strain of porcine rotavirus JXAY01
type G5P[23]112












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






