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Editorial on the Research Topic
 The Belt and Road of Animal Diseases




INTRODUCTION

The Belt and Road Initiative (BRI) is a global development strategy adopted by the Chinese government in 2013. This investment and infrastructure development strategy drives the world's economic development. However, this initiative has resulted in an increase in the transnational spread of animal diseases, which caused a significant economic loss to the global animal industry. For example, in 2013, Peste des petits ruminant virus entered China (1); in 2015, Senecavirus A outbreak occurred in China (2); since 2018, African swine fever virus swept into east Asia and Southeast Asia (3); in 2019; lumpy skin disease virus emerged in China (4); in 2013, Porcine Epidemic Diarrhea was found in the United States (5). Strategies to avoid or reduce transnational spread of animal infectious diseases is an important issue, which can be addressed by a multidisciplinary approach including rapid virus detection, metagenomic sequencing, and epidemiology. Other measures such as scientific popularization of disease knowledge, combating smuggling activities, border trade control, and wildlife management should facilitate the control and prevention of these rapidly evolving infectious diseases of animals in a timely and effective manner.

The aim of this Research Topic is to offer an opportunity to collect the newest research and development in the field of “The Belt and Road” of Animal Diseases. Early warning, virus detection, genetic evolution, disseminating disease knowledge, combating smuggling activities, border trade control (among others) are topics that we aim to explore.



ORGANIZATION OF THE RESEARCH TOPIC

In this Research Topic, we received 16 manuscripts, 11 (1 review, 9 original research, 1 brief research report) were accepted for publication. Among them, 9 papers involved virus research, and two papers involved bacterial research. In 9 viral topic-related papers, 5 papers involved nidovirus research; 2 papers involved circovirus research; one paper involved herpesvirus research; one paper focused on picornavirus research. The first nidovirus paper reported the genetic diversity (Genotype 1, 2, 3) of ORF3 gene of porcine epidemic diarrhea virus (PEDV) in Guangxi, China, more specifically, the continuous deletions from 172 to 554 bp of ORF3 gene occurred in some PEDV strains (Lu et al.). The second nidovirus research paper described a re-outbreak of PEDV with 97.8% similarity with the vaccine strain CV777 in one vaccinated farm, indicating that current commercial PEDV vaccine could not fully protect pigs against the epidemic strains (Gao et al.). The two papers all emphasized the research and development of an effective and broad-spectrum PEDV vaccine. The third nidovirus study showed that porcine enteric alphacoronavirus (PEAV) could inhibit IFN-α, IFN-β, OAS, Mx1, and PKR mRNA expression in infected peyer's patches in vivo (Xu, Gong, et al.). The forth nidovirus paper, a review article, mainly summarized the apoptosis roles in swine response to viral infection and pathogenesis of four swine coronaviruses including PEDV, PEAV, transmissible gastroenteritis virus (TGEV), and porcine deltacoronavirus (PDCoV) (Xu, Zhang, et al.). The two papers revealed the pathogenesis of viral infections and laid the foundation to develop an appropriate strategy for the prevention and control of swine diarrhea diseases. The fifth nidovirus paper described a monoclonal antibody against porcine CD163 SRCR5 domain, which partially could block the infection of porcine reproductive and respiratory syndrome virus (PRRSV) (Zhang et al.). It may provide a foundation of antiviral therapy for PRRSV. In two circovirus studies, the authors established two different methods to detect porcine circovirus 3 (PCV3). One was colorimetric isothermal multiple-self-matching-initiated amplification assay, which might be a good practical choice for epidemiological investigation and point-of-care testing of PCV3 (Gou et al.). Another was single multiple cross displacement amplification assay, which could be widely applied in PCV3 detection in laboratories or in rural areas (Bian et al.). During eighth virus theme-related study, Xu, Gao, Wu, et al. identified that UL46 gene of pseudorabies virus (PRV) could encode the nucleocytoplasmic shuttling protein. In the final paper, Zhou et al. first reported seneca valley virus (SVV) in buffalos in China, and sequence analysis showed the SVV strain was close to one wild boar-origin strain, which revealed potential cross-species transmission of SVV.

In two bacterial studies, Liu et al. collected genotype data of Brucella strains from 11 countries along the Silk Road, the combination of whole-genome sequencing and single-nucleotide polymorphism (WGS-SNP) phylogenetic analysis showed that some genotypes spread within the national borders and other genotypes continuously expanded and spread in countries along with Silk Road. The authors strengthen that there is an urgent need for the control (especially entry-exit quarantine of animal brucellosis) of transfer and trade of infected sheep/goats in countries along the Silk Road. Li et al. reported the host cytokine response differences in piglets infected with toxigenic and non-toxigenic staphylococcus hyicus (S. hyicus) It was helpful to understand the pathogenic mechanisms of S. hyicus.



CONCLUSION

Since the beginning of 2020, The Research Topic began to receive the manuscript submission, and invited more than 60 research team from the world to submit the manuscript. But we finally received 16 manuscripts that might be caused on on-going COVID-19 pandemic, which clearly affects our research and work progress. Although the Topic provides overviews of some pathogen cross-region threats and discusses current and novel strategies for the detection and control, the manuscripts associated with transboundary infectious diseases and foreign diseases (especially Peste des petits ruminant, African swine fever and lumpy skin disease) were lacking. In the following work, we hope that more scientists pay more attention to these diseases in order to reduce or prevent the spread of transboundary infectious diseases and foreign diseases in animals.
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Porcine enteric alphacoronavirus (PEAV) is a newly identified swine enteropathogenic coronavirus that causes watery diarrhea in neonatal piglets. The pathogenesis and host immune responses of PEAV infection are not fully characterized. The reason lies in the stomach environment, which would degrade cell-cultured live viruses via oral infection, making it difficult to establish an effective infection model to study the pathogenesis and host immune responses in pigs with a mature immune system. To solve this problem, in this study, coated PEAV-loaded microspheres were developed by centrifugal granulation-fluidized bed coating and demonstrated as an effective oral delivery system/animal infection model to protect PEAV virion against the complex gastrointestinal environment in vitro and to cause infection in weaned piglets in vivo. Weaned piglets orally inoculated with coated PEAV-loaded microspheres developed diarrhea and virus RNA was detected in rectal swabs from one to seven days post inoculation. In addition, microscopic lesions in the small intestine were observed, and viral antigens were also detected in the small intestines with PEAV immunohistochemical staining. Importantly, PEAV significantly inhibited mRNA expression of IFN-α, IFN-β, OAS, Mx1, and PKR, the genes involved in modulation of the host immune responses, in infected Peyer's patches, indicating that PEAV can overcome the antiviral response to cause damage when infection occurs. Collectively, our research successfully established a PEAV animal infection model in weaned piglets and suggested that the observed gene expression profile might help explain immunological changes associated with PEAV infection.

Keywords: coated Porcine enteric alphacoronavirus (PEAV)-loaded microspheres, pathogenesis, antiviral response, Peyer's patches, weaned piglets


INTRODUCTION

PEAV, as the newest strain of porcine CoVs, was first detected by our team via genomic analysis of samples collected from a diarrhea-outbreak in swine herds in Guangdong, China in 2017 (1), and this novel swine enteric CoV was subsequently confirmed to have existed in China since at least August 2016 by a retrospective detection study (2). In addition, the retrospective investigation of 236 samples from 45 swine farms showed that the prevalence of PEAV in pigs was reported to be 43.53% in Guangdong, China in August 2016 to May 2017 (2). Apart from Guangdong, a PEAV-like strain, CN/FJWT/2018, was recently discovered in Fujian, China (3), indicating a continuing threat to pig farms.

The complete genome of the PEAV strain GDS04 was reported after it was first identified (1). The full-length genome of PEAV is about 27 kb (1), arranged in the order of: 5′ UTR-ORF1a/1b-S-NS3-E-M-N-NS7a-3′ UTR (4). It is known that the S protein has many important characteristics in CoVs, such as virus attachment and entry, and induction of neutralizing antibodies in vivo (5). Of note, compare to other reported CoVs, PEAV has the smallest S protein of only 1129 amino acids (1).

PEAV caused clinical symptoms similar to other porcine enteric pathogens, such as PEDV and TGEV, characterized by vomiting, diarrhea, dehydration, and a mortality rate as high as 90% in piglets (1, 6). Since PEAV was reported in pigs (1), other groups have identified another two swine enteric HKU2-related CoVs, SADS-CoV, and SeACoV, in the same region. The newborn piglets were subsequently inoculated with isolated SADS-CoV and SeACoV strains which caused PEAV-like diarrheal disease (6–8).

PEAV is an important enteropathogen in pigs, but currently no report is involved in modulation of the host immune responses against PEAV infection. Oral infection of pigs with a mature immune system, like weaned piglets, can truly reflect the effect of the virus on the host immune responses. Moreover, according to our pre-experiment, cell-cultured PEAV doesn't cause infection in weaned piglets by orally feeding. In order to solve the problem, we successfully established an animal infection model of coated PEAV-loaded microspheres. In brief, we initially generated coated PEAV-loaded microspheres and evaluated the acid-resistance and enteric solubility in vitro and in vivo and further challenged microspheres to investigate the pathogenicity of PEAV in 33-day-old conventionally weaned piglets. Subsequent to the establishment of the animal infection model, we assessed the effect of PEAV on the antiviral molecules in Peyer's patches in inoculated piglets by real-time PCR.



MATERIALS AND METHODS


Virus Propagation in Vero Cells

Vero cells were obtained from ATCC (ATCC number: CCL-81) (USA) and cultured in Dulbecco's modified eagle medium (DMEM) (Hyclone, USA), supplemented with 10% fetal bovine serum (FBS) (BOVOGEN, Australia), 100 U/mL penicillin, and 100 U/mL streptomycin in 37°C with 5% CO2 incubator. The maintenance medium for PEAV propagation was DMEM supplemented with 10 μg/mL trypsin (Gibco, USA) and cultured under the conditions described above. The PEAV GDS04 strain was isolated from piglets with severe diarrhea in our laboratory (8).

Virus propagation was performed as previously described (8). Briefly, Vero cells were seeded into T175 flasks and cultured for 90% confluence. One mL of PEAV GDS04 strain together with 50 mL of maintenance medium were added to flasks after the cell monolayers were washed three times with sterile pH 7.4 1 × phosphate buffered saline (PBS). The virus-inoculated cells were cultured continuously at 37°C in 5% CO2 to observe the cytopathic effect (CPE). Around one day post-infection (d.p.i.), >80% CPE was evidently observed in the inoculated cell monolayers; the flasks were then twice frozen at −80°C and thawed. The cells and supernatants were harvested together and stored at −80°C until subsequent viral titers' determination. Virus titers were calculated using the Reed-Muench method (9) and expressed as TCID50 per milliliter.



Pigs

The animal study was approved by the Institutional Animal Care and Use Committee of the Sun Yat-sen University (Guangdong, China) and animals were treated in accordance with the regulations and guidelines of this committee. Thirty-three-day-old healthy conventional weaned piglets, crossbred of Duroc × Landrace × Native pigs of Guangdong of China, were procured from Wen' s Foodstuffs Group Co., Ltd. (Guangdong, China). All pigs were housed in the vivarium under standard environmental conditions and maintained in our animal facility with food and water ad libitum for a minimum of 7 days before the experimentation.



Production of Coated PEAV-Loaded Microspheres (PEAV-Coated)

PEAV-Coated were prepared using centrifugal granulation- fluidized bed coating technology as described previously, with some modifications (10). Briefly, we added the commercial sucrose microspheres (450 g) (Anhui Sunhere Pharmaceutical Excipients Co., Ltd, China) into a centrifugal granulator (Shenzhen Xinyite Science and Technology Co., Ltd, China), and adjusted the solid rotation disc' s speed to 27 × g to keep the vorticity of the microspheres. We also adjusted the supply air velocity and the exhaust air velocity to 326 × g and 666 × g, respectively. We subsequently set the machine to spray pure water (80–100 mL) to blend the powders into the microspheres at 0.02 × g for 30 min by a tangential spray nozzle. About 136 g new powders were constantly added into the microspheres. Then the final product was dried at 37°C for 1 h under the same air quantity. Subsequently, the dried PEAV-loaded microspheres smaller than 0.7 mm were screened by sieving, and then filled into a fluidized bed apparatus with a bottom spray configuration (Shenzhen Xinyite Science and Technology Co., Ltd., China). We used the magnetic stirrer to mix enteric coating suspensions (Weight gain 25%) with 6% Hydroxypropyl methyl cellulose phthalate (HPMCP) (Shanghai Yunhong Chemical Co., Ltd., China), and then PEAV-loaded microspheres were continuously sprayed with the enteric coating suspensions at 0.25 mL/min through a spray nozzle at the bottom of the fluidized bed apparatus. Of note, the relative bed temperature needed to be kept at 29°C to avoid an agglomeration of the microspheres during the coating process. After all the enteric coating suspensions were sprayed out, the products needed to dry for an additional 30 min.



Characterization of PEAV-Coated

According to the method described by Kashappa-Goud H. Desai and Steven P. Schwendeman (11), we used a Hitachi S-3400N scanning electron microscope (Hitachi, Japan) to examine the surface morphology of microspheres by taking SEM images. Briefly, we fixed the microspheres on a brass stub with a double-sided adhesive tape and then coated them with ~3–5 nm electrically conductive gold for 100 s at 40 W in a vacuum. Then, the excitation voltage was set as 8–10 kV to take the images of the microsphere surface. One hundred randomly selected samples of PEAV-Coated were selected to measure the diameter with a Vernier caliper (Guangzhou Heyue Biotechnology Co., Ltd., China) to determine the size distribution of the PEAV-Coated. In addition, 100 samples of PEAV-Coated or sucrose microspheres were randomly selected and measured with Electronic scales (Sartorius Group, Germany) to calculate the weight gain of the single microsphere and to analyze the weight gain of the single PEAV-Coated.



In vitro and in vivo Acid Resistance and Enteric Solubility Study of PEAV-Coated

In line with previous studies (12), we used simulated gastric fluid and simulated intestinal fluid to determine the acid resistance and enteric solubility of PEAV-Coated in vitro. Briefly, PEAV-Coated were successively incubated in pH 1.2 simulated gastric fluid prepared with 2 g/L NaCl, 3.2 g/L porcine pepsin, 0.7% HCl, and pH 6.8 simulated intestinal fluid prepared with 6.8 g/L NaH2PO4, 7.7% 0.2 N NaOH, and 10 g/L pancreatin at 37°C for 2 h, and freeze-dried powders containing the PEAV GDS04 strain were treated under the same conditions. The TCID50 assay as described above was used to analyze the acid resistance of PEAV-Coated after the simulated gastric fluid treatment.

To analyze the acid resistance and enteric solubility of PEAV-Coated in vivo, weaned piglets were orally inoculated with these microspheres to assess virus shedding according to previous studies with some modifications (10). Briefly, 18 conventionally weaned piglets were randomly divided into three groups with six piglets in each, and were housed in three separate rooms. On day 0, weaned piglets in group one were orally challenged with 20 g of PEAV-Coated containing a total of 2 × 105 TCID50 of the PEAV GDS04 strain (1 gram of microspheres contained 1 × 104 TCID50 of PEAV GDS04 strain). Weaned piglets in groups two and three as controls were orally inoculated with 20 mL of maintenance medium or 20 mL of maintenance medium containing a total of 2 × 105 TCID50 of the PEAV GDS04 strain (1 milliliter of medium contained 1 × 104 TCID50 of PEAV GDS04 strain), respectively. After challenge, rectal swabs were collected from each piglet on day 0, 2, 4, 6, and 8 after the challenge to assess PEAV virus shedding with real-time PCR as described below.



Experimental Infection With PEAV-Coated in Conventional Weaned Piglets

Twenty-four conventionally weaned piglets, negative of the major porcine enteric viruses including PDCoV, PEDV, TGEV, PRoV, and PEAV by testing the rectal swabs on day −1 as previously described (13), were randomly divided into two groups with 12 piglets in each and were housed in two separate rooms. On day 0, weaned piglets in one group were orally challenged with 100 g/head of PEAV-Coated containing a total of 1 × 106 TCID50 of the PEAV GDS04 strain (1 gram of microspheres contained 1 × 104 TCID50 of PEAV GDS04 strain) for 3 days and weaned piglets in another group were orally inoculated with 100 g/head sucrose microspheres for 3 days and served as uninfected controls. After infection, clinical signs of vomiting, diarrhea, and lethargy were observed daily in each piglet. In addition, the diarrhea severity of each piglet was scored daily according to the previous criteria (14): 0 = normal, 1 = soft (cowpie), 2 = liquid with some solid content, 3 = watery with no solid content.

Rectal swabs were collected from each piglet before inoculation and then every day until 7 d.p.i. and were homogenized in 1 mL sterile pH 7.4 1 × PBS immediately after collection. Six of the challenged piglets and six of the negative control piglets were randomly selected from each group and humanely sacrificed for necropsy at 3 d.p.i., and the remaining weaned piglets were necropsied at 7 d.p.i. At necropsy, the fresh Peyer's patches from ileum were collected for analysis of the antiviral molecules with real-time RT-PCR and the fresh jejunum were also analyzed with histopathology and immunohistochemistry.



RNA Isolation and Real-Time PCR Analysis

RNA extraction and RT were performed as previously described with some modifications (8). Briefly, viral RNA was extracted from the rectal swab fluids from each piglet by using an RNeasy kit (Magen, China) according to the manufacturer' instruction. Two μg of viral RNA was converted to cDNA by using an RT-PCR kit (TaKaRa, Dalian). Primers for the nucleocapsid (n) gene of PEAV (sense: 5′-CTGACTGTTGTTGAGGTTAC-3′; antisense: 5′-TCTGCCAAAGCTTGTTTAAC-3′), and probe (5′-FAM-TCACAGTCTCGTTCTCGCAATCA-TARMA-3′) were designed as previously described (15) and synthesized by Invitrogen Company (Shanghai, China). The real-time PCR assay was performed on an Applied Biosystem 7500 instrument (Life Technologies, USA) with a 20-μL volume containing 1 μL of cDNA, 10 μL of Thunderbird Probe qPCR Mix, 0.04 μL 50 × Rox reference dye (TOYOBO, Shanghai), 0.2 μmol/L of probe, and a 0.3 μmol/L of each gene-specific primer. The PCR program was as follows: 95°C for 30 s; 45 cycles of 95°C for 5 s, 62°C for 30 s. The n gene was amplified by using the specific primers (sense: 5′-CCGCTCGAGATGGCAACTGTTAATTGG-3′; antisense: 5′-CGCGGATCCCGATTAATAATCTCATCCAC-3′) that were designed according to the sequence of PEAV strain GDS04 (GenBank, Accession no: MF167434.1), and the PCR products were ligated with the pEGFP-N1 vector (Clontech, USA) by using a PCR cloning kit (NEB, USA), and then the 10-fold serially diluted known plasmid concentration was used as the template to construct a real-time PCR standard curve in each plate. The quantity of PEAV viral RNA in rectal swabs was calculated based on the cycle threshold (Ct) values for the standard curve.

To analyze antiviral molecular changes in the piglets with PEAV infection, equal quantities (1 g) of Peyer's patches were homogenized in sterile pH 7.4 1 × PBS, and 200 μL of the supernatant was used for RNA extraction by using an RNeasy kit (Magen, China) following the manufacturer's instruction. Two μg of total RNA was converted to cDNA by using an RT-PCR kit (TaKaRa, Dalian). The specific primers for porcine IFN-α (sense: 5′-TCTCATGCACCAGAGCCA-3′; antisense: 5′-CCTGGACCACAGAAGGGA-3′), IFN-β (sense: 5′-AGTGCATCCTCCAAATCGCT-3′; antisense: 5′-GCTCATGGAAAGAGCTGTGGT-3′), PKR (sense: 5′-AAAGCGGACAAGTCGAAAGG-3′; antisense: 5′-TCCACTTCATTTCCATAGTCTTCTGA-3′), OAS (sense: 5′-GAGCTGCAGCGAGACTTCCT-3′; antisense: 5′-TGCTTGACAAGGCGGATGA-3′), Mx1 (sense: 5′-GGCGTGGGAATCAGTCATG-3′; antisense: 5′-AGGAAGGTCTATGAGGGTCAGATCT-3′), and glyceraldehydes-3-phosphate dehydrogenase (GAPDH; sense: 5′-CCTTCCGTGTCCCTACTGCCAAC-3′; antisense: 5′-GACGCCTGCTTCACCACCTTCT-3′) were designed as previously described (16, 17) and synthesized by Sangon Company (Shanghai, China). The real-time PCR assay was performed on an Applied Biosystem 7500 instrument (Life Technologies, USA) with a 20-μL volume containing 1 μL of cDNA, 10 μL of 2 × SYBR green Premix Ex Taq (TaKaRa, Dalian), and 0.4 μM of each gene-specific primer. The amplification conditions were referring to previous publications (16) and were as follows: 95°C for 30 s; then 40 cycles of 95°C for 3 s, 60°C for 30 s; and 1 cycle of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s, 60°C for 15 s. A melt curve for the PCR products was obtained to determine the specificity of the amplification at the final step. The antiviral molecules expressions were calculated relative to the expression of the reference gene GAPDH and presented as the change (n-fold) relative to the control samples.



Histological and Immunohistochemical Staining

Histological and Immunohistochemical staining were performed as previously described with some modifications (8). Briefly, at necropsy, the jejunum tissue samples of the piglets from the challenged and control groups were separated, routinely fixed in 10% formalin, embedded, sectioned, and stained with hematoxylin and eosin (H&E); the slides were then examined and analyzed with conventional light microscopy. Five-μm sections of formalin-fixed paraffin-embedded tissues were mounted onto positively charged glass slides. Slides were air dried at 60 °C for 120 min prior to deparaffinization. Slides were then rinsed and incubated with target retrieval solution (Servicebio, China). The sections were incubated with PEAV (GenBank, Accession no: MF167434.1) specific mouse antisera (Wen's Foodstuffs Group Co., Ltd, China) (1:400) as the primary antibody for 12 h at 4 °C after to block with 1% BSA (Solarbio, China). They were then incubated with peroxidase-labeled goat anti-mouse IgG secondary antibody (Dako, Denmark) (1:200) for 50 min at room temperature prior to visualization with a 3, 3′-diaminobenzidine (DAB) chromogen kit (Dako, Denmark). In addition, hematoxylin was used for counterstaining. Jejunum tissue samples from uninfected piglets were used as a negative control.



Statistical Analysis

Statistical comparisons were performed using GraphPad Prism software. The significance of the differences between the treatment group and controls in the mRNA expressions [TCID50, antiviral molecules (IFN-α/β, OAS, PKR, and Mx1)] was determined by the ANOVA and Mann-Whitney accordingly.




RESULTS


Centrifugal Granulation-Fluidized Bed Coating Manufactures the PEAV-Coated

Viruses by oral feeding failed to infect the body due to the labile components that were degraded by the acid pH of the stomach (18). To successfully infect the animals, we used centrifugal granulation technology to load the freeze-dried powders containing the PEAV GDS04 strain onto sucrose microspheres (Figure 1A). To protect PEAV from low pH while facilitating controlled virion release in the intestine, pH-resistant enteric coating (HPMCP) was loaded on the PEAV-loaded microspheres using a fluidized bed coating apparatus after a drying process (Figure 1B). The final products of the manufacturing process yielded the coated mini-spheres, with a faint-yellow surface (Figure 1C).


[image: Figure 1]
FIGURE 1. Generation of PEAV-Coated by Centrifugal granulation-fluidized bed coating. (A) The freeze-dried powders containing the PEAV GDS04 strain were loaded onto sucrose microspheres with pure water as an adhesive by using centrifugal granulation technology. The enteric coating (HPMCP) (B) was successively sprayed onto the PEAV-loaded microspheres by using a fluidized bed apparatus. (C) The final product was the PEAV-Coated.




PEAV-Coated Structural Characterization

To observe the encapsulation effect of PEAV in the microspheres, we used a scanning electron microscope to examine the morphology of the microspheres. As shown in Figure 2B, a scanning electron micrograph revealed the microparticles containing PEAV characterized by their pill shape, rough surface, lack of porosity, and relatively uniformed size. In addition, compared to sucrose microspheres, PEAV-Coated were around 1.3 times larger (Figure 2A). Further, we found that more than 95% of microspheres were in the size range of 700–800 μm in diameter (Figure 2C). In addition, single PEAV-Coated weight gained 60% more than single sucrose microspheres (Figure 2D).


[image: Figure 2]
FIGURE 2. Appearance, size distribution, and weight gain of PEAV-Coated. Scanning electron micrographs of sucrose microspheres (A) and PEAV-Coated (B) (scale bar 1.0 mm, 300 μm or 400 μm in A,B). (C) Size distribution of freshly prepared PEAV-Coated was measured using a Vernier caliper and data were plotted as the percentage of different diameters. (D) One hundred freshly prepared PEAV-Coated or sucrose microspheres were randomly selected and measured with Electronic scales to calculate the weight gain of the single microsphere. Results are representative of three independent experiments. Data are represented as mean ± SD, n = 3.




PEAV-Coated Have Acid Resistance and Enteric Solubility in vitro and in vivo

Considering that viruses by oral feeding overcoming the acid pH of the stomach is the key to infection, we examined the acid resistance and enteric solubility of PEAV-Coated in vitro and in vivo. As shown in Figures 3A,B, we found that the shape of PEAV-Coated was unaffected after simulated gastric fluid treatment, but it could dissolve in simulated intestinal fluid. In addition, compared to the microspheres before treatment, virus titers in microspheres after the simulated gastric fluid treatment dropped slightly (Figure 3C). To further determine whether PEAV-Coated could resist gastric acid in vivo, we fed weaned piglets with PEAV-Coated and the control groups with DMEM without mixing with sucrose microspheres or PEAV without mixing with sucrose microspheres. As shown in Figure 3D, in half of the weaned piglets orally inoculated with PEAV-Coated PEAV RNA could be detected in fecal swabs at the sixth day after the challenge. In contrast, no PEAV RNA were detected in DMEM and PEAV-inoculated weaned piglets.


[image: Figure 3]
FIGURE 3. Acid resistance and dissolvability of the PEAV-Coated in intestinal fluid in vitro and in vivo. PEAV-Coated were treated with the simulated gastric fluid (A) and the simulated intestinal fluid (B). The acid resistance of the PEAV-Coated was analyzed before and after the simulated gastric fluid treatment by a TCID50 assay, and PEAV was treated and analyzed equally as the control (C). Weaned piglets were orally inoculated with PEAV-Coated, PEAV, and maintenance medium. Rectal swabs were collected from the piglets on days 0, 2, 4, 6, and 8 post inoculation and the virus shedding of PEAV were examined through real-time PCR using specific primers. The percentage of PEAV infection was calculated in (D). Results of TCID50 are representative of three independent experiments. Data are represented as mean ± SD, n = 3. ND means non-detectable.




PEAV-Coated Caused Diarrhea in Weaned Piglets

In order to determine whether PEAV-Coated could infect weaned piglets, 33-day old conventionally weaned piglets were orally infected with PEAV-Coated at a dose of 1 × 106 TCID50/100 g/head. Compared to the negative control, watery diarrhea was observed in all weaned piglets inoculated with PEAV-Coated from 1 d.p.i. to 7 d.p.i. (Figure 4A). We further examined the viral shedding by real-time PCR in fecal swabs collected from inoculated-piglets from 1 d.p.i. to 7 d.p.i. As shown in Figure 4B, PEAV RNA was detected in PEAV-Coated-challenged piglets, while no PEAV RNA was detected in sucrose microspheres-challenged piglets during the study. Taken together, these results suggest that PEAV-Coated could infect weaned piglets to cause diarrhea in vivo.


[image: Figure 4]
FIGURE 4. Reproduction of watery diarrhea and fecal viral shedding in weaned piglets inoculated with PEAV-Coated via oral feeding. (A) Average diarrhea scores after PEAV-Coated infection. (B) Ct values of group PEAV-Coated inoculated weaned piglet fecal swabs and viral RNA shedding in fecal swabs after PEAV-Coated inoculation or sucrose microspheres inoculation.




PEAV-Coated Inhibits an Antiviral Response in Peyer's Patches

Type I interferon (IFN-α/β) plays an important role in innate immune response, which prompted us to examine the effect of PEAV on IFN-α and IFN-β. We found that PEAV could inhibit the mRNA expressions of IFN-α (p < 0.05) and IFN-β (p < 0.05) in Peyer's patches from PEAV-Coated-challenged weaned piglets at 7 d.p.i. (Figure 5). It was reported that IFN-stimulated genes (ISGs) could be induced after IFNs production (19). We further examined the mRNA expressions of ISGs in Peyer's patches from weaned piglets infected with PEAV-Coated at 3 d.p.i. and 7 d.p.i. As shown in Figure 6, we found that PEAV could inhibit the mRNA expressions of OAS (p < 0.05), Mx1 (p < 0.05), and PKR (p < 0.01 or p < 0.05) in Peyer's patches, indicating that PEAV could overcome an antiviral response to infect pigs.
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FIGURE 5. Expressions of mRNA of type I interferon in Peyer's patches from weaned piglets after infection with PEAV-Coated at 3 d.p.i. and 7 d.p.i. The mRNA expressions of IFN-α (A) and IFN-β (B) in Peyer's patches from weaned piglets after infection with PEAV-Coated were examined with real-time PCR using specific primers at 3 d.p.i. and 7 d.p.i. The mRNA expression levels of these cytokines were calculated relative to the expression level of GAPDH. Data are represented as mean ±SD, n = 6. *p < 0.05.
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FIGURE 6. Expressions of antiviral molecules mRNA in Peyer's patches from weaned piglets after infection with PEAV-Coated at 3 d.p.i. and 7 d.p.i. The mRNA expressions of OAS (A), Mx1 (B), and PKR (C) in Peyer's patches from weaned piglets after infection with PEAV-Coated were examined with real-time PCR using specific primers at 3 d.p.i. and 7 d.p.i. The mRNA expression levels of these molecules were calculated relative to the expression level of GAPDH. Data are represented as mean ± SD, n = 6. **p < 0.01, *p < 0.05.




PEAV-Coated Caused Histopathological Lesions and had Viral Antigen Distribution in Small Intestine

Pathology tests were conducted to determine the histological changes in the jejunum of weaned piglets infected with the PEAV-Coated. Compare to the negative control (Supplemental Figures 1A,C), the typical histological lesions characterized by intestinal villus detachment due to injury of intestinal epithelial cells were observed in intestinal villus from piglets that were necropsied at 3 d.p.i. and 7 d.p.i. (Supplemental Figures 1B,D). Consistent with the histopathological results, PEAV antigens were detected in the villous enterocytes of jejunum collected from PEAV-Coated-challenged piglets that were necropsied at 3 d.p.i. and 7 d.p.i. (Supplemental Figures 1F,H), but no PEAV antigen in the negative control was detected by immunohistochemical analysis (Supplemental Figures 1E,G), indicating that PEAV-Coated could cause intestinal lesions in weaned piglets.




DISCUSSION

Since PEAV was first reported in pigs in early February 2017 in Guangdong, China (1), this novel swine enteric CoV has been widely detected in areas of southern China, including Guangdong and Fujian (2, 3). Although a few studies have demonstrated that PEAV was highly pathogenic to newborn piglets (6–8), there are no published papers reporting the pathogenicity of PEAV in weaned piglets and the effect of PEAV infection on antiviral responses in vivo is still unclear. In the present study, PEAV-Coated were developed by the centrifugal granulation-fluidized bed coating apparatus and were used on orally inoculated weaned piglets to evaluate the pathogenicity to weaned piglets and to set up a model to explore antiviral response in vivo.

Oral infection of pigs with mature immune systems, like weaned piglets, can truly reflect the effect of the enterovirus on the host's immune responses. In another of our studies, we found that weaned piglets inoculated with cell-cultured PEAV GDS04 strain at a medium dose (2 × 105 TCID50) could not develop diarrhea and that no PEAV was detected in the rectal swabs (data not shown), which was possibly due to the fact that the viruses could not overcome the acid pH level of the stomach by oral feeding, which can degrade labile components (18). This contradicts the idea that PEAV is transmitted through the fecal-oral route (20). We speculated that on farms, weaned piglets with mature immune systems might be infected by feeding on PEAV-infected pigs' feces, which may protect the virus from stomach acid damage. This has been confirmed by the protective effect of feed-back in sows with intestinal contents containing PEDV (21). Since it has been reported that the PEDV oral vaccine prepared by centrifugal granulation-fluidized bed coating technology could protect PEDV antigens against the complex gastrointestinal environment in vitro and in vivo and induced obvious immune responses in weaned piglets (10), we proposed that oral pellets containing the virus prepared by centrifugal granulation-fluidized bed coating technology might overcome the low pH and enzymes of the stomach to infect the body. To test our hypothesis, freeze-dried powders containing the PEAV GDS04 strain were loaded onto sucrose microspheres using centrifugal granulation technology. It was reported that HPMCP can improve the digestive stability and intestinal transport of green tea catechins (22). To further facilitate PEAV release in the gut, HPMCP was selected as an enteric polymer by fluidized bed coating technology. As we discussed above, for infection in weaned piglets, gastric acid resisted by PEAV-Coated is the key. As shown in Figure 3, PEAV-Coated was verified to be able to resist acid in in vitro and in vivo experiments, while PEAV were to a large extent reduced by the simulated gastric acid treatment or no PEAV was detected in the rectal swabs from PEAV-inoculated weaned piglets. In addition, we found that there were no significant differences in virus titers between PEAV freeze-dried powders and PEAV-Coated, indicating that the virus survival was unaffected by the sucrose microspheres, the HPMCP, and the preparation process. This information suggests coated microspheres prepared by centrifugal granulation-coating technology might be a common and effective oral delivery system to protect the virus against the complex gastrointestinal environment to achieve infection in vivo. This is of great importance because it can be used to study the effect of enteroviruses on the host immune system in vivo. In addition, in order to control intestinal CoV infection in piglets, it requires viable virus particles to reach the intestine to generate mucosal immunity in sows, which is passed on to piglets via milk (23). Our research in PEAV prepared a candidate tool for the effective control of PEAV.

As a newly identified swine pathogen, the pathogenicity of PEAV in weaned piglets is still unknown. We infected the 33-day-old weaned piglets with the PEAV-Coated via oral feeding. While PEAV normally leads to severe watery diarrhea in newborn piglets (8), PEAV only caused mild diarrhea in weaned piglets, which suggests that the pathogenicity of PEAV varies among pigs of different ages, but it still poses a huge threat to weaned piglets and newborn piglets in pig farms. Interestingly, unlike in newborn piglets (6, 8), there was no vomiting and death in weaned piglets infected by PEAV-Coated (data not shown), which was found in other porcine enteric CoVs infection, such as PDCoV, PEDV, and TGEV (24–26), indicating that these CoVs are more harmful to newborn piglets than weaned piglets. However, compared to PEAV-Coated, cell-cultured PEAV without coated didn't cause any diarrhea in weaned piglets (data not shown). Taken together, all these results speculate that age-dependent pathogenicity in PEAV as well as in other entero-CoVs is related ti stomach acid degradation.

Neonatal suckling piglets are not appropriate targets to study immune responses by virus infection due to their fragile and immature immune systems (26). Weaned piglets were used to successfully reveal the innate immune responses with PDCoV infection (26) and indicated that weaned piglets might be useful in studying the effect of PEAV on the immune system. However, as we discovered (data not shown), oral delivery of cell-cultured PEAV without a coating didn't cause diseases in weaned piglets. The successful establishment of the infection model in weaned piglets by PEAV-Coated system removed the obstacle. The infection model allows us to control the type and quantity of virus, and to simulate the fecal-oral route, which will help us to better study the pathogenic mechanism of porcine intestinal CoVs and lay a foundation for the preparation of a PEAV oral vaccine.

Innate immunity is thought to be the first line of host defense against a wide variety of pathogenic infections (27). Of note, type I interferon (IFN-α/β), as important cytokines of innate immunity induced by virus invasion, could establish an anti-viral state in infected sites, and also regulate the development of an adaptive immune response (19). The small intestinal mucosa, which contains immune tissues, is thought to be the primary site for defense against enteropathogens (28). Microscopic lesions and viral antigens were also found in the small intestines of PEAV-Coated-challenged piglets (Supplemental Figure 1), indicating that PEAV could destroy mucosal tissue localized in the gut. Peyer's patches, occupied in the jejunum and ileum, serve as the primary inductive sites for intestinal immunity (29–31). It was reported that SADS-CoV antagonizes IFN-β production via blocking IPS-1 and RIG-I in IPEC-J2 cells (32). Interestingly, we also found that PEAV could inhibit the mRNA expressions of IFN-α and IFN-β in Peyer's patches at 7 d.p.i., consistent with the results in vitro (Supplemental Figure 2), indicating that PEAV infection could inhibit the body's anti-viral state. It is known that ISGs, such as dsRNA activated protein kinase R (PKR) (33), 2′-5′-oligoadenylate synthetase (OAS) (34), and Mx proteins (35), induced by IFNs can directly act against virus infection (36). Consistent with the type I interferon results, PEAV could inhibit the mRNA expressions of OAS, Mx1, and PKR in Peyer's patches. All these results suggest that this virus could overcome the antiviral response to infect the body. Interestingly, the antiviral response was not detected in vivo, possibly due to the timing of the test. Since PEAV inhibited an antiviral response in vivo, several important questions are raised. For example, what's the viral protein of PEAV inhibiting the expressions of these cytokines in vivo? And what is the exact underlying mechanism? What's the immune cell dynamics after PEAV infection in pigs? Further efforts will be required to elucidate the molecular mechanisms underlying the pathogenesis of PEAV infection.

In summary, our research successfully established a PEAV animal infection model in weaned piglets. Remarkably, inoculation of weaned piglets with PEAV obviously inhibited IFN-α, IFN-β, OAS, Mx1, and PKR mRNA expression in infected Peyer's patches in vivo. These findings have provided insights for further studies of the molecular mechanism underlying PEAV infection resistant host immune responses.
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Supplemental Figure 1. Intestinal changes in weaned piglets inoculated with PEAV-Coated. (A,C) H&E-stained jejunum tissue sections of sucrose microspheres-challenged piglets at 3 d.p.i. and 7 d.p.i. (B,D) H&E-stained jejunum tissue sections of PEAV-Coated-challenged piglets at 3 d.p.i. and 7 d.p.i. (Blunt intestinal villus was indicated by arrows). (E,G) Immunohistochemically stained jejunum tissue sections of sucrose microspheres-challenged piglets at 3 d.p.i. and 7 d.p.i. (F,H) Immunohistochemically stained jejunum tissue sections of PEAV-Coated-challenged piglets at 3 d.p.i. and 7 d.p.i.

Supplemental Figure 2. Infection of IPEC-J2 cells with PEAV strain GDS04 inhibits Sendai virus (SeV)-induced expression of IFN-β in vitro. IPEC-J2 cells (2 × 105) were mock infected or infected with PEAV at an MOI of 0.5. Twelve hours after PEAV infection, cells were treated with SeV at an MOI of 1. Twelve hours after SeV treatment, mRNA expressions of IFN-α (A) and IFN-β (B) were measured by real-time PCR using specific primers. The mRNA expression levels of these molecules were calculated relative to the expression level of GAPDH. Data are represented as mean ±SD, n = 9. *p < 0.05, ***p < 0.001. (SeV is able to induce a good IFN-β response, but not IFN-α in IPEC-J2 cells).
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Porcine epidemic diarrhea virus (PEDV) is one of the major enteric pathogens, causing severe enteric disease, resulting in enormous economic losses. The ORF3 gene encodes an accessory protein which is related to the infectivity and virulence of PEDV. In this study, 33 PEDV positive field samples were collected from Guangxi, from 2017 to 2019, and the genetic diversity of ORF3 was investigated. Thirty-eight strains of ORF3 were obtained, and these were composed of five strains of ORF3 named Guangxi naturally truncated strains that were 293 bp in length, with continuous deletions from 172 to 554 bp. The Guangxi naturally truncated strains encoded a truncated protein of 89 amino acids, which had clustered into a new group referred to as Group 3, and these might be involved in the variations of virulence. Three genotypes (G1-1 subgroup, G1-3 subgroup, and Group 3) existed simultaneously in Guangxi based on the genetic and evolutionary analysis of the ORF3 gene. The sequence information in the current study will hopefully facilitate the establishment of a diagnostic method that can differentiate the PEDV field stains. Continued surveillance will be useful for monitoring PEDV transmission. Differentiation of the ORF3 genes in PEDV field strains can help us to choose an appropriate PEDV vaccine candidate in the future and prevent outbreaks of PED more effectively.
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INTRODUCTION

Porcine epidemic diarrhea virus (PEDV) is one of the major enteric pathogens currently threatening the swine population worldwide (1). Clinically, pigs infected with PEDV cause severe enteric diseases with a high mortality rate in suckling piglets, resulting in tremendous economic losses (2–6). The disease is mainly transmitted through feces (7), air (8), and contaminated feeds (9).

PEDV first emerged in Europe in the 1970s and then spread across Europe and into Asia (10). In China, outbreaks of PEDV have been observed on most swine breeding farms since late 2010 (6, 8, 11). PEDV has rapidly spread across 34 states of America, Canada, and has returned to devastate the swine industry in Asia after being diagnosed in the USA in April 2013 (12, 13).

PEDV is an enveloped, positive-stranded RNA virus in the genus Alphacoronavirus, family Coronaviridae, order Nidovirales (14, 15). The genome of a PEDV is ~28 kb in length and is composed of seven open reading frames (ORFs) arranged in the order 5′-ORF1a/1b-S-ORF3-E-M-N-3′, which encodes four structural proteins and 17 non-structural proteins (nsp1-nsp16, and ORF3) (16, 17).

The full length of the ORF3 gene is 675 bp, encoding 224 amino acids. The PEDV ORF3 gene has been found to have a low sequence conservation through analysis of the amino acid sequences and their homologs across the alpha-coronavirus genus (18, 19). The ORF3 encodes an ion channel protein and regulates virus production (20), and its naturally truncated form might cause attenuation of the virus to the natural host. The differentiation of ORF3 could be a marker of adaptation to cell cultures and attenuation of virus, and this could be a valuable tool for studying the molecular epidemiology of PEDV (5, 21). To investigate the genetic diversity of PEDV in Guangxi, we sequenced the full-length ORF3 gene of 33 PEDV positive field samples collected from 2017 to 2019.



MATERIALS AND METHODS

Thirty-three intestinal samples were taken from piglets with clinical diarrhea from different pig farms in Guangxi between 2017 and 2019. Thirty-eight strains of PEDV ORF3 were obtained. Five strains were clustered into a new group referred to as Group 3, while there were 24 and nine strains which were clustered into the G1-1 and G1-3 subgroups, respectively.

Samples were homogenized with a 20% glycerin and PBS stock preservation solution (GPSs). The suspensions were then vortexed and centrifuged for 5 min at 3,000 × g. The supernatants were collected and stored at −80°C before utilization. The vaccine strains CV777 (Harbin Weike Biological Co. Ltd, Harbin, China), AJ1102-R (Wuhan Keqian Biological Co., Ltd, Wuhan, China) and Zhejiang-08 (China Animal Husbandry Industry Co., Ltd, Beijing, China) were purchased as controls.

Total RNA was extracted using a humoral virus DNA/RNA kit (Axygen Scientific, Union City, CA, USA), and transcribed into cDNA by Oligo dTs, dNTP mix, and M-MLV Reverse Transcriptase reagent (TaKaRa, Dalian, China). The primers, ORF3F: 5′-GTCCTAGACTTCAACCTTACGAAG-3′ and ORF3R: 5′-AACTACTAGACCATTATCATTCAC-3′ were used for PCR at 95°C for 5 min followed by 30 cycles of denaturation at 95 °C for 15 s, annealing at 55°C for 30 s and extension at 72°C for 1 min (22). The expected size of PCR products is 740 bp, which contained the full ORF3 gene with a length of 675 bp.

The RT-PCR products were analyzed using 1.5% agarose gel electrophoresis and visualized by ultraviolet illumination. The expected DNA band was purified using a Gel Extraction Kit (OMEGA biotech, Doraville, GA, USA), and cloned into a pMD-18T vector (TaKaRa, Dalian, China). The sequences of the positive clones were determined by Beijing Genomics Institute (Guangzhou, China). The validated genome sequences of ORF3 were submitted to GenBank under the accession numbers MK895557~MK895560 and MN518432~MN518465.

One-hundred and thirteen reference strains of PEDV ORF3 from different countries collected on different dates were selected for the genetic analysis (Supplementary Table 1). Sequences were analyzed by using software packages, DNAstar, MEGA5.2, and iTOL v.5. Multiple nucleotide and amino acid sequence alignments were analyzed by applying the ClustalV method with the MegAlign program and the ClustalW alignment tool in the MEGA5.2 software, respectively. The MEGA 5.2 program was applied to construct phylogenetic trees by using the neighbor-joining method, the tree topology was constructed using the Poisson model and the robustness of the phylogenetic tree was evaluated by bootstrapping using 1,000 replicates (23). The resulting tree was visualized by using iTOL v.5 (Interactive Tree of Life, http://itol.embl.de/).



RESULTS


Amplification and Identification of the PEDV ORF3 Gene

The ORF3 gene was amplified using the primer pair for ORF3 from generated cDNA, and one distinct band of unexpected shorter sizes was observed in five PCR products in addition to the predicted band. Both bands of nucleotide were cloned into a pMD-18T vector and were identified by enzyme digestion using PstI and BamHI (Figure 1).


[image: Figure 1]
FIGURE 1. Detection and identification of two distinct bands of the ORF3 gene of PEDV in Guangxi. (A) Amplification of ORF3 gene in PEDV positive samples. M1: DL 2000 marker; Lane 1: negative control; Lane 2: predicted product (740 bp); Lane 3: predicted product (740 bp) and large genomic deletion (~358 bp); Lane 4: CV777 strain; Lane 5: Zhejiang-08 strain; Lane 6: AJ1102 strain. (B) Identification of the plasmid, pMD-18T-ORF3, by enzyme digestion using PstI and BamHI. M2: DL 5000 marker; Lane 1: The solid arrows indicate the predicted products (740 bp); Lane 2: The dashed arrows indicate products of PEDV variants with a large genomic deletion (~358 bp).




Nucleotide Alignment of the ORF3 Gene Sequence

In this study, thirty-eight strains of PEDV ORF3 were obtained from 33 samples in Guangxi between 2017 and 2019 (Table 1). There were five strains (CHN/GXNN-4-2/2018, CHN/GXQZ-3-2/2018, CHN/GXQZ-6-2/2018, CHN/GXLB-1-2/2019 and CHN/GXQZ-1-2/2019) of ORF3 which were only 293bp in length, and the rest of the 33 strains had a complete ORF3 gene sequence, with a length of 675 bp. When these five Guangxi naturally truncated strains were compared with the main reference strains for nucleotide alignment (Supplementary Table 1), we found that the five strains all had continuous deletions from 172 to 554 bp, and exhibited 98.0–99.3% nucleotide identity with them. In addition, the Guangxi naturally truncated strains had the highest homology of up to 95.9–96.6%, when compared with AJ1102, and exhibited 94.2–95.6% nucleotide identity when compared with the CV777, truncated CV777 strain, Zhejiang-08 and attenuated DR13. Interestingly, one unique substitution at C78T was found to be present in the Guangxi naturally truncated strains in the present study (Figure 2), as well as two unique substitutions at T99C and T636C in the AJ1102 strain.


Table 1. Origins and information regarding the Guangxi strains from 2017 to 2019.
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FIGURE 2. Alignment of nucleotide sequences of ORF3 genes of the Guangxi naturally truncated strains and reference strains. Multiple nucleotide sequence alignments were analyzed by applying the Clustal V method with the MegAlign program. The asterisks indicate the genes with no differences found and those not shown in the figure, whereas the dashed lines represent the deleted nucleotides, and the shadows indicate the unique substitutions of the Guangxi naturally truncated strains.


A sketch map of the ORF3 comparisons of the strains, including CV777, AJ1102, truncated CV777, Zhejiang-08, attenuated DR13, and the Guangxi naturally truncated strains is shown in Figure 3. The results show that the ORF3 gene of CV777 and AJ1102 were complete, and the truncated CV777, Zhejiang-08 strain and attenuated DR13 strain had 49 nucleotide deletions at 245–294 bp. Importantly, the Guangxi naturally truncated strains contained all the missing regions of these reference strains.


[image: Figure 3]
FIGURE 3. Comparison map of the ORF3 gene deletion in the Guangxi naturally truncated and reference strains. The ORF3 nucleotide sequences of the vaccine strains, CV777 and AJ1102, were 675bp, while the strains of truncated CV777, Zhejiang-08 and attenuated DR13 were 626 bp. The ORF3 of the Guangxi naturally truncated strains were all 293 bp, which contained the deletion area of the reference vaccine strain described above.




Alignment of Amino Acid Sequences

The results of amino acid sequence analysis indicated that all the strains were separated into three groups (Figure 4). Among the Guangxi strains in this study, 33 strains were 675 bp in length and encoded a protein of 224 amino acids, and these belong to Group 1. The Guangxi naturally truncated strains were 293 bp in length and encoded a truncated protein of 89 amino acids, and these formed a new group referred to as Group 3. The ORF3 genes of the Guangxi naturally truncated strains exhibited 94.4–97.8% amino acids identity, whereas they had 69.3–72.7% identity to the truncated CV777, Zhejiang-08 and attenuated DR13 strains, and 65.2–71.9% identity to the CV777 and AJ1102. Within Group 2, there are 11 reference strains (including truncated CV777, Zhejiang-08, and attenuated DR13 strain) and translation in these strains was terminated early because of specific deletions, which were located at amino acids 86L−102L and 104G−121F, respectively.


[image: Figure 4]
FIGURE 4. Alignment of amino acid sequences of ORF3 proteins of the Guangxi PEDV and reference strains. The asterisks indicate the segments with no differences and not shown in the figure, whereas the dashed lines indicate deleted amino acids, and the shadows represent the unique substitutions of the chosen strains. Each PEDV strain is indicated in the following format: Country origin (three letter code: CHN, China; FRA, France; ITA, Italy; JPN, Japan; KOR, Korea; MEX, Mexico; SUI, Switzerland; USA, the United States)/strain name/year of sample collection (Genbank accession number). The Group 3 consisted of Guangxi naturally truncated strains which were coded in red. G1-1 subgroup, G1-2 subgroup, G1-3 subgroup and Group 2 were coded in blue, pink, yellow, and green, respectively. The triangle symbols represent the Guangxi field strains obtained in this study.


In terms of predicted amino acid sequence, strains in G1-1 and G1-3 subgroups all had an ORF3 of 224 amino acids, but their genotypes were different because of the amino acid mutations (5, 24); six specific amino acids (L24S, I70V, V80F, C107F, D168N, and Q182H) were present the G1-3 subgroups (Figure 4). Two strains (CV777 and LZC) were classified as G1-2 subgroups since there were only four substitutions, without V80F and Q182H. The Guangxi naturally truncated strains with 89aa in Group 3 were found to have a long length deletion, which were located at amino acids 61S−71F, 86L−119A, and 124H−129L, respectively. In addition, the L81 is located immediately before the truncation site in Group 2, while Group 2 consisted mostly of the cell-adapted strains.



Phylogenetic Tree of the Amino Acid Sequences

To analyze the phylogenetic relationships of the 38 strains (Table 1) and the 113 reference strains from various parts of the world (Supplementary Table 1), we constructed a neighbor-joining phylogenetic tree using their ORF3 amino acid sequences (Figure 5).
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FIGURE 5. Phylogenetic tree of ORF3 of PEDV samples based on the amino acid sequences. Sequences of reference and vaccine strains were obtained from GeneBank, the accession numbers are shown in Supplementary Table 1. Tree topology was constructed using the Poisson model and bootstrap re-sampling (1,000 data sets) of the multiple alignments was used to test the statistical robustness of the trees obtained by the neighbor-joining method from MEGA 5.2. Each PEDV strain is indicated in the following format: Country origin (three letter code: CHN, China; FRA, France; ITA, Italy; JPN, Japan; KOR, Korea; MEX, Mexico; SUI, Switzerland; USA, the United States)/strain name/year of sample collection (Genbank accession number). The Group 3 consisted of Guangxi naturally truncated strains which were coded in red. G1-1 subgroup, G1-2 subgroup, G1-3 subgroup, and Group 2 were coded in blue, pink, yellow, and green, respectively. The triangle symbols represent the Guangxi field strains obtained in this study.


Twenty-four strains were clustered into the G1-1 subgroup together with the major domestic strains such as YN15 and vaccine strains AJ1102 and GD-A, while nine strains were clustered to the G1-3 subgroup with major foreign strains such as PC22A and OH851. CV777 and LZC strains were clustered into the G1-2 subgroup. The deletions of the ORF3 gene such as the truncated CV777, Zhejiang-08 and other strains were clustered into Group 2. More importantly, the Guangxi naturally truncated strains were clustered into a new group referred to as Group 3.




DISCUSSION

PED is a highly contagious intestinal infectious disease in pigs caused by PEDV, which has seriously affected the development of the pig breeding industry and caused significant economic losses. Since 2010, there has been a new round of PED epidemic in China (11, 21, 25, 26). In addition, most pig production countries in Europe, America, and Southeast Asia also have a large-scale epidemic of PED (27–29). It has recently been proposed that PEDV ORF3 plays a role in regulating PEDV replication and pathogenesis (1, 20, 30). Moreover, it has been demonstrated, by using reverse genetics systems, that the ORF3 is dispensable for viral growth in vitro (31–33). The 49 nucleotide deletion at 245–294 bp is thought to be a marker of cellular adaptation, because most cell-adapted strains contain these deletions, but the evaluation of ORF3 slightly changed strains on cell culture need to be further investigated. It can also be used to distinguish the cell adaptive strains from the wild strains (34). This suggests that ORF3 may be a multifunctional protein involved in cellular processes, but the exact biological function of PEDV ORF3 needs to be further defined (35). Therefore, understanding the genetic variations of the ORF3 gene is crucial for further studies on the biological functions of PEDV.

In this study, 38 PEDV strains from Guangxi were obtained from 33 field samples collected on pig farms. Among them, 24 strains were clustered into the G1-1 subgroup, and these were in the same branch as the reference strains, such as vaccine strain AJ1102, and 9 strains were in a branch of the G1-3 subgroup with reference strains such as foreign strains PC22A and OH851. Importantly, there were 5 strains with naturally truncated ORF3 genes and these formed a new gene group in a separate branch, and these were different when compared to the highly adapted cell strains such as the Chinese HLJBY and JS2008. We showed that the length of the deduced amino acid sequences of the ORF3 had only 89aa which was unique among the tested strains. Based on the genetic and evolutionary analysis of the ORF3 gene, we found that the endemic PEDV strains in Guangxi were complicated with three genotypes (G1-1 subgroup, G1-3 subgroup, and Group 3) co-existing simultaneously. The S protein is known to be an appropriate viral gene for determining the genetic relatedness among PEDV isolates, and the non-S INDEL and classical genogroups can be clearly differentiated in an S protein phylogenetic tree (7, 36). The variants in the S protein may change the virulence and tissue tropism of PEDV. However, the ORF3 and S gene are under different evolutionary pressures, and the correlation between the mutation rate of ORF3 gene and the pressure of selection of the host's immune response need to be further investigated.

There has been at least one type of ORF3 gene deletion reported. It is the type of deletion which mostly occurs during extensive passaging of the virus in cell cultures and this has been correlated with viral attenuation (19). With the deletion, the ORF3 gene of an attenuated-type virus has 49 nucleotide deletions, and this leads to a reading frame-shift and an early termination of translation (20). It is mainly represented by the strains of truncated CV777, Zhejiang-08, JS2008, HLJBY, and attenuated DR13, which only has a 91aa truncated protein (18, 24, 37–39). It is noteworthy that the ORF3 protein of the Guangxi naturally truncated strains contain only residues of 89aa, since the 382-nucleotide deletion in the ORF3 results in a frameshift mutation and an early termination of translation. Like the L81 which is critical for PEDV rescue in reverse genetics and could possibly play an important role in the inhibitory activity of the ORF3 (30), the amino acid site of the E58 is located immediately before the truncation site in the five Guangxi natural truncated strains, and this specific region is due to the mutation of the amino acids, but the function of this is unknown. The effect of the Guangxi naturally truncated strains on ORF3 functions and viral pathogenicity remains to be investigated. It is worth considering whether the truncated part of the ORF3 gene should be used as a genetic marker for establishing methods to distinguish between different strains.

PEDV strains with naturally occurring truncated ORF3 genes were found from different parts of Guangxi, originating from Qinzhou, Nanning, and Laibin, which suggested that this type of PEDV is present in only certain areas. Interestingly, the Guangxi naturally truncated strains all co-exist with strains of the G1-1 subgroup which contain complete ORF3 genes, which means that this type of PEDV may not infect pigs independently. The presence of different subtypes of PEDV in pigs may accelerate the mutation of the virus, and this can also increase the difficulty for the clinical prevention and control of PEDV. We have purified these two types of viruses by using the plaque assay and pathogenicity studies are currently in progress with these. The effect of the deletion of ORF3 associated with viral replication or virulence would be important for the understanding the gene function. Previously, JS2008 was considered to be a recombination of a vaccine strain and a PEDV variant strain (38). It is not possible to speculate whether these five strains with naturally truncated ORF3 genes is a recombination of the vaccine strain and a PEDV variant strain, and this needs further confirmation.

This study identified 38 strains of PEDV ORF3 in the Guangxi province of China from 2017 to 2019. There were five naturally truncated strains which were clustered into a new group and these had longer length deletions in both nucleotides and amino acids sequences. This will hopefully facilitate the establishment of a diagnostic method that can differentiate the PEDV field stains. Further studies are needed to clarify the effects of the naturally truncated ORF3 gene on the virulence of these PEDV strains. Phylogenetic analysis revealed that three types PEDV strains, G1-1 subgroup, G1-3 subgroup and Group 3, co-circulated in the swine population in the Guangxi province of China. Continued surveillance will be useful for monitoring PEDV transmission. Differentiation of ORF3 genes in PEDV field strains can also help us to choose an appropriate PEDV vaccine candidate in the future and prevent outbreaks of PED more effectively.
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In 2016, a novel porcine circovirus (PCV), PCV3, was identified in USA. Subsequently, it was proved to be also epidemic in China, Poland, and Korea. To analyze and control the epidemic situation of PCV3, it is necessary to establish accurate and high-throughput detection methods. In this study, the colorimetric isothermal multiple-self-matching-initiated amplification (IMSA) using cresol red was developed to detect PCV3 for the first time. The reaction can be easily performed by incubating the tube at 63°C for 60 min. By the addition of pH-sensitive indicator dye cresol red, the initial color of the reaction mixture is red. When PCV3 capsid gene DNA was positive in the sample, the color of the reaction mixture changed from red to yellow after the isothermal incubation at 63°C, while the negative control maintained the red color. The colorimetric IMSA displayed good specificity in detecting PCV3, PCV2, and PCV1 and 4 porcine DNA pathogens. Moreover, it has a low and repeatable detection limit of 10 copies, which is consistent with TaqMan-based qPCR, but 10 times more sensitive than PCR. In diagnosing 128 clinical specimens, it not only showed 100% agreement with qPCR but also detected 15 positive results more than PCR. The colorimetric IMSA we offered might be a good choice for PCV3 epidemiological investigation and point-of-care testing.

Keywords: PCV3, isothermal multiple-self-matching-initiated amplification (IMSA), detection, colorimetric assay, cresol red


INTRODUCTION

Porcine circovirus (PCV) is a non-enveloped, circular single-stranded DNA virus, belonging to the genus Circovirus within the family Circoviridae. PCV1 and PCV2 were reported to be the only two members of PCV for a long time (1). PCV1 was considered non-pathogenic to pigs. However, PCV2 was known to be connected with clinical features including post-weaning multisystemic wasting syndrome (PMWS), porcine dermatitis and nephropathy syndrome (PDNS), porcine respiratory disease complex (PRDC), proliferative and necrotizing pneumonia (PNP), and reproductive disorders (2, 3). PCV2 has caused severe economic losses to the swine industry because of its circulation worldwide (4).

In 2016, a novel porcine circovirus, PCV3, was identified in USA. Similar symptoms with pigs infected by PCV2, such as PDNS and reproductive disorders, also appear in pigs infected by PCV3 (5, 6). Successive studies proved it was epidemic in China, Poland, and Korea (7–10). Considering this, it is necessary to develop a rapid and simple assay for PCV3 detection. Although PCR-based methods have been utilized to detect PCV3, it is not easy to be performed onsite, or laboratories lack expensive thermal cycling equipment and skilled operators (7, 11). Therefore, isothermal amplification methods are suggested to be a suitable choice for point-of-need diagnostics. To meet this demand, recombinase polymerase amplification (RPA) assay for rapid detection of PCV3 has been described (12). However, at least two kinds of enzymes are needed to start the RPA reaction. The expensive reaction reagent may limit its wide application in rural areas.

Compared with RPA, loop-mediated isothermal amplification (LAMP) or isothermal multiple-self-matching-initiated amplification (IMSA) only utilizes strand-displacing DNA polymerase to accomplish robust DNA synthesis (13, 14). This makes them to be good choice for low-cost isothermal methods. What is more, IMSA proved to be more sensitive than LAMP in the previous study (13, 15). Recently, rapid, sensitive, and visual detection assay was achieved by the addition of pH-sensitive indicator dyes. To develop a rapid, convenient, low-cost method suitable for rural areas, the colorimetric IMSA using cresol red was utilized to detect PCV3 in our study. This method showed good potential on rapid examination of clinical samples suspected to be infected by PCV3.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were reviewed and approved by the ethical and ethics commission (Institute of Animal Health, Guangdong Academy of Agricultural Sciences, China). The license number was SYXK (Yue) 2011–0116. Moreover, samples collecting treatment in this study were performed in accordance with national and local laws and guidelines.



Virus, Bacteria, and Cells

PCV2 isolate HN6 (GenBank no: KM035762.1), PCV1, pseudorabies virus (PRV) GD-WH strain (GenBank no: KT936468.1), Haemophilus parasuis (HPS) serotype 5, Streptococcus suis (SS) serotype 2, and Actinobacillus pleuropneumoniae (APP) Serovar 1 were preserved in our laboratory. They were used to evaluate the specificity of the colorimetric IMSA.



Clinical Samples and Animals

In Guangdong province, a total number of 128 clinical samples were collected from pigs suspected to be infected with PCV3. The tissues include blood, tonsil, lymph gland, lung, kidney, and brain. In addition, 15 blood samples of specific-pathogen-free (SPF) pigs (5 months old), from the Laboratory Animal Center of Southern Medical University, China, were collected. All samples were stored at −80°C until DNA extraction.



DNA Extraction

According to the instructions of the manufacturer, viral DNA in supernatant of cell culture or clinical samples was purified by using the HiPure Viral RNA/DNA Kit (Magen, China). Finally, viral DNA was dissolved in 50 μL nuclease-free water and stored at −80°C. Bacterial DNA was extracted by using the HiPure Bacterial DNA Kit (Magen, China) according to the manufacturer's protocol.



PCR

According to the previously reported methods, PCR was performed in a 25-μL reaction mixture (7). The mixture contained 0.3 μM of each primer, 1 × Premix Tag (Takara Biotechnology, China) and 2 μL template DNA. The PCR program was as follows: 94°C for 5 min; 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 10 min. The products were analyzed on 2% agarose gel.



TaqMan-Based qPCR

TaqMan-based qPCR for PCV3 genome identification was carried out as is previously reported (6). The 25-μL reaction mixture contained 0.4 μM of each primer and probe, 1 × qPCR Probe Master Mix (Vazyme, China), and 2 μL template DNA. The reaction program was set as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 10 s and 60°C for 60 s. FAM fluorescence signals were obtained at the end of each annealing step by the real-time PCR detection system (Roche Light Cycler 480 II, Switzerland). Results with a cycle threshold (Ct) value of <40 were considered positive, while results with no Ct value within 40 cycles were considered negative.



Plasmid Construction

As in the report previously described, partial sequences of capsid gene of PCV3 were amplified by the PCR method from the clinical samples (7). The PCR product was purified by using the Cycle Pure Kit according to the instructions of the manufacturer (Omega, USA). Then, the purified fragment was cloned into pMDTM19-T Vector (TaKaRa Biotechnology, China) and the pMD19T-capsid plasmid was constructed. After the plasmid was transformed into DH5α competent cells, the plasmid DNA was extracted by using the Plasmid Mini Kit I (Omega, USA).



IMSA Primer Design

The conserved region of the capsid gene was determined by alignment of PCV3 strains indexed in the GenBank (accession no: MF589105.1, MF589107.1, MF769811.1, MF769807.1, MF084994.1, KX778720.1, KX898030.1, MG310152.1, MF079254.1, and MG250187.1). According to the principle of IMSA assay, capsid gene sequences of PCV3-US/MO2015 strain (accession no: KX778720.1) were input for IMSA primer design by using the software Primer Premier 5.0 (15). Among multiple sets of primers, the primers targeting to the conserved regions of the capsid gene were selected for subsequent analysis. IMSA primers are listed in Table 1.


Table 1. Primers of the colorimetric IMSA assay for PCV3.
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Colorimetric IMSA

As the previous study described, Tris–HCl and betaine was not included in the colorimetric assay (16). To establish this method, the reaction mixture containing 10 mM (NH4)2SO4, 10 mM KCl, 8 mM MgSO4, 0.1% v/v Tween-20, 16 mM cresol red, 0.8 mM dNTPs, and 8 U Bst WarmStart DNA Polymerase (New England Bio-labs, USA) was prepared, and the pH of the mixture was adjusted to 9.0 by using 100 mM KOH. To perform the IMSA reaction, primers' concentration was optimized and determined as 1.6 μM SteF/SteR, 0.8 μM FIT/RIT, and 0.2 μM DsF/DsR. Then, the reaction tube was incubated in a thermostatic device (HB-202, BIOER TECHNOLOGY, China) at 63°C for 60 min. The results can be directly judged with the naked eyes. The yellow color indicated the positive results, while the red color indicated the negative results. In each colorimetric IMSA test, 3 observers were invited to identify colors and read out the results. For each result, every observer read it out 3 times.



Specificity Analysis

DNA extracted from PCV2, PCV1, PRV GD-WH strain, HPS, SS, and APP were used to evaluate the specificity of the colorimetric IMSA.



Sensitivity Analysis

Ten-fold serial dilutions of pMD19T-capsid plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies) were used to determine the detection limit of the colorimetric IMSA. The negative control was conducted at the same time. The detection limit of the colorimetric IMSA was compared with qPCR and PCR.



Reproducibility Analysis

To analyze the reproducibility of the colorimetric IMSA, ten-fold serial dilutions of pMD19T-capsid plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies) and the negative control were detected for 3 different times.



Evaluation of Clinical Application

A total number of 128 suspected clinical samples and 15 blood samples from SPF pigs were used for DNA extraction and colorimetric IMSA detection. To evaluate the test accuracy of the colorimetric IMSA, its results were identified by TaqMan-based qPCR and PCR.




RESULTS


Establishment of the Colorimetric IMSA

To establish the colorimetric IMSA assay, Tris–HCl was removed from the reaction mixture but the cresol red was added. After 60 min of incubation at 63°C, the color of the reaction mixture changed to yellow when the plasmid containing partial sequences of the PCV3 capsid gene was used as DNA template, while the negative control keeps the red color (Figure 1). So, we judged the positive result of the colorimetric IMSA by observing the yellow color of the reaction tube.


[image: Figure 1]
FIGURE 1. Establishment of the colorimetric IMSA assay for PCV3. Tubes 1–2, negative control. Tubes 3–4, 105 copies of PMD19T-capsid plasmid DNA.




Specificity of the Colorimetric IMSA

To evaluate the specificity of the colorimetric IMSA, pathogens inducing similar clinical syndromes with PCV3, such as PCV2, PCV1, PRV GD-WH strain, HPS, SS, and APP, were used for DNA extraction. For multiple viral or bacterial DNAs, only the plasmid containing partial sequences of the PCV3 capsid gene could start the reaction and the reaction mixture displayed the yellow color (Figure 2). This manifested the good specificity of the colorimetric IMSA.


[image: Figure 2]
FIGURE 2. Specificity of the colorimetric IMSA assay for PCV3. Tubes 1–6, DNA of PCV2, PCV1, PRV GD-WH strain, HPS, SS, and APP. Tube 7, negative control. Tube 8, 105 copies of PMD19T-capsid plasmid DNA.




Sensitivity of the Colorimetric IMSA

Ten-fold serial dilutions of plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies) were, respectively, used as DNA template to determine the detection limit of the colorimetric IMSA. Moreover, the results were compared with qPCR and PCR. In this study, as low as 10 copies of plasmid DNA can be detected by the colorimetric IMSA and qPCR, while the detection limit of PCR was 100 copies, which was 10 times lower than the colorimetric IMSA and qPCR (Figure 3).


[image: Figure 3]
FIGURE 3. Comparison of sensitivity of the colorimetric IMSA with qPCR and PCR. (A) Sensitivity of the colorimetric IMSA. (B) Sensitivity of qPCR. (C) Sensitivity of PCR analyzed by agarose gel electrophoresis. Tubes or lanes 1–7, ten-fold serially diluted PMD19T-capsid plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies). Tube or lane 8: negative control. Lane M, 2,000-bp DNA marker.




Reproducibility of the Colorimetric IMSA

When the colorimetric IMSA was evaluated by detecting ten-fold serial dilutions of pMD19T-capsid plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies) and the negative control for 3 different times, the same results were obtained for each dilution sample every time (Figure 4). Hence, the colorimetric IMSA showed stable detection reproducibility for samples of different concentrations.


[image: Figure 4]
FIGURE 4. Reproducibility analysis of the colorimetric IMSA. Tubes 1–7, ten-fold serially diluted PMD19T-capsid plasmid DNA (105, 104, 103, 102, 101, 100, and 10−1 copies). Tube 8: negative control.




Evaluation of Clinical Application

Among 128 clinical samples, 35 positive results were detected by the PCR method. The positive rate was 27.3% (35/128). In addition to these 35 positive results, the colorimetric IMSA showed 15 positive results more than PCR, which were also positive for TaqMan-based qPCR (Table 2). The positive rate was 39.1% (50/128). To analyze the accuracy of IMSA in testing negative animals, 15 blood tissues sampled from SPF pigs were detected by using the colorimetric IMSA, qPCR, and PCR. Fifteen negative results were obtained for these 3 methods (data not shown).


Table 2. Detection of PCV3 in clinical samples by the colorimetric IMSA qPCR and PCR.
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DISCUSSION

PCV2, the main inducer of porcine circovirus-associated diseases (PCAD), severely damaged efficiency of swine production worldwide (1). PCV3, which was firstly identified in PCV2-negative pigs in 2016, causes cardiac pathology and multisystemic inflammation. In addition, PCV2-like syndromes including PDNS and reproductive failure are also associated with PCV3 infection (6). To analyze and control the epidemic situation of PCV3, it is necessary to establish accurate and high-throughput detection methods. Herein, a simple and rapid colorimetric IMSA using cresol red was developed to detect PCV3 for the first time.

In our study, the IMSA primers were designed according to the conserved region of the PCV3 capsid gene, which was the usual detective marker of PCR-based methods (7, 11). The primer design work was not as complicated as those of LAMP, because the IMSA primers consisted of seven basic primers specifically recognizing distinct regions of the target, which can be easily designed by using the software Primer Premier 5.0 (15). The results of colorimetric IMSA can be visually judged within 60 min, which was at least 60 min shorter than qPCR or PCR methods. However, the detection limit of the colorimetric IMSA is as low as 10 copies, which is consistent with qPCR and even 10 times more sensitive than PCR previously reported (7, 11). Moreover, the reproducibility analysis shows that the detection accuracy of the colorimetric IMSA is very stable for samples of different concentrations. In the whole detection process, the colorimetric IMSA only needs simple isothermal equipment to perform the reaction, but results of PCR or qPCR need to be analyzed by agarose gel electrophoresis or sophisticated thermal cycling apparatus. This makes it very suitable for point-of-care tests using the colorimetric IMSA assay. Compared with the LAMP assay using hydroxynaphthol blue for PCV3 detection, the color change from red to yellow of the reaction tube in this study is more easily to be distinguished with the naked eye than that of the color change from purple to sky blue (17). Hence, it is very convenient for the observers to read out and judge the results of the colorimetric IMSA.

When the colorimetric IMSA are used to detect clinical samples, all IMSA-positive samples can be exactly determined by TaqMan-based qPCR, which was proved to be an accurate method for PCV3 DNA detection. Moreover, the colorimetric IMSA displayed no false-positive results for detection of blood samples from SPF pigs. This further manifests its precise test ability. In our results, some IMSA-positive samples were negative for PCR detection. This may be attributed to the more sensitive detection limit of the colorimetric IMSA and qPCR than PCR.

In recent years, PCV3 was continuously identified in China and further surveillance studies showed that PCV3 are epidemic in a number of pig farms in many provinces (7, 10). In our study, the positive detection rate of the suspected clinical samples by colorimetric IMSA and qPCR is 39.1% (50/128), which was higher than the data in the previous study (11, 12). Our data offers new evidence that PCV3 was epidemic in sick pigs in China. As an emerging virus in 2016, some reports have manifested its connection with PDNS. Pathological lesions and PCV3-specific antigens are detected in various tissues and organs, including the blood, lung, heart, kidney, lymph nodes, and spleen (6, 18). Our results also showed that PCV3 is widely distributed in multiple tissues of the suspected infection pigs. What is more, we find that PCV3 DNA can be detected in the brain tissues of some sick pigs. This is consistent with the findings in some recent reports (19, 20).

In summary, the IMSA assay using cresol red was used for a rapid and sensitive detection of PCV3 for the first time. Not only was this method easy to be performed, but also its results were clearly distinguished with naked eyes. It is likely that the simple method was widely applied in the PCV3 detection in laboratories or rural areas.
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Pseudorabies virus (PRV) is the etiological agent of Aujeszky's disease, which has caused severe economic loss in China since its re-emergence in 2011. UL46, a late gene of herpesvirus, codes for the abundant but non-essential viral phosphoproteins 11 and 12 (VP11/12). In this study, VP11/12 was found to localize inside both the nucleus and cytoplasm. The nuclear localization signal (NLS) of VP11/12 was identified as 3RRARGTRRASWKDASR18. Further research identified α5 and α7 to be the receptors for NLS and the chromosome region maintenance 1 (CRM1) to be the receptor for the nuclear export signal. Moreover, we found that PRV VP11/12 interacts with EP0 and the stimulator of interferon genes protein (STING), whereas the NLS of VP11/12 is the important part for VP11/12 to interact with UL48. To our knowledge, this is the first study to provide reliable evidence verifying the nuclear localization of VP11/12 and its role as an additional shuttling tegument protein for PRV. In addition, this is also the first study to elucidate the interactions between PRV VP11/12 and EP0 as well as between PRV VP11/12 and STING, while identifying the precise interaction sites of PRV VP11/12 and VP16.

Keywords: pseudorabies virus, VP11/12, nucleocytoplasmic shuttling, nuclear localization signal, VP16, EP0, STING


INTRODUCTION

Pseudorabies virus (PRV) is the pathogen for pseudorabies (PR), which is associated with nervous system disorders, respiratory disorders, and reproductive failure, resulting in massive economic loss to the swine industry in China, especially owing to the PRV variant that has emerged since 2011 (1–3).

The taxonomic name for PRV is Suid herpesvirus 1, whereas its original name is Aujeszky's disease virus. PRV is a member of the genus Varicellovirus in the subfamily Alphaherpesvirinae, which belongs to the family Herpesviridae. According to a previous study, all PRV genes contain homologs in at least one related alpha herpesvirus. Thus, most genes and certain protein names are derived from their locations within unique regions, in conformity with the prototypical herpes simplex virus type 1 (HSV-1) (4). The structure of the PRV mature virion consists of a linear dsDNA genome, a capsid, a tegument (a protein matrix), and an envelope (4, 5). The PRV genome is primarily characterized by a unique short (US) region, a unique long (UL) region, internal repeat sequences (IRS), and terminal repeat sequences (6).

The UL46 gene, a late gene of herpesvirus, encoding the abundant but non-essential viral phosphoproteins 11 and 12 (VP11/12) (7–9), is located within the UL regions of the viral genome. VP11/12 is one of the major tegument proteins with a molecular mass of ~95 kDa (10). The absence of UL46 in the HSV and PRV genomes was reported to have no serious impact on viral titers, one-step growth kinetics, virus replication, or virion morphogenesis in porcine kidney cells (PK-15 cells) and rabbit kidney cells (RK13 cells), only leading to a slight reduction of plaque size (10, 11). Furthermore, Thomas C. Mettenleiter demonstrated that in mice, the neuroinvasion and neurovirulence of PRV-ΔUL46 do not differ significantly from those of the classic PRV strain, Kaplan, via measurement of the mean survival times and viral titers in epithelial cells of nasal mucosa, first-order trigeminal neurons, second-order trigeminal neurons, and pons of infected mice, using immunohistochemistry (12).

However, UL46 is an important gene in herpesviruses and plays an important role in virion assembly and virus growth, especially in the secondary envelopment of viruses and in the inhibition of innate immunity upon viral infection. Moreover, VP11/12 has been reported to serve as the major component of virion tegument, in the form of conserved clusters and functional complexes with pUL47, pUL48, and pUL49 in HSV and PRV (13–15). Additionally, in a study seeking to examine the virus/virus or virus/host interactions, HSV-1 was used to infect human fibroblasts, and VP11/12-related proteins were found as complexes, by immune-affinity purification and mass spectrometry. Further, in this study, at least 23 sites of VP11/12 were shown to be phosphorylated (16). In T cells and primary fibroblasts infected with HSV-1, VP11/12 was shown to function as a substrate of Lck or a Lck-activating kinase and to participate in PI3K-Akt signaling involving virus-induced activation (17–19). In PRV, VP11/12 can induce phosphorylation and expression of ERK1/2; however, it fails to activate the PI3K-Akt signaling pathway.

In previous studies, subcellular localization of VP11/12 was observed in the cytoplasmic or perinuclear regions, in both plasmid-transfected cells and virus-infected cells. In our study, we investigated the intrinsic properties of VP11/12, in the absence of other viral proteins or in PRV JS-2012 infection, and found that VP11/12 localized to the nucleus, as observed by indirect immunofluorescence, and gradually appeared in the cytoplasm as well. Therefore, we sought to elucidate the specific mechanisms and vital functions of the nuclear localization signal (NLS) and nuclear export signal (NES) of VP11/12.



MATERIALS AND METHODS


Cell Lines and Viruses

Vero cells, HeLa cells, 293T cells, and PRV variant strain JS-2012 were obtained from the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences (SHVRI-CAAS, Shanghai, China). Cos-7 cells and NIH/3T3 cells were kindly provided by the Shanghai Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). All cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) at 37°C.



Antibodies and Reagents

Polyclonal antibody anti-UL46 was obtained from SHVRI-CAAS. Anti-FLAG and anti-HA monoclonal antibodies were purchased from Sigma-Aldrich (USA). DAPI and leptomycin B (LMB) were purchased from Beyotime Institute of Biotechnology (Shanghai, China). The monoclonal antibody anti-lamin B2 was purchased from Cell Signaling Technology (CST, USA). Donkey anti-mouse IgG secondary antibodies, Alexa Fluor 594 and Alexa Fluor 488, were purchased from Invitrogen (Thermo Fisher Scientific, USA). Anti-GFP monoclonal antibodies, HRP-conjugated goat anti-mouse IgG, and HRP-conjugated goat anti-rabbit IgG were purchased from ProteinTech (USA). All restriction endonucleases used for cloning procedures were purchased from New England Biolabs (NEB, USA), and homologous recombinases were procured from Vazyme Biotech Co. Ltd. (Nanjing, China). PrimeStar® HS DNA Polymerase was purchased from TaKaRa (Japan).



Plasmid Construction

The full-length UL46 open reading frame, including both the start codon methionine and the stop codon, was PCR-amplified from PRV strain JS-2012 (GenBank accession: KP257591) genomic DNA, using primers that incorporated EcoRI sites and homologous sequences in plasmids, p3xFlag-CMV, pEGFP-C3, or pCAGGS. The UL46 fragments were inserted into vectors, p3xFlag-CMV, pEGFP-C3, and pCAGGS, individually, to generate UL46-FLAG, UL46-EGFP, and UL46-HA, respectively. For the positive control, full-length UL47 of PRV JS-2012 genomic DNA was cloned into the EcoRI site of p3xFlag-CMV to generate UL47-FLAG. The vector pEGFP-C3 served as the negative control because it could express the enhanced green fluorescent protein (EGFP) protein.

The truncated and mutant UL46 fragments were cloned into the EcoRI site of the pEGFP-C3 vector to construct the required plasmids (Table S1). To generate plasmids expressing Flag-tagged α1, α3, α4, α5, α6, α7, and α8 were amplified from the cDNA of Vero cells and cloned into EcoRI sites of p3xFLAG-CMV. All fragments were inserted into the EcoRI site of pEGFP-C3. All primers are listed in Table S1. Each construct was confirmed by sequencing performed by the Shanghai Personal Biotechnology Limited Company, and no deletion, insertion, or mutation was detected.



RNA Extraction and Reverse Transcription

Vero cells were collected and frozen at −80°C. Total RNA was extracted by a QIAGEN RNA Extraction Kit (QIAGEN, Dusseldorf, Germany) according to the manufacturer's instructions. Samples were then digested with DNase I to remove trace amounts of contaminating DNA. The integrity of total RNA was checked for cDNA synthesis using SuperScript™ III reverse transcriptase (Invitrogen, USA).



Transfections and LMB Treatment

To express all proteins in vitro, a monolayer of Vero cells, HeLa cells, NIH/3T3 cells, or Cos-7 cells were plated overnight on coverslips in six-well plates (Corning, NY, USA) in DMEM (Gibco, USA) containing 10% FBS, at a density of 2 × 105 cells per well, before transfection. Cells were transfected with mixtures of 1.5–2.0 μg plasmid DNA, Opti-MEM (Gibco, USA), and FuGENE HD Transfection Reagent (Promega, USA), according to the manufacturer's instructions. Indirect immunofluorescence assay (IFA) was then performed. For certain samples, LMB was added into the culture medium at a final concentration of 10 and 20 ng/ml for 4 h.



Immunofluorescence and Confocal Microscopy

After transfection for 24 h, cells were fixed in ice-cold absolute methanol at −20°C for 30 min, washed three times in PBS, and blocked with PBS containing 5% bull serum albumin (Yeasen, Shanghai, China) for 1 h at 28°C. Subsequently, cells were washed three times with PBS and incubated with anti-Flag monoclonal antibody as the primary antibody in six-well plates for 1 h at 37°C. After washing with PBS three times, donkey anti-rabbit IgG secondary antibody, Alexa Fluor 594 (Invitrogen, Shanghai) in PBS, was added to plates for 1 h at 37°C. After each incubation step, cells were washed three times extensively with PBS and stained with DAPI (Beyotime Biotechnology). Samples were analyzed using a Zeiss LSM 880 laser scanning confocal microscope. Images were processed with Adobe Photoshop.



Immunoprecipitation (IP) and Western Blotting Assays

These experiments were carried out as described previously (31); 293T cells were transfected alone or in combination with plasmids UL46-HA, α1-FLAG, α3-FLAG, α4-FLAG, and α6-FLAG using Lipofectamine 3000 (Invitrogen, USA). At 24-h post transfection (hpt), the cells were washed twice with cold PBS and lysed with IP lysis buffer (Thermo Fisher) mixed with inhibitors for protease and phosphatases (BioTool). Except for the inputs of lysates, other cell lysates were incubated with anti-HA agarose (Sigma, cat# A2095) at 4°C overnight. The immunoprecipitates were washed four times with IP lysis buffer and then subjected to western blotting analysis.



Statistical Analysis

Data are presented as mean ± SD. Statistical analysis was performed using GraphPad Prism version 7.0 (San Diego, CA, USA). Differences were considered statistically significant at P < 0.05.




RESULTS


VP11/12 Localized in the Nucleus and Cytoplasm in the Presence or Absence of Other Viral Proteins

To study the functions of VP11/12, the NLSs of VP11/12 were predicted via cNLS Mapper (20, 21) and NLStradamus (22). The cNLS Mapper found two potential NLSs in the arginine-rich regions of VP11/12, namely, 2IRRARGTRRASWKDASRRVTEGRTRASC29 and 662PRPRTRADDGLYQQPRPVIDLTGHRASRRKSW693 (Figure 1A). NLStradamus also revealed four potential NLS motifs in VP11/12: 4RARGTRRASWKDASRRV20, 482RRPLRRSRD490, 611RRGVRAAQRFVRRRLSRT628, and 685HRASRRKSWRV695 (Figure 1B). The NESs of VP11/12 were predicted by NetNES (23), showing that the N-terminal 22nd or 73rd−83rd sequences might have NES (Figure 1C). Thus, we hypothesized that VP11/12 might localize in both the nucleus and cytoplasm, even though previous studies reported only a cytoplastic localization of VP11/12.


[image: Figure 1]
FIGURE 1. pUL46 as a nucleocytoplasmic shuttling protein. (A) cNLS Mapper prediction of the NLSs of pUL46 (in red). (B) NLStradamus prediction of the NLSs of pUL46 (in green squares). (C) NetNES prediction of the NESs of pUL46 (the peaks of lines). (D) Vero cells were transfected with UL46-EGFP, pEGFP-C3, and UL46-N-EGFP; HeLa cells, UL46-EGFP; and NIH/3T3 cells, UL46-FLAG. After 24 h of transfection, Vero, HeLa, and NIH/3T3 cells were subjected to immunofluorescence analysis. Scale bars = 20 μm.


To identify the subcellular localization of VP11/12 in transfected cells in the absence of other viral proteins, the UL46 gene of the PRV variant JS-2012 was cloned into the C-terminus of EGFP in the eukaryotic expression vector pEGFP-C3 (UL46-EGFP) and in the C-terminus of FLAG in the p3xFlag-CMV vector (UL46-FLAG). The plasmid DNA of UL46-EGFP was transfected into live Vero cells and HeLa cells; 24 h later, cells were fixed with cold methanol. Alternatively, the plasmid of the UL46-FLAG was transfected into NIH/3T3 cells. After 24 h, they were fixed with cold methanol and washed three times with PBS. They were incubated with anti-flag monoclonal antibodies for 1 h at 37°C and then washed three times with PBS. The cells were then incubated with anti-mouse IgG secondary antibody Alexa Fluor 594 for 1 h at 37°C. In order to differentiate between nuclei and cytoplasm, all cells were stained with DAPI and assessed by a Zeiss LSM 880 laser scanning confocal microscope. Consequently, as shown in Figure 1D, the transfected UL46-EGFP displayed approximately 84% cytoplasmic and 16% nuclear localization in Vero cells; UL46-FLAG was also shown to be localized to the nuclei and cytoplasm of NIH/3T3 cells. To identify whether GFP in the C-terminus or N-terminus of UL46 could change the subcellular localization of VP11/12, we constructed a plasmid with GFP in the C-terminus of VP11/12, UL46-N-EGFP, and performed IFA analysis. Results of confocal microscopy showed that UL46-N-EGFP localized in both the nucleus and cytoplasm. This indicated that the location of EGFP in either the C-terminus or N-terminus did not influence the subcellular localization of VP11/12; therefore, in subsequent experiments, we chose EGFP in the N-terminus of VP11/12, allowing VP11/12 to translocate to both the nucleus and cytoplasm.

A previous study revealed LMB is an inhibitor of CRM1, one of the major nuclear export receptors for leucine-rich NES-containing proteins (24). We analyzed the amino acid sequence of VP11/12 and concluded it to be a leucine-rich protein, with 53 leucine residues out of 695 amino acids. Based on the prediction for NESs of VP11/12, we hypothesized that CRM1 would be the export receptor. To support our hypothesis, Vero cells were transfected with plasmids of UL46-EGFP and treated with 10 or 20 ng/ml of LMB. The positive control, plasmid UL47-FLAG of PRV, was a proven shuttling protein (25), and the negative control, pEGFP-C3, was used in a similar manner as the treatment plasmids, followed by direct immunofluorescence. The results demonstrated that VP11/12 partially localized to the nucleus when cells were treated with 10 ng/ml of LMB and completely localized to the nucleus in the presence of 20 ng/ml, whereas pUL47 alone remained in the nucleus and EGFP localized to the cytoplasm in cells treated with 10 or 20 ng/ml of LMB (Figure 2). These results indicated that VP11/12 covalently modifies CRM1 for export to the cytoplasm, depending on the LMB concentration.


[image: Figure 2]
FIGURE 2. Nuclear localization of UL46-EGFP in cells treated with LMB. (A) Vero cells were transfected with UL47-FLAG (positive control), UL46-EGFP, and EGFP-C3 (negative control) and treated with LMB for 24 h. All cell nuclei were stained with DAPI and observed using a laser confocal microscope. Scale bars = 20 μm. (B) Cellular toxicity of Vero cells treated with LMB was analyzed using CCK-8 assays.


VP11/12 has been reported to be localized in the cytoplasm of HSV-1 and HSV-2. Michael Murphy et al. (26) hypothesized that removal of the N-terminal 446 amino acids from the HSV-1 VP11/12 would allow for transport of the protein into the nucleus, although no data were presented to support this hypothesis. In this study, Vero cells were seeded overnight into six-well plates with slides. Cells were infected with PRV variant strain JS-2012 at a multiplicity of infection (MOI) of 0.1 and were examined via IFA using an anti-UL46 polyclonal antibody and DAPI at 0, 3, 6, 9, 12, and 15 h post infection. All samples were observed by Zeiss confocal laser microscopy. IFA results revealed that VP11/12 was present in the nucleus after 6 h of PRV infection, although at a low rate (Figure 3).


[image: Figure 3]
FIGURE 3. Nuclear localization of VP11/12 during PRV infection. Vero cells were infected with PRV JS-2012 for 0, 3, 6, 9, 12, and 15 h at a multiplicity of infection of 0.01. Infected cells were subjected to immunofluorescence analysis with anti-pUL46 polyclonal antibody, and the nuclei were stained with DAPI. Scale bar = 20 μm.


All the above results demonstrate that VP11/12 translocates into the nucleus from the cytoplasm and is transported into the cytoplasm from the nucleus whether viral proteins were present or not. Moreover, CRM1 was identified as the nuclear export receptor for VP11/12.



Mapping the NLS in VP11/12

Because of UL46 protein, approximately 100 kDa, UL46-EGFP was unable to enter the nucleus without the assistance of additional proteins (26, 27), unless one or more NLSs were present. Considering that some NLSs are short peptides, we constructed truncated fusion plasmids of UL46-EGFP (Figure 4A), based on the prediction of NLStradamus, and transfected them into Vero cells. After 24 h, subcellular distribution of the fusion proteins was assessed by indirect fluorescence using a Zeiss LSM 880 confocal microscope [UL46(145–165)-EGFP, UL46(166–300)-EGFP, UL46(301–380)-EGFP, UL46(381–474)-EGFP, UL46(475–500)-EGFP, UL46(501–604)-EGFP, UL46(605–655)-EGFP, and UL46(656–696)-EGFP] and Nikon C1-Si confocal microscope [UL46(1–48)-EGFP and UL46(1–144)-EGFP]. Strikingly, the N-terminal 48 amino acid residues from VP11/12 fusion with EGFP revealed nuclear accumulation (Figure 4B). Specifically, UL46(1–48)-EGFP and UL46(1–144)-EGFP accumulated not only in the nucleus but also in the cytoplasm. These results suggest the existence of an NLS and potentially an NES within the 48 N-terminal residues of VP11/12, thereby verifying that the NLS is located in the N-terminal amino acids (1–144) of VP11/12.


[image: Figure 4]
FIGURE 4. aa1–48 of UL46 as the functional NLS. (A) A schematic representation of truncated UL46 predicted by NLStradamus, fused with the C-terminus of EGFP. (B) Subcellular localization of the UL46 mutants in (A). Scale bars = 20 μm.




Identification of the Precise NLS in VP11/12

To identify the NLS, the N-terminal 48-residue peptide was truncated, and the following related plasmids were generated: UL46(1–40)-EGFP, UL46(1–30)-EGFP, UL46(1–25)-EGFP, and UL46(1–20)-EGFP (Figure 5A). IFA revealed that all peptides were located in the nucleus (Figure 5B and data not shown).


[image: Figure 5]
FIGURE 5. Precise identification of the NLS of UL46. (A) A schematic representation of deletion mutants aa1–20, aa21–696, aa3–18, aa3–17, and aa4–18 fused with the C-terminus of EGFP. (B) Localization of aa1–20, aa21–696, aa3–18, aa3–17, and aa4–18 mutants; NLS-UL35-FLAG; and UL35-FLAG. All cell nuclei were stained with DAPI. Scale bars = 20 μm. (C) Schematic representations of point mutations in the NLS. (D) Subcellular localization of proteins harboring point mutations in their NLSs. Scale bars = 20 μm.


Moreover, to confirm whether VP11/12 contains other NLSs, a plasmid with deletion of the N-terminal 1–20 amino acids, UL46(21–696), was constructed and transfected into Vero cells in six-well plates. UL46(21–696) was not localized in the nucleus but rather was distributed in the cytoplasm (Figure 5B). Furthermore, classical NLSs are known to be rich in arginine (28), and this classical characteristic was not observed in UL46(21–696). Hence, these results indicated that no additional classical NLS was present in VP11/12; rather the 20 N-terminal residues formed the only NLS.

To precisely locate the NLS of VP11/12, amino acid residues 18, 17, and 16 of UL46(1–20) were cloned into EGFP-C3, thereby constructing a series of deletions of UL46 (Figure 5A). Subcellular localization of these mutants was analyzed, and UL46(3–18)-EGFP was found to display nuclear localization, whereas UL46(3–17)-EGFP, UL46(4–18)-EGFP, and other mutants were only present in the cytoplasm (Figure 5B and data not shown). Based on the above evidence, the 3RRARGTRRASWKDASR18 peptide was considered to have sufficient residues to guide VP11/12 to the nucleus. To further ensure the effectiveness of the UL46(3–18), we constructed the plasmid NLS-UL35-FLAG fusing with the NLS and PRV UL35 and UL35-FLAG. PRV VP26 encoded by gene UL35 was verified only by cytoplasmic localization without other PRV viral proteins (29, 30). The results showed that all NLS-UL35-FLAG translocated into the nuclei while UL35-FLAG could not. Therefore, it could be concluded that the NLS of UL46 facilitated the transport of NLS-UL35-FLAG into the nuclei. Hence, 3RRARGTRRASWKDASR18 was confirmed as the NLS of VP11/12.

Nuclear localization signals consist of many basic amino acids, especially arginine (31). There are 6 arginine residues in UL46(3–18). To identify the critical amino acids in the NLS of VP11/12, glycine replacement mutagenesis was performed with respect to the wide-type UL46(3–18) (Figure 5C). Immunofluorescence assay results using the mutants were compared to those of wide type UL46(3–18). All mutants, including NLS (3-4-6), NLS (3-6-9), NLS (3-6-18), NLS (6-9-18), and NLS (6-10-18), were present in the cytoplasm, and were absent from the nucleus (Figure 5D). Coincidently, among these mutants, the sixth amino acid had been changed from arginine to glycine. Therefore, we only mutated the sixth amino acid to glycine in UL46(3–18) to generate NLS (R6G). Confocal microscopy results revealed that NLS (R6G) localized in the cytoplasm (Figure 5D). Thus, UL46(3–18) peptide was identified as the NLS of VP11/12 and the sixth N-terminal amino acid-arginine in UL46(3–18) was found to be the key element that determines the subcellular localization of VP11/12.



Binding of VP11/12 to α5 and α7 via NLS

The results described above indicate that VP11/12 contains a classical NLS, which may direct it to the nucleus. Thus, we considered the importin α/β pathway as a mediator of VP11/12 nuclear import. Seven different isoforms of importin have been characterized in mammalian cells (32, 33). To confirm our hypothesis, we constructed FLAG-tagged α1, α3, α4, α5, α6, α7, and α8 co-transfected with UL46-HA or ΔNLS-HA into 293T cells and performed IP assays, according to the standard protocol (34). After co-transfection, 293T cells were lysed by Pierce IP lysis buffer using protease inhibitors, and the lysates of the co-transfected cell were incubated with HA-tagged beads (Sigma, USA) overnight at 4°C. Thereafter, SDS-PAGE and western blotting were performed for the samples. IP assay results showed α5 and α7 to be co-immunoprecipitated with UL46-HA. The IP samples were immunoblotted with anti-HA and anti-FLAG MAb (Sigma). α1, α3, α4, α7, and α8 were detected only in the input samples (data not shown). UL46-HA was verified in both the input and IP samples, which confirmed that UL46 did not interact with the importins α1-, α3-, α4-, α7-, and α8-FLAG (Figure 6 and data not shown). Furthermore, α5- and α7-FLAG were detected in both input and IP samples.


[image: Figure 6]
FIGURE 6. UL46 binds to importins. (A) IP for 293T cells co-transfected with recombinant constructs encoding UL46-HA and FLAG-tagged α3, α4, α5, and α7. (B) IP for 293T cells co-transfected with recombinant constructs encoding UL46-ΔNLS-HA and α5. (C) IP for 293T cells co-transfected with recombinant constructs encoding UL46-ΔNLS-HA and α7.


To verify that the NLS of VP11/12 is the interaction site between VP11/12 and α5 or α7, we constructed a plasmid, ΔNLS-UL46, in which the NLS of VP11/12 was truncated and contained the vector HA-tagged PCAGGS. The ΔNLS-UL46 was co-immunoprecipitated with α5- or α7-FLAG by HA-tagged beads. The results showed that α5 and α7 were detected in the input samples but not in the IP samples. These data revealed that α5 or α7 was possibly required for guiding VP11/12 to the nucleus and that deletion of NLS from VP11/12 abolished the VP11/12 binding to α5- or α7-FLAG. This further indicated that the α5 and α7 might meditate the nuclear import of VP11/12 (Figure 6).



Binding of VP11/12 to UL48 Through the NLS of VP11/12

UL48, encoding VP16, plays vital roles in promoting the assembly of a multicomponent complex with Oct-1 and HCF-1, to induce the expression of viral immediate–early genes (35) and secondary envelopment in both HSV-1 and PRV (36–39), and it can enter the nucleus in HSV-1 (40–42) and PRV (37). VP11/12 has been reported to interact with UL48 (11), although the exact site has not yet been identified. To confirm whether the NLS of VP11/12 interacts with UL48, the plasmid UL48-FLAG was constructed, co-transfected with UL46-HA, and subjected to co-immunoprecipitation. The IP assay demonstrated that UL48-FLAG was detected in the input as well as IP samples. Alternatively, UL48-FLAG could not be tested when ΔNLS-UL46-HA (not UL46-HA) was in the proteins. Therefore, the NLS of VP11/12 was likely the same domain used to allow VP11/12 to interact with pUL48, thereby regulating the functions of pUL48 (Figures 7A,B). These results suggest that the NLS of VP11/12 is the domain by which VP11/12 regulates the functions of UL48.


[image: Figure 7]
FIGURE 7. The NLS of UL46 interacts with UL48. (A) IP for 293T cells co-transfected with recombinant constructs encoding UL46-HA and UL48-FLAG. (B) IP for 293T cells co-transfected with recombinant constructs encoding UL46-ΔNLS-HA and UL48-FLAG. (C) IP for 293T cells co-transfected with recombinant constructs encoding UL46-HA and EP0-FLAG. (D) IP for 293T cells co-transfected with recombinant constructs encoding UL46-ΔNLS-HA and EP0-FLAG. (E) IP for 293T cells co-transfected with recombinant constructs encoding UL46-HA and STING-FLAG. (F) IP for 293T cells co-transfected with recombinant constructs encoding UL46-ΔNLS-HA and STING-FLAG.




Binding of VP11/12 to EP0 or STING Does Not Occur Through the NLS

EP0, the homolog of ICP0 in HSV-1, is a transactivating protein that can enhance the infectivity of PRV genomic DNA, couples with IE180 (43–45), and localizes to the nucleus in HSV-1 (42) and PRV (46). In HSV-1, the homolog of EP0, ICP0, interacts with VP11/12 (16, 17). To determine whether EP0 interacts with VP11/12 in PRV and whether the NLS of VP11/12 is the key element for VP11/12 to bind to EP0, we constructed the FLAG-tagged EP0 plasmid, EP0-FLAG. UL46-HA and ΔNLS-UL46 were co-transfected with EP0-FLAG, individually, in 293T cells, and the transfected cells were harvested after 30 hpt and subjected to co-immunoprecipitation. Results of SDS-PAGE and western blot analysis revealed that EP0-FLAG was expressed irrespective of co-transfection with UL46-HA or ΔNLS-UL46 (Figures 7C,D). Thus, the NLS of UL46 was not the key element.

HSV-1 VP11/12 has been reported to interact with STING via its 100 N-terminal amino acids (19). Therefore, we speculated that the N-terminus of PRV VP11/12 might also interact with STING. The IP assay in UL46-HA/STING-FLAG and ΔNLS-UL46/STING-FLAG showed that UL46-HA and ΔNLS-UL46 interacted with STING (Figures 7E,F). Therefore, the NLS was not the site contributing to their binding.




DISCUSSION

HSV-1 VP11/12 is a multifunctional tegument protein that interacts with many viral proteins and cellular proteins in immune signaling pathways, thereby contributing to several biological processes (17–19, 47–49). Moreover, HSV-1 VP11/12 and its homolog PRV VP11/12 both play roles in virus growth, most notably in the secondary envelopment (26, 27, 37). Previous studies on HSV-1 and PRV VP11/12 showed VP11/12 to be localized in the cytoplasm, rather than in the nucleus. Therefore, when nuclear localization of VP11/12 was observed, we considered determining its mechanism of nuclear localization, identifying the transport mechanisms, and investigating the significance of VP11/12 localization into the nucleus.

Nucleocytoplasmic shuttling proteins contain NLSs and NESs. Herein, we demonstrated that PRV VP11/12 shuttles between the nucleus and cytoplasm, which was the first report on nucleocytoplasmic shuttling of herpesvirus VP11/12. We also found that VP11/12 was to possibly localize in the nucleus and performed related experiments to identify the NLS. Furthermore, we confirmed that the nuclear export of VP11/12 occurred through its interaction with CRM1, because 20 ng/ml of LMB inhibited its nuclear export.

As schematically represented in Figure 4, a newly characterized NLS, containing basic clusters, was found to be responsible for the nuclear localization of VP11/12. After a series of mutation analyses and fluorescence microscopy, 3RRARGTRRASWKDASR18 was identified as the functional NLS. VP11/12 appeared to have been phosphorylated heavily in at least 23 sites when HSV-1 infected, and phosphorylation played important roles in modulating VP11/12 abundance with respect to ICP0 localization and interactions (16). According to the alignment of specific herpesvirus VP11/12 protein sequences, there was likely no phosphorylated site in the PRV NLS of VP11/12 (data not shown).

To identify the NLS of VP11/12, we truncated 48 amino acids from the N-terminus of VP11/12 and generated the plasmid UL46(1–48)-EGFP. Subsequent experiments demonstrated that UL46(1–48)-EGFP could be seen in both the nucleus and the cytoplasm (Figure 4B). Therefore, it was reasonably hypothesized that there is an NES in the N-terminal 48-amino-acid stretch. Considering that the NLS of VP11/12 is located in the N-terminal 3rd to 18th amino acids, coupled with previous studies, the export of leucine-rich NES-containing proteins may be inhibited by LMB (50); we predicted the NES to be between the 19th and 48th amino acids of VP11/12. To verify this hypothesis, we created point mutations containing leucine residues, generated the plasmid UL46(L30G-L31G-L38G-L45G)-EGFP, and observed it with a confocal microscope. Our result showed that UL46(L30G-L31G-L38G-L45G)-EGFP appeared in both the cytoplasm and nucleus (data not shown), thus indicating that the efficient NES is not the classical one that is located between the 19th and 48th residues. Therefore, we speculated that the NES in the N-terminus of VP11/12 may not be classical; and further experiments needs to be conducted to test for a more functional NES.

In a previous study, HSV-1 VP11/12 had been proven to interact with the host protein STING (19) and the viral protein ICP0, and HSV-1 and PRV VP11/12 interacted with UL48 (11); however, the interaction sites of VP11/12 were not all localized. Therefore, in this study, we proved for the first time that PRV VP11/12 interacted with the crucial antiviral protein STING, whereas ΔNLS-UL46 also interacted with STING, thus demonstrating that in PRV, VP11/12 could regulate the functions of STING in the cytoplasm and help PRV DNA to evade the host innate immunity (19). Furthermore, it is the first time to show that PRV VP11/12 interacts with PRV EP0, similar to that with STING and that ΔNLS-UL46 also interacts with EP0, thus possibly indicating that in PRV, EP0 helps to maintain the proper expression level of VP11/12. Considering that PRV EP0 and its homologous protein HSV-1 ICP0 can be transported between the cytoplasm and nucleus (46, 51) and that ICP0 influences numerous host nuclear proteins, such as cyclin D3, p53, ND10, p60, and the ubiquitin-specific protease USP7, in addition to regulating viral gene expression, stimulating lytic infection, and enhancing reactivation of latent infection (52–57), we reasonably assumed that VP11/12 might exhibit connections with the functions of EP0 in the nucleus.

The PRV VP11/12 interacted with PRV pUL48, and more importantly, the NLS of VP11/12 interacted with pUL48/VP16, the key activator of lytic infection by initiating the lytic program (37). A previous study revealed the translocation of pUL48 into the nucleus, depending on HCF (also referred to as C1, CFF, or VCAF) owing to the absence of NLS (58). In the late phase of HSV-2 infection, most VP11/12 co-localized with VP16, and VP11/12 could enhance α4 promoter-regulated gene expression when co-precipitating with VP16 (27). Thus, we hypothesized that the NLS of PRV VP11/12 was conducive to the activation of PRV induced by pUL48, even though VP11/12 was not essential.

In summary, we verified the nucleocytoplasmic shuttling of VP11/12 and identified its NLS, 3RRARGTRRASWKDASR18. Furthermore, we identified interactions between PRV VP11/12 and EP0, PRV VP11/12 and pUL48, and PRV VP11/12 and the host protein, STING, which is critical for the growth of PRV. The significance of these interactions requires further investigation.
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Porcine reproductive and respiratory syndrome virus (PRRSV), which seriously endangers the world pig industry, invades host cells through receptor-mediated endocytosis involving clathrin. CD163 is an essential receptor for PRRSV during its infection of cells. The scavenger receptor cysteine-rich 5 (SRCR5) domain of the CD163 molecule is necessary for PRRSV infection, and interacts with glycoproteins GP2a and GP4 of PRRSV, allowing the virus to infect the host cells. In this study, a monoclonal antibody (mAb) against the SRCR5-6 region of porcine CD163 was developed, and the target epitope of the mAb was determined as 497TWGTVCDSDF506, which is directly adjacent to the ligand-binding pocket (LBP) domain (487-495aa) of CD163. Further study indicated that the mAb could partially block PRRSV infection of its target cells, pulmonary alveolar macrophages. The mAb developed in the study may provide a foundation of antiviral therapy for PRRSV.

Keywords: PRRSV, epitope, SRCR5, CD163, monoclonal antibody


INTRODUCTION

CD163 is a member of the scavenger receptor cysteine-rich (SRCR) family, and is mainly expressed on monocytes, macrophages (1), and specific subsets of dendritic cells (2). CD163, as a receptor that scavenges hemoglobin by mediating the endocytosis of haptoglobin-hemoglobin complexes during haemolysis (3) and also plays a role as an innate bacterial immune sensor, inducing pro-inflammatory cytokine production (4). Soluble CD163 is considered as a marker of macrophage activation and is strongly associated with Human immunodeficiency virus (HIV) and Hepatitis C virus infections (5). The abundance of CD163 is closely related to HIV infection, and the productivity of HIV infection was higher in CD163 abundant cells, whereas a significantly weaker HIV infection was observed in CD163-knocked-down macrophages (6).

The interaction between CD163 and the virus is particularly important, and has been extensively studied in relation to Porcine reproductive and respiratory syndrome virus (PRRSV) (7) and African swine fever virus (8), both of which have devastating impacts on the swine industry.

PRRSV is a major pathogen that seriously harms swine herds, causing immense economic losses to swine industry worldwide. Porcine reproductive and respiratory syndrome is characterized by late-term reproductive failure in sows and severe pneumonia in neonatal pigs. The PRRSV particle is enveloped and the viral genome is a single-stranded positive-sense RNA molecule. Alveolar macrophages (AMs) are the target cells of PRRSV, CD163 on porcine AM membranes has been revealed as an essential receptor mediating infection of PRRSV (9). CD163, occurs specifically on the surfaces of monocytes and macrophages and is a type I transmembrane protein. It has a molecular weight of about 130 kDa. It contains an extracellular region, transmembrane region, and intracellular region. Its extracellular domain contains nine cysteine-rich domains and two proline-serine-threonine-rich (PST) motifs (10). After the transient or stable expression of CD163 molecules, two PRRSV-impermissible cell lines supported both type I and type II PRRSV infections and produced progeny viral particles, indicating that CD163 plays a key role in promoting viral uncoating and the release of genomic RNA into the cytoplasm. During PRRSV infection, CD163 interacts with the glycosylated membrane proteins GP2a and GP4 of PRRSV to facilitate the replication of the virus (7). In the cell, CD163 co-locates with the N protein of PRRSV in early endosomes, but not in late endosomes (11). Further studies showed that the SRCR5 domain of the CD163 extracellular region plays a key role in PRRSV infection, and pig deleted SRCR5 of CD163 can fully resist the infection of PRRSV (12). Ma et al. (13) found that the R561 of CD163 SRCR5 has impact on PRRSV replication. In this study, the extracellular region of CD163 protein, SRCR5-SRCR6 was expressed and purified in a prokaryote and used to immunize BALB/c mice, to prepare a mouse anti-pig CD163 monoclonal antibody (mAb). The epitope 497TWGTVCDSDF506 was identified, which is very adjacent to the LBP domain of CD163. The antibody can partly block the replication of PRRSV, confirming the important role of the LBP domain in PRRSV replication, which provides a future research direction for the treatment of PRRSV.



MATERIALS AND METHODS


Ethics Statement

All experimental protocols were conducted in accordance with the Guidelines for the Care and Use of Experimental Animals and approved by the Ethical Committee of the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences (SHVRI-CAAS) (number SHVRI-SZ-20190602-02).



Cells and Virus

SP2/0 myeloma cells were cultured in Dulbecco's modified Eagle's medium (Gibco) containing 15% fetal bovine serum (FBS). AMs were prepared from the lung lavage fluid of 6-week-old healthy PRRSV-free piglets and cultured in RPMI 1,640 medium (Sigma) containing 10% heat-inactivated FBS at 37°C under 5% CO2. Highly pathogenic PRRSV (HP-PRRSV) strain HuN4 labeled with EGFP, HuN4-EGFP, was stored in our laboratory, and the characteristics of HuN4-EGFP were consistent with HuN4 (GenBank accession no. EF635006) (14).



Expression and Purification of His-Fused CD163 SRCR5-6 Domain

Primers were designed according to the nucleotide sequence of porcine CD163 (GenBank accession no. EU016226). The SRCR5-6 domain of the CD163 was amplified with the primers and inserted into the vector pCold-I, and the positive plasmid was transformed into Escherichia coli BL21(DE)3. An aliquot (0.2 mL) of an overnight E. coli culture harboring the plasmid was diluted to 200 mL with Luria-Bertani (LB) broth and incubated until the mid-log phase (optical density [OD] ~0.5) at 37°C. Protein expression was then induced with IPTG at a final concentration of 1 mM. After incubation at 16°C for 12 h, the cells were harvested by centrifugation and resuspended in 20 mL of lysis buffer (10 mM imidazole, 20 mM sodium phosphate, 0.5 M NaCl, pH 7.4). The cells were sonicated on ice and centrifuged for 10 min at 10,000 rpm/min. The precipitates and supernatants were separately electrophoresed with 12% SDS-PAGE and visualized with Coomassie Brilliant Blue staining. Then wash off the impure protein of the inclusion bodies with buffer I (2 M urea, 0.1% Triton 100, 50 mM NaCl, 0.2 mM EDTA, PBS, PH 7.4) and buffer II (2 M urea, 0.1% Triton100, PBS) for 10 min at 12,000 rpm/min successively, and dissolved the inclusion bodies with 1 mL Elution Buffer (8 M urea, 0.5 M NaCl, 20 mM NaHPO4, 20 mM NaH2PO4). An anti-His mAb was used to verify antigenic specificity of the purified protein by Western blotting.



Mouse Immunization Procedure

Five specific-pathogen-free mice were immunized subcutaneously with 100 ng of purified recombinant His-tagged CD163 SRCR5-6 protein emulsified in complete Freund's adjuvant. The mice were then given three further injections of the antigen mixed with incomplete Freund's adjuvant at 14-day intervals.



mAbs Screening

Splenocytes of an immunized mouse were isolated 2 weeks after the last immunization. The splenocytes were fused with the SP2/0 myeloma cells with polyethylene glycol 1450 (Sigma, USA). The fused cells were cultured in trophoderm-containing hypoxanthine-aminopterin-thymidine (HAT) medium and 15% FBS. The supernatants were collected for an indirect enzyme-linked immunosorbent assay (ELISA) to select positive mAb-producing hybridomas. The positive colonies were then sub-cloned more than three times with a limiting dilution assay. Female BALB/c mice were immunized with the positive clones by intra-peritoneal injection, which pre-injected with pristane to obtain ascites fluid.



Indirect ELISA

Ninety-six-well microplates were coated with 100 ng/well CD163 SRCR5-6 in carbonate coating buffer (pH 9.6) overnight at 4°C. The plates were then washed three times with PBST (1 × PBS, 0.1% Tween 20; 10 min per wash) and blocked with 5% skimmed milk at for 2 h at 37°C. After the plates were washed three times with PBST, 100 μL of the hybridoma supernatant, positive antiserum, or negative antiserum (blank control mouse serum) was added to each well and incubated for 1 h at 37°C. After the plates were washed with PBST, a 1:10,000 dilution of HRP-conjugated goat anti-mouse IgG antibody in 5% skimmed milk was added to each well and the plates were incubated for 1 h at 37°C. After three washes, 50 μL of 3,3′,5,5′-tetramethylbenzidine (TMB) liquid (Amresco, Solon, Ohio, USA) was added to each well and the plates were incubated for 12 min at room temperature. The reaction was stopped by the addition of 50 μL of 2 M H2SO4. The OD values were measured immediately at a wavelength of 450 nm (OD450).



Mapping the B-Cell Epitopes With Monoclonal Antibodies

The CD163 SRCR5 domain and SRCR6 domain are located between amino acids 477–482 of CD163. Sequences encoding CD163 amino acids 477–545, 535–614, and 604–682 were cloned into the pCold-TF vector after amplification with the primers shown in Table 1. Then transform these plasmids into BL21 (DE) 3 for expression.


Table 1. Primer for plasmids construction.

[image: Table 1]

To further map the epitope based on the first mapping results, a series of plasmids was constructed in pCold-TF with the primers shown in Table 1. E. coli BL21(DE3) cells were then transformed with these plasmids and the encoded peptides expressed. All the samples were separated electrophoretically with 12% SDS-PAGE and incubated with an anti-His antibody or the hybridoma supernatant.

To exactly map the epitope, several peptides were synthesized by Shanghai GL Peptide Ltd. ELISA plates were coated with the synthesized peptides (400 ng/well) in carbonate bicarbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) and incubated overnight at 4°C. The plates were blocked with 5% skim milk in phosphate buffer containing 0.05% Tween 20 for 1 h at 37°C.

After the plates were washed three times, they were incubated at 37°C for 1 h with 100 μL of supernatant from the hybridoma cells or diluted antiserum. The plates were washed three times in PBST and incubated at 37°C for 1 h with HRP-conjugated goat anti-mouse IgG antibody (Proteintech Group, China) diluted 1:10,000 in PBST. The plates were then washed with PBST and incubated with 50 μL/well TMB liquid for 15 min at room temperature in the dark. After the reaction was stopped with 2 M H2SO4 (50 μL/well), the results were read as OD450 values (15).



Western Blotting

Cell lysates were prepared with RIPA buffer supplemented with protease inhibitors and phosphatase inhibitors. Equal amounts of cell lysates were fractionated with SDS-PAGE and then blotted onto nitrocellulose membranes. The membranes were blocked for 1 h at room temperature with 5% skim milk and then probed with mAb 1D7 supernatant for 2 h at room temperature. After the membranes were washed with TBST (10 min each), they were incubated with an HRP-conjugated goat anti-mouse antibody (1:6000; Proteintech) for 1 h at room temperature. After the membranes were washed three times, the signals were visualized with an ECL kit (Thermo Fisher) and detected with the Tanon 5200 Chemiluminescent Imaging System.



Identification of mAb Subtype

The supernatants of hybridoma cells were diluted 1:100, according to the introduction of the mouse monoclonal antibody subtype identification kit (Proteintech). The diluted supernatants of hybridoma cells were added to the plate(50 μL/well) and then mixed with 50 μL/well HRP-conjugated goat anti-mouse IgA+IgM+IgG antibodies. The plate was covered with sealing film and incubated for 1 h at room temperature. TMB (100 μL/well) was added to the plate, which was incubated for 10–20 min at room temperature in the dark. Stop solution (100 μL) was added to each well to stop the reaction. The OD450 values were then read and recorded.



Virus Blocking Test

Porcine AMs were cultured in a 24-well plate. Each group of cells included three repetitions, and the contents of three wells were mixed for RNA extraction. The AMs of different groups were pre-treated with or without different concentrations of 1D7 ascitic fluids for 2 h at 37°C. The cells were then infected with recombinant HP-PRRSV HuN4-EGFP at a multiplicity of infection (MOI) of 0.005, and incubated for 48 h at 37°C. The supernatants were cast off and the cells washed three times. The RNA was extracted from the cells with the Qiagen RNeasy® Mini Kit (Qiagen) and reverse transcribed into cDNA with TaKaRa PrimeScript RT Master Mix. Absolute quantitative real-time PCRs were performed in triplicate to determine the expression of ORF7 gene on transcription level. And TCID50 were also used to analysis the viral infection and replication.



Statistical Analysis

All results are representative of three independent experiments. Statistical analyses were performed with the GraphPad Prism 5.0 software (GraphPad). Significance was determined with Student's two-tailed t-test. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Preparation of Recombinant Proteins

Full-length CD163 and CD163 SRCR5-6 was amplified from cDNAs of total RNA of porcine AM (Figure 1A). However, the protein expression level of full-length CD163 was lower than that of CD163 SRCR5-6 (Figure 1B), not enough to generate sufficient antigen to induce a robust immune response. Because CD163 SRCR5 and SRCR6 are relatively conserved and are important for PRRSV infection, a recombinant His-fused CD163 SRCR5-6 protein was successfully expressed in E. coli BL21(DE3) cells (Figure 1B). The protein was expressed both in the cell supernatant and as inclusion bodies, but the His-fused CD163 SRCR5-6 protein was mainly present as inclusion bodies. The protein was then purified with urea gradient centrifugation. A western blotting analysis showed that the purified His-fused CD163 SRCR5-6 protein was identified by an anti-His mAb (Figures 1C,D).


[image: Figure 1]
FIGURE 1. Expression of His-tagged CD163 SRCR5-6 protein and its purification with SDS-PAGE. (A) Amplification of CD163 nucleotides 151-3348 and CD163 SRCR5-6. (B) Purification of pCold-I-SRCR5-6 with SDS-PAGE. Lanes a-c contain the supernatants of cells expressing pCold-I, pCold-I-SRCR5-6, and pCold-I-CD163, respectively, induced with IPTG, after ultrasonication. Lanes d-f contain the pellets of cells expressing pCold-I, pCold-I-SRCR5-6, and pCold-I-CD163, respectively, induced with IPTG, after ultrasonication. (C) Analysis of purified of His-tagged CD163 SRCR5-6 protein with SDS-PAGE. (D) Identification of purified His-tagged CD163 SRCR5-6 protein with western blotting.




Development of mAbs Against CD163 SRCR5-6

Five female BALB/c mice were separately immunized with the purified His-fused CD163 SRCR5-6 protein to generate hybridomas producing specific antibodies against CD163 SRCR5-6. A hybridoma clone (1D7) was identified by screening the supernatants with a CD163-SRCR5-6-specific indirect ELISA. CD163 is a molecular marker of macrophage maturation. The expression of CD163 in AMs is relatively high, whereas CD163 is completely absent from PK-15 cells. To verify the specificity of the mAb, the lysis of porcine AMs and PK-15 cells were used in Western Blotting (Figure 2A) and an immunofluorescence assay (Figure 2B). The results showed that 1D7 only reacted with the lysis of porcine AMs and could be used to detect endogenous CD163. The mAb subtype was then identified with a mouse monoclonal antibody subtypes detection kit (Proteintech). The heavy chain of 1D7 was IgG2a, whereas the light chain was a kappa chain (Figure 2C).


[image: Figure 2]
FIGURE 2. Confirmation of the specificity of mAb 1D7. (A). 1D7 was used for the analysis of endogenous CD163 expression of porcine AMs and PK cells with western blotting. (B) Immunofluorescence was used to analysis the specific of 1D7 mAb. (C). Subtype identification of 1D7 with a mouse antibody subtype identification kit.




Epitope Identification of mAb 1D7

To identify the epitope recognized by the mAb, three overlapping fragments (F1, F2, F3) comprising partial length of CD163 SRCR5-6, were cloned into pCold-TF vector and the positive recombinant plasmids were transformed into E. coli BL21(DE)3 and induced by IPTG, and analyzed with Western blotting. The results showed that the epitope recognized by 1D7 was located between amino acids 477 and 535 (Figure 3A). Another four overlapping TF-tagged peptides (F4, F5, F6, F7) spanning amino acids 477–535 were then expressed. The epitope was within the region defined by amino acids 497–506 (Figure 3A). To confirm the minimal linear epitope recognized by 1D7, a series of peptides (P1–P7) spanning amino acids 497–506 of CD163 SRCR5-6 was synthesized by Shanghai GL Peptide Ltd. Based on the results of ELISA, we concluded that the minimal linear epitope recognized by 1D7 is 497TWGTVCDSDF506 (Figure 3B).


[image: Figure 3]
FIGURE 3. Mapping the epitope of mAb 1D7. (A) A series of truncated SRCR5-6 were constructed to pCold-TF and was successfully expressed in E. coli BL21(DE3) cells. Protein expression was then induced with IPTG. After incubation at 16°C for 12 h, the cells were harvested for SDS-PAGE. Schematic diagram and western blotting results using 1D7 to probe truncated TF-SRCR5-6. (B) A battery of peptides corresponding to amino acids 497–506 were synthesized. Four hundred nano grams peptides were coated to the ELISA plates in order. Indirect ELISA was used to analysis the epitope of 1D7.




mAb 1D7 Could Partially Block PRRSV Replication

To verify the neutralization activity of 1D7, the recombinant HuN4-EGFP was used. RT-qPCR, TCID50 were used to detect the viral infection and replication. The number of ORF7 copies was lower in the infected cells pre-treated with both 1D7 supernatant and ascites fluid than those not treated with 1D7 (Figures 4A–C). At higher concentrations of 1D7, the expression of the viral replication was further reduced, indicating a dose-dependent relationship. The repeatability of the experiment was good. The mAb exerted some degree of viral blocking, but the effect was not very marked. We infer that the mAb is directed against the linear epitope 497TWGTVCDSDF506. Its blocking effect on viral infection was limited compared with the effects of polyclonal antibody with conformational epitopes (16).


[image: Figure 4]
FIGURE 4. Role of CD163 antibody 1D7 in blocking PRRSV infection. (A) Porcine AMs were pre-treated with different doses of 1D7 supernatant before PRRSV infection for 2 h at 37°C. The cells were then infected with HP-PRRSV HuN4, and incubated for 2 h at 37°C. The total RNA of AMs were extracted, and RT-qPCR was used to detect the transcription level of ORF7 mRNA. (B) Porcine AMs were pre-treated with different doses of 1D7 ascites fluid for 2 h at 37°C followed by HuN4-EGFP infection at a MOI of 0.005 for 48h at 37°C; the cell supernatants were then collected, and the total RNA of supernatants were extracted according to M&M. RT-qPCR was used to identify viral replication. (C) TCID50 was also used to identify viral replication. Error bar: mean ± SEM; **p ≤ 0.01; ***p ≤ 0.001.





DISCUSSION

PRRSV is characterized by high antigenic variability, so there is still no effective prevention or control measures for PRRSV infection. Studies of the PRRSV receptors may offer new avenues of research for its prevention and control. Many studies have confirmed that CD163 is an essential receptor for PRRSV on its host cells, and has been shown to interact with PRRSV proteins GP2a and GP4, facilitating the uncoating and release of the viral genome into the cytoplasm at the low pH within the early endosome (7). CD163-knockout pigs were fully resistant to HP-PRRSV (17), and pigs in which the SRCR5 domain of CD163 was deleted fully resisted PRRSV infection, further studies showed that pigs in which a 41-amino-acid fragment (amino acids 481–521) containing the LBP motif (amino acids 487–495) in the SRCR5 domain of CD163 deleted were fully resistant to PRRSV in vivo (18). Many researchers have focused on the CD163, indicating that SRCR5 deletion affects the uncoating of PRRSV rather than its entry, and overexpression of ADAM17 can downregulate the expression of CD163 on cell membranes following a reduction in PRRSV infection, while the inhibition of ADAM17 upregulates the membrane CD163 following a promotion in PRRSV infection, and TREM2 can facilitate PRRSV infection via increasing the expression of CD163 and decreases the cleavage of membrane CD163 mediated by ADAM17 (19, 20). However, many aspects of CD163 still require clarification before the role of CD163 in PRRSV replication can be determined.

At present, the mAb most frequently used in molecular research into pig CD163 is anti-CD163 mAb 2A10/11 which targets the SRCR1–3 (21), produced by Bio-Rad Laboratories. Because 2A10/11 can be used for flow cytometry, immunofluorescence, and immunoprecipitation, it has facilitated considerable research. However, clone 2A10/11 only recognizes porcine CD163 under non-reducing conditions when used for western blotting. This may be inconvenient for samples analyzed with western blotting, especially because such samples are so valuable.

In this study, we generated a mAb 1D7 against CD163 that recognizes porcine CD163 under reducing conditions for usage of western blotting. We also identified a new epitope in the CD163 SRCR5 domain (497TWGTVCDSDF506). Because the epitope is close to the LBP domain of CD163, there were fewer viral copies in AMs treated with 1D7 than in AMs treated with SP20 supernatant. Although the blocking effect of ascites fluid was better than 1D7 supernatant, it was still limited. In a word. 1D7, the anti-CD163 monoclonal antibody provides a foundation for the analysis of other biological functions of CD163, and the blocking effect of the mAb on PRRSV can provide a research idea and future research direction for the treatment of PRRSV. Therefore, the specific antibody directed against the CD163 SRCR5 domain generated in this study provides a tool for functional studies of CD163 and further investigation into the link between CD163 and viral infection.
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Apoptosis is a tightly regulated mechanism of cell death that plays important roles in various biological processes including biological evolution, multiple system development, anticancer, and viral infections. Swine enteropathogenic coronaviruses invade and damage villous epithelial cells of the small intestine causing severe diarrhea with high mortality rate in suckling piglets. Transmissible gastroenteritis virus (TGEV), Porcine epidemic diarrhea virus (PEDV), Porcine deltacoronavirus (PDCoV), and Swine acute diarrhea syndrome coronavirus (SADS-CoV) are on the top list of commonly-seen swine coronaviruses with a feature of diarrhea, resulting in significant economic losses to the swine industry worldwide. Apoptosis has been shown to be involved in the pathogenesis process of animal virus infectious diseases. Understanding the roles of apoptosis in host responses against swine enteropathogenic coronaviruses infection contribute to disease prevention and control. Here we summarize the recent findings that focus on the apoptosis during swine coronaviruses infection, in particular, TGEV, PEDV, PDCoV, and SADS-CoV.
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INTRODUCTION

Apoptosis, also known as programmed cell death, is a ubiquitous mode of cell death known to be responsible for clearance of unwanted, injured, or virus-infected cells (1, 2). Cells undergoing apoptosis are accompanied by characteristic morphological changes, including cell shrinkage and deformation, chromatin condensation, nuclear fragmentation, and plasma membrane blebbing, which forms the apoptotic body containing the fragments of nucleus or cytoplasm (3). Cell apoptosis is an active process, which involves a series of genes activation and expression, various proteins regulation. To date, it was reported that there are two main apoptotic pathways: the extrinsic/death receptor pathway (4) and the intrinsic/mitochondrial pathway (5). Death receptors belong to the tumor necrosis factor receptor (TNFR) superfamily (6). Members of the TNFR family are type I membrane surface receptors, which include the Fatty acid synthetase receptor (FasR), TNFR, Death receptor (DR)3, DR4, DR5, etc. (7–11). Their ligands belong to type II membrane proteins, which include Fatty acid synthetase ligand (FasL), TNF-α Apo3 ligand (Apo3L), Apo2 ligand (Apo2L), etc. (7–11). Upon death receptor-ligand binding, the adapter protein Fas-associated death domain (FADD) is recruited by death domain, then associates with pro-cysteinyl aspartic acid protease (caspase)-8 via dimerization of the death effector domain and a death-inducing signaling complex (DISC) is formed to activate caspase-8, then caspase-8 results in the caspase-3 activation (12–14). Once caspase-3 is activated, the execution phase of apoptosis is triggered (12–14). The mitochondrial pathways involve some chemical or physical stimulus factors leading to change of the permeability of mitochondrial membrane, resulting in release of the cytochrome c (cyt c) or other apoptotic molecules into the cytoplasm cavity and activation of downstream caspases to initiate apoptosis (15, 16). In addition, T-cell mediated cytotoxicity involved with perforin-granzyme to kill target cells is known as another apoptotic pathway (17).

It is known that many viruses can evolve various sophisticated strategies to modulate apoptosis as a critical armament to complete their replication cycle (18), reflected in the relationship between viral infection and cell apoptosis is bidirectional. Viruses could hijack host's apoptotic pathway to delay apoptotic response, providing sufficient time for maximizing progeny virus production (19). On the other hand, viruses could induce apoptosis to enable the release and dissemination of viral progeny for further invasion to the neighboring cells at the late stages of viral infection (18).

Porcine coronaviruses (CoVs) are significant enteric and respiratory pathogens of swine. Six porcine CoVs have so far been identified: transmissible gastroenteritis virus (TGEV) (20), porcine respiratory coronavirus (PRCV) (21), porcine epidemic diarrhea virus (PEDV) (22), and swine acute diarrhea syndrome coronavirus (SADS-CoV) (23) in the Alphacoronavirus genus; porcine hemagglutinating encephalomyelitis virus (PHEV) (24) in the Betacoronavirus genus; porcine deltacoronavirus (PDCoV) (25) in the Deltacoronavirus genus. The clinical signs of swine enteropathogenic CoVs including TGEV, PEDV, PDCoV, and SADS-CoV are characterized by severe watery diarrhea with subsequent dehydration in pigs of all ages, and a high mortality rate in suckling piglets (26–29). The molecular surveillance studies indicated that swine enteropathogenic CoVs were common viral pathogen of pigs around the world (30–44) (Figure 1). In addition, co-infections of these diarrhea-associated viruses were commonly found in pig farms (45). For swine enteropathogenic CoVs infection prevention, the administration of vaccines and antiviral drugs are important tool. Currently a number of vaccines and antiviral drugs, such as killed, live-attenuated vaccine, shRNA expression vector are widely used to prevent swine enteropathogenic CoVs infection (46–49). However, it still can not stop the swine enteropathogenic CoVs outbreak, due to they are not optimal in terms of safety and efficacy, and large-scale infections still occur, resulting in the death of large numbers of piglets, causing huge economic losses to the pig industry (23, 50–52), indicating that a deeper understanding of the pathogenesis of swine enteropathogenic CoVs is needed to develop more effective prevention and control measures.


[image: Figure 1]
FIGURE 1. Geographic distribution of (A) Transmissible gastroenteritis virus (TGEV), (B) Porcine epidemic diarrhea virus (PEDV), (C) Porcine deltacoronavirus (PDCoV), and (D) Swine acute diarrhea syndrome coronavirus (SADS-CoV).


Although swine enteropathogenic CoVs might infect multiple organs in pigs, the intestinal tract is the major target organ, where virus replication is limited to intestinal villus epitheial cells (29, 53). Diarrhea caused by pathogen infection associates with viral damage to intestinal epithelial cells, which plays an important role in the nutrition absorption (54), causes a breach of mucosal physical barriers and reduction of enzyme activities, leading to electrolyte imbalances, nutrient decomposition and absorption anomalies (53, 55). It has been reported that apoptosis, which occurs in the infection course of many CoVs (56, 57), is involved in viral pathogenesis and disease processes that promote cell death and tissue injury (58, 59). In this review, the roles of apoptosis in the pathogenesis and control of TGEV, PEDV, PDCoV, and SADS-CoV will be discussed, which may provide some clues to further understandings of pathogenesis of swine enteropathogenic CoVs.



APOPTOSIS ASSOCIATED WITH TRANSMISSIBLE GASTROENTERITIS VIRUS (TGEV)


Virus Characteristics of TGEV

TGEV is an enveloped, single-stranded, positive-sense RNA virus with a genome of appropriately 28 kb in length (20, 60). The full-length genome of TGEV is arranged in the order of: 5′ UTR-ORF1a/1b-S-3a-3b-E-M-N-7-3′ UTR, containing nine open reading frames (ORFs) encoding four structure proteins (S, M, N, E) and five non-structure proteins (61). The nsp1 protein of TGEV can efficiently suppress protein synthesis in mammalian (62). The nsp3 protein of TGEV can cleave a peptide mimicking the cognate nsp2|nsp3 cleavage site based on its papain-like protease 1 (PL1(pro)) domain (63). The N protein of TGEV belongs to a multifunctional phosphoprotein, which can package the RNA genome into a helical ribonucleoprotein, regulate viral RNA synthesis, and modulate of host cell metabolism (64). E protein promotes TGEV maturation in the secretory pathway (65). S1 and M proteins play a role in viral replication (66, 67). In addition, M protein can affect TGEV-induced IFN-α production (68).



The Role of Apoptosis in TGEV Infection

It was reported that TGEV invades and replicates in villous epithelial cells to provoke villous atrophy, causing severe diarrhea, and dehydration in piglets is the central event in the pathogenesis of TGEV infection (69, 70). Apoptosis plays a important role in the pathogenesis process of animal virus infectious diseases (71–73). Many studies shown that TGEV infection could induce apoptosis in PK-15 cells, swine testicular (ST) cells, swine kidney cells, MDCK-APN cells (canine kidney cell line expressing porcine APN) or human rectal tumor cells (HRT18, expressing porcine APN) (Table 1) (74–82, 91), which associates with intracellular molecules, such as p53, reactive oxygen species (ROS), mitochondrial apoptosis-inducing factor (AIF), poly (ADP-ribose) polymerase (PARP), and caspases (74, 82). Interestingly, TGEV may not induce apoptotic death of intestinal villous enterocytes in vivo (77). TGEV infection could decrease p300/CBP, down-regulate MDM2, and promote p53 phosphorylation at serine 15, 20, and 46, resulting in accumulation and activation of p53, then p53 induced ROS accumulation which leads to mitochondrial oxidative damage to release cyt c to the cytosol and thereby activate apoptosis in PK-15 cells (79, 91). In addition, TGEV infection up-regulated FasL to activate caspase-8 and cleaved Bid to tBid which was transferred to the mitochondria, resulting in release of cyt c into the cytoplasm to activate caspase-9 (78). Moreover, TGEV could down-regulate Bcl-2, increase the expression of Bax, and promote the transfer of Bax from cytoplasm to mitochondria (78). Then, mitochondria released cyt c to activate caspase-9, and finally caspase-9 activates caspase-3 to induce cell apoptosis (78). microRNAs (miRNAs) play a key role in the regulation of virus-induced apoptosis (80). For instance, miR-27b can directly target the 3′ UTR of runt-related transcription factor 1 (RUNX1) mRNA to regulate the expression of RUNX1 in PK-15 cells (80). It has been found that TGEV infection can down-regulate the expression of miR-27b in host cells, thereby down-regulating the expression of RUNX1 and activating the Bax regulated expression of caspase-9/3 to induce cell apoptosis (80). These results suggest that TGEV can induce apoptosis through both extrinsic and intrinsic pathways (Figure 2) in PK-15 cells. Further analysis of the key viral proteins induced by TGEV showed that N protein could activate p53, p21 to eliminate cyclin B/cdc2, promote the transfer of Bax to mitochondria, lead to the release of cyt c from mitochondria, and activate caspase-9/3 to induce cell apoptosis (81) (Figure 2). Interestingly, N protein was cleaved at the position of VVPD359 by activated caspase-6/7 during TGEV-induced apoptosis (76) in human rectal tumor cell line, indicating that N protein plays a very important role in the interaction between virus and host during apoptotic process. It is well-known that viruses could manipulate apoptosis to complete their life cycle. It was reported that mitophagy induced by DJ-1 to counteract apoptosis could promote viral infection during TGEV infection (54) (Figure 2). The above studies confirmed that there may be a certain correlation between pathogenicity and apoptosis after TGEV infection. More research is needed on how apoptosis affects the proliferation and spread of TGEV during viral infection.


Table 1. Compare apoptotic cell death caused by the four swine enteropathogenic CoVs and the related mechanisms.
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FIGURE 2. Diagram of the roles of apoptosis in the pathogenesis of Transmissible gastroenteritis virus (TGEV) infection.





APOPTOSIS ASSOCIATED WITH PORCINE EPIDEMIC DIARRHEA VIRUS (PEDV)


Virus Characteristics of PEDV

PEDV is an enveloped, single-stranded, positive-sense RNA virus with a genome of appropriately 28 kb in length (22). The viral genome is sequentially composed of 5′ untranslated region (UTR), open reading frame 1a/1b (ORF1a/1b), ORF2-6, and 3′ UTR (84). The ORF 1a/1b cover the 5′-proximal two-thirds of the genome coding for replicase polyprotein (pp) la and pp1ab, respectively (84, 92). These pp1a and pp1ab polyproteins can be cleaved by internal proteases generating sixteen non-structural proteins, namely nsp1-16 (85). Moreover, the genome of PEDV encodes four structural proteins including the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins, while ORF3 encodes an accessory protein (84). The functional form of the S protein is a trimer, which protrude from the viral membrane thus providing typical crown appearance of the CoVs (93). It functions during cell entry by binding to cellular receptors and causing fusion of the viral and host cell membranes (93). During maturation, the S protein is cleaved into a receptor-binding subunit S1 and a membrane-fusion subunit S2 (84). The E protein has ion channel activity and plays an important role in virion morphogenesis (93, 94). The M protein is the main component of the viral envelope and interacts with all structural components during viral particle assembly (93). The N protein packages the genomic RNA to form the helical nucleocapsid (RNP) (93). ORF3 protein was known to be related to PEDV pathogenicity (93). In addition, N and ORF3 are involved in viral replication (95, 96). Furthermore, the encoded N, M, E, ORF3, PLP2, nsp 1, nsp 3, nsp 5, nsp 7, nsp 14, nsp 15, nsp 16 proteins can antagonize Interferon-β production (97–100).



The Role of Apoptosis in PEDV Infection

PEDV infection can damages pig intestinal epithelial tissue and interfere with epithelial mucosal cell function, resulting in abnormal nutrient absorption and diarrhea (53). This phenomenon may be related to apoptosis caused by PEDV infection. Apoptosis of cells in the lamina propria or submucosa of PEDV-infected jejunum or ileum was increased (18, 101). However, PEDV may not induce apoptosis death of intestinal villous enterocytes in vivo (50), like TGEV and PDCoV. AIF could translocate to the nucleus to cause apoptosis after PEDV infection in Vero cells (18). Moreover, PEDV could promote p53 phosphorylation at serine 20 and subsequent translocation to the nucleus, leading to p53 activation and thereby apoptosis in Vero cells (83). During this process, ROS also accumulates to promote apoptosis (83). In addition, apoptosis was mediated by activation of caspase-8 and caspase-3 in the late stage of PEDV-infected Vero cells (102). Treatment with the inhibitor of pro-apoptotic molecule could significantly inhibit PEDV infection (18), indicating that apoptosis plays an important role in the PEDV pathogenicity. However, the host cells showed an anti-apoptotic effect through LTBR during PEDV infection (103). By analysis cell apoptosis induced by PEDV-related viral proteins, it was found that M, nsp1, nsp2, nsp5, nsp6, nsp7, nsp9, nsp13, and S1 proteins can induce apoptosis, among which S1 is the critical apoptotic-inducing protein in Vero cells, but the detailed molecular mechanism is still unclear (85). On the contrary, PEDV encoded ORF3 could inhibit cell apoptosis to promote virus proliferation (93), indicating that PEDV applies different strategies to regulate cell apoptosis in different stages of infection to complete viral proliferation. Although some studies have been conducted on the influence of PEDV on apoptosis (Figure 3), many questions remain unclear, such as how does S1 induce apoptosis? And what role does S1 portein induced-apoptosis play in virus-caused diarrhea? Clarifying these issues will help explain how PEDV causes diarrhea in pigs.
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FIGURE 3. Diagram of the roles of apoptosis in the pathogenesis of Porcine epidemic diarrhea virus (PEDV) infection.





APOPTOSIS ASSOCIATED WITH PORCINE DELTACORONAVIRUS (PDCoV)


Virus Characteristics of PDCoV

PDCoV is an enveloped, single-stranded, positive-sense RNA virus with a genome of appropriately 25 kb in length (26). The genome organization of PDCoV are in the order of: 5′ untranslated region (UTR), open reading frame 1a/1b (ORF1a/1b), spike (S), envelope (E), membrane (M), non-structural protein 6 (ns6), nucleocapsid (N), non-structural protein 7 (ns7), and 3′ UTR (86, 87). The diverse dimerization forms of nsp9 protein could enhance their nucleic acid binding affinity (104). ns6 protein is an important virulence factor of PDCoV (105). It is known that N, nsp5, nsp15, ns6 contribute to inhibit interferon-β production (106–109).



The Role of Apoptosis in PDCoV Infection

PDCoV is a newly discovered virus that causes severe clinical diarrhea and intestinal pathological damage in piglets (88), but the pathogenesis of PDCoV infection is still largely unknown. Current studies showed that PDCoV infection could promote Bax translocation and mediate mitochondrial outer membrane permeabilization (MOMP), resulting in specific relocation of the mitochondrial cyt c into the cytoplasm, thus activating caspase-9/3 to initiate apoptosis in ST cells (88). These results indicate that PDCoV mediates cell apoptosis through a caspase-dependent endogenous apoptotic pathway (Figure 4). Moreover, apoptosis caused by PDCoV contributes to viral protein translation and the caspase-dependent intrinsic apoptosis pathway in PDCoV-infected ST cells is also used for facilitation of viral replication (88). Interestingly, PDCoV induces apoptosis in swine testicular and LLC porcine kidney cell lines in vitro but not in infected intestinal enterocytes in vivo. Another form of cell death, necrosis, has been found in PDCoV-infected swine intestinal enterocytes as well as in the porcine small intestinal epithelial cell line, IPEC-J2 in vitro (89). The above results indicate that a better model of cellular infection is needed to reflect the infection in vivo. In-depth study on the molecular mechanism of cell death caused by PDCoV infection will help to analyze the pathogenesis of PDCoV. In addition, the key proteins responsible for cell death caused by the virus still need to be further studied, which will help to identify virulence factors and provide guidance for prevention and control PDCoV infection.


[image: Figure 4]
FIGURE 4. Diagram of the roles of apoptosis in the pathogenesis of Porcine deltacoronavirus (PDCoV) infection.





APOPTOSIS ASSOCIATED WITH SWINE ACUTE DIARRHEA SYNDROME CORONAVIRUS (SADS-CoV)


Virus Characteristics of SADS-CoV

SADS-CoV, also named PEAV (110) and SeACoV (111), is an enveloped, single-stranded positive-sence RNA virus (110). The full-length genome of SADS-CoV is about 27 kb (110), arranged in the order of: 5′ UTR-ORF1a/1b-S-NS3-E-M-N-NS7a-3′ UTR (112). It is known that the S protein has many important characteristics in CoVs, such as virus attachment and entry, and induction of neutralizing antibodies in vivo (113). Of note, compare to other reported CoVs, SADS-CoV has the smallest S protein including 1,129 amino acids (110). To date, the papain-like protease 2 (PLP2) domain of nsp3 was shown to be able to cleave nsp1 proteins and also peptides mimicking the nsp2/nsp3 cleavage site and also have deubiquitinating and deISGynating activity (114). The function of other viral proteins of SADS-CoV remains to be further explored.



The Role of Apoptosis in SADS-CoV Infection

As another newly identified swine intestine CoV, detail information of the pathogenic mechanism of SADS-CoV remains unclear. It was reported that SADS-CoV infection could increased apoptosis in the small intestinal epithelial cell line IEC in vitro (90). SADS-CoV infection could up-regulate FasL, subsequentially activates caspase-8/3 to lead to apoptosis in Vero and IPI-2I cells (90). Moreover, activated caspase-8 could cleave Bid, then the cleaved Bid translocated to mitochondria participating in the destruction of mitochondria integrity and cyt c release to cytosol, which in turn facilitates caspase-9/3 activation thus result in apoptosis (90). In addition, SADS-CoV infection triggers Bax recruitment into the mitochondria, leading to cyt c but not AIF release into cytoplasm to induce apoptosis through mitochondrial permeability transition pore (MPTP), which involve with cyclophilin D (CypD) in these processes (90). These results suggest SADS-CoV-induced apoptosis were mediated by both extrinsic and intrinsic pathways (Figure 5). The viral replication was affected with the inhibitors of caspase-8 or capases-9, indicating that SADS-CoV-induced apoptosis contributes to viral replication (90). Although it has been demonstrated well in SADS-CoV induced apoptosis, the function of viral protein in SADS-CoV-induced apoptosis and the exact mechanism underlying remains unclear. More efforts to elucidate the molecular mechanisms of SADS-CoV-induced apoptosis will help to explore the pathogenesis of SADS-CoV infection.
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FIGURE 5. Diagram of the roles of apoptosis in the pathogenesis of Swine acute diarrhea syndrome coronavirus (SADS-CoV) infection.





OTHER MECHANISMS ARE RELATED TO THE PATHOGENESIS OF SWINE ENTEROPATHOGENIC CoVs

Innate immunity is thought to be the first line of host defense against a wide variety of pathogenic infections (115). Of note, type I interferon (IFN-α/β), as important cytokines of innate immunity induced by virus invasion, could establish an anti-viral state in infected sites (116). In order to infect the organism and cause pathogenicity, the virus must break through the anti-viral state of the organism. It was reported that PEDV, PDCoV and SADS-CoV can inhibit the up-regulated expression of type I interferon through a variety of different mechanisms (100, 115, 117–120), thus leading to virus infection, indicating that the inhibition of type I interferon might relate to the pathogenesis of these viruses. In addition, inhibition of anti-viral status to promote viral infection might contribute to the occurrence of apoptosis (121). Interestingly, unlike PEDV, PDCoV, and SADS-CoV, TGEV infects the body can promote the up-regulated expression of IFN-β (122). IFN-β has been reported to induce apoptosis (123, 124). Whether the apoptosis induced by TGEV is related to the upregulation of IFN-β needs further study.



CONCLUSIONS

Lines of evidence indicate that apoptosis play critical roles in the pathogenesis of swine enteropathogenic CoVs. Most of the information is gleaned from the studies on the apoptosis of TGEV, PEDV, PDCoV, or SADS-CoV infections in vitro and in vivo. Viral proteins, such as N from TGEV, S1 from PEDV, are involved in regulation of virus-mediated apoptosis production, which might provide some clues to determine the virulence factors and serve as the targets of antiviral drugs. However, the roles of apoptosis in host response to swine enteropathogenic CoVs infection alone or co-infections are still far from elucidation and need to be further investigated. In addition, the apoptotic forms and mechanisms caused by these four swine enteropathogenic CoVs are different (Table 1), which whether involved with the differences of pathogenicity also needs further study. In brief, further investigation into the role of apoptosis in these swine enteropathogenic CoVs is conducive to elucidate of the pathogenesis of viral infections and develop an appropriate strategy for the prevention and control of swine diarrhea diseases.
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In this study, MLVA (multiple-locus variable-number tandem repeat analysis) genotype data of Brucella strains from 11 countries along the Silk Road were downloaded from the MLVAbank. MLVA data of strains were applied to the constructed Minimum Spanning Tree to explore the species/biovars distribution, geographic origins, and genetic relationships of the strains analyzed. Moreover, whole-genome sequencing–single-nucleotide polymorphism (WGS-SNP) phylogenetic analysis of the genome of Brucella melitensis strains from GenBank was performed to discriminate the relatedness of strains further and investigate the transmission pattern of B. melitensis brucellosis. A total of 1,503 Brucella strains were analyzed in this study: 431 Brucella abortus strains (29.8%), 1,009 B. melitensis strains (65.7%), and 63 Brucella suis strains (4.5%). B. melitensis biovar 3 was the dominant species and was shown to be widespread in all of the examined regions, suggesting that the prevention and surveillance of the B. melitensis population are a main challenge in these countries. A wide host spectrum was observed for this Brucella population; many animal reservoirs are a potential reason for the continuous brucellosis circulation in these countries. Although the B. abortus strains from the examined regions had common geographic origins, only a few shared genotypes were observed in different countries. These data revealed that the majority of B. abortus strains were spreading within the national borders. However, the B. melitensis strains from Italy originated from a Western Mediterranean lineage; strains from the other 10 countries originated from Eastern Mediterranean lineage, and this lineage was shared by strains from three to nine different countries, suggesting that the introduction and reintroduction of the disease in the 10 countries might have occurred in the past. Furthermore, the most shared MLVA-16 genotypes were formed in the B. melitensis strains from China, Kazakhstan, and Turkey, suggesting that the introduction and trade in sheep and goats have occurred frequently in these countries. WGS-SNP analysis showed that the B. melitensis in this study originated from the Malta (Italy) region. According to their territorial affiliation between four clade strains from these countries in genotype B, the absence of a clear differentiation suggests that strains continuously expand and spread in countries along with Silk Road. Active exchange and trade of animals (sheep and goats) among these countries are reasonable explanations. B. suis strains from different nations showed unique geographic origins and epidemiological characteristics. Therefore, there is an urgent need for the control of transfer and trade of infected sheep (goats) in countries along the Silk Road, namely, the strengthening of the entry–exit quarantine of sheep and goats and improvements in the diagnosis of animal brucellosis.

Keywords: Brucella spp., silk road, species/biovar, host lineages, geographic origin, genetic relatedness


INTRODUCTION

Brucellosis is a zoonotic infectious disease caused by members of the genus Brucellae, circulating in more than 170 countries, especially in the Mediterranean, Asia, and Central and South America (1). The disease is primarily contracted through direct or indirect contact with infected animals and their contaminants, although the consumption of contaminated animal products can also cause infection. Low fever, sweating, fatigue, and joint pain are the most common clinical manifestations of patients (2). Chronic brucellosis is challenging to cure, which affects the quality of life of patients and causes great family and socioeconomic burdens (3). In females, abortion and stillbirth are the main manifestations, whereas orchitis and sterility are common in males (4). Therefore, brucellosis not only has a significant impact on the husbandry and health of the human population, but is also closely related to many fields such as public safety, food hygiene, and foreign trade (5).

Although human brucellosis (HB) is one of the most common bacterial zoonotic diseases, its occurrence greatly differs between geographic areas. The highest annual incidences of HB per million of the population are observed in Syria and Mongolia (1); for instance, 39,838 human cases were reported in Syria in 2007. Mongolia has a high incidence of brucellosis in humans and animals due to livestock husbandry; livestock seroprevalence ranged from 0.5 to 1.8% in 2011 (6). Moreover, a total of 684,380 HB cases were reported in mainland China during 1950–2018, and the incidence of HB peaked in 2014 (4.32/100,000) (7). Kazakhstan is a hyperendemic area, considering the very high incidence rates in the human population and farm animals (1). From 1999 to 2016, 38,557 new cases of HB were recorded, with annual counts of cases ranging from 1,443 (2014) to 3,596 (2004) (8). In Pakistan, the high age-wise prevalence was recorded as 32.25% (98/304) by enzyme-linked immunosorbent assay (ELISA) (P < 0.05) in 21- to 30-year-old females (9). In India, the seroprevalence of brucellosis among cattle and goats was estimated to be 1.1 and 11.2%, respectively (10). Brucellosis is still reported from all types of farms and domestic livestock in Russia; between 1999 and 2009, the number of infected sites increased, ranging from 54 in 2001 to 112 in 2009 (11). The incidence of HB in Turkey is 26 per 100,000 (12), and 18,264 new brucellosis cases were reported in 2004 (13); moreover, pediatric brucellosis may constitute 20% to 30% of all brucellosis cases in the world (14). Previous research reported that 22 (5.1%) tested by Rose Bengal Test (RBT) and 58 (13.5%) tested using the blocking ELISA assay were positive for Brucella in wild boar hunted in the Campania region of Italy during 2016–2017 (15). Each year a relatively small number of cases are reported in Germany, but within the last 2 years, an increase of cases was observed (16). Many comprehensive brucellosis controls have been developed in the majority of countries, including testing-slaughter, restricted infected animal transfer, and vaccination of livestock. However, brucellosis is still an endemic zoonosis in these nations (17).

The Silk Road Economic Belt has had a profound effect on economic prosperity, cultural diversity, foreign trades, and many other characteristics of nations along the road; therefore, it might also provide opportunities for the spread of zoonotic diseases (18). Indeed, zoonotic diseases such as plague and anthrax are associated with commercial activities related to the Silk Road (19, 20), especially in countries along the line of the road. Indeed, these countries have high amounts of husbandry, and brucellosis circulates between humans and animals in Italy, Germany, Turkey, Iran, and Kazakhstan (21–25). Accordingly, there is the potential for transmission of brucellosis during processing of animals and trade of animal products. Currently, MLVA-16 genotyping of Brucella strains can be used for trace-back and trace-forward investigations, as well as the identification of the spreading route (26), and MLVA-11 is often used to trace back the geographic origin of strains (27). Moreover, whole-genome sequencing–single-nucleotide polymorphism (WGS-SNP) is likely to be a suitable tool for trace-back analysis of Brucella melitensis, as it is capable of suggesting the potential geographic origin of a given strain (16). Therefore, this study was conducted to better understand the epidemiological characteristics of brucellosis in countries along the Silk Road, provide valuable information for strengthening trade cooperation, and launch a corresponding strategy of prevention and control of brucellosis.



MATERIALS AND METHODS


Data Source

Data pertaining to MLVA-16 of 1,503 Brucella from 11 related countries including China, Kazakhstan, Turkey, Germany, Italy, Iran, Israel, Lebanon, Mongolia, Syria, and India were obtained from the international MLVAbank database (http://microbesgenotyping.i2bc.paris-saclay.fr/databases) (2016–2018·V1.4.0), including the strain number (Named by the database), species/biovars, host types, isolated region, Panel 1 genotype, MLVA-11 genotype, and the number of tandem repeats at MLVA-16 loci. Moreover, strains from Kyrgyzstan and Tajikistan were not found in the international MLVAbank database.



Strain Isolation and Identification

A total of 1,503 Brucella strains were collected from samples of patients and animals from 11 different countries. According to standard bacteriology approaches, all of the strains were isolated and identified (28). Conventional identification methods were used to assign the strains to biotypes. All of the strains were gram-negative, agglutinated with polyvalent brucellosis serum, had oxidase and catalase activity, synthesized urease, and were capable of growing in atmospheric conditions. Subsequently, BCSP-31 polymerase chain reaction (PCR) (29), AMOS-PCR (30), and/or Brucella ladder PCR (31) were applied to verify the results from the biotyping assays.



DNA Preparation and Genotyping

A fresh single Brucella strain clone was picked up from a solid agar medium surface and then heat-inactivated at 80°C for 20 min. Subsequently, DNA was isolated using a phenol/chloroform extraction method and/or the QIAamp DNA Mini Kit (Qiagen, United States) according to the manufacturer's instructions. The MLVA-16 assay was performed as previously described (32, 33). Briefly, 16 loci were divided into three panels: Panel 1 (also called MLVA-8), Panel 2A, and Panel 2B. The combination of panels MLVA-8 and 2A was called MLVA-11, whereas the combination of all three panels (16 loci) was designated MLVA-16. The MLVA-11 panel allows for tracing the geographic origin of the strains analyzed, whereas the Panel 2B loci are highly discriminatory, and their combination with MLVA-11 was used for molecular epidemiology investigation. PCR was used to determine the number of repeats from each sample, and its products were purified and directly sequenced using an ABI Prism Big Dye Terminator. Size analysis of VNTR repeats was performed using GeneMapper 4.1 (Applied Biosystems).



Data Processing and Analysis

A total of 1,503 Brucella strains were downloaded from the MLVAbank database, including 394 in China, 359 in Italy, 338 in Kazakhstan, 234 in Turkey, 58 in Germany, 37 in India, 28 in Lebanon, 20 in Syria, 14 in Israel, 12 in Mongolia, and 9 in Iran (Supplementary Table 1). The downloaded data were processed according to the species/biovars and genotypes of all Brucella strains using Excel 2016 software (Microsoft Corporation, Redmond, WA, USA). At the same time, the species/biovars and distribution regions of the strains were analyzed to investigate the epidemiological correlation of Brucella in the above countries. Subsequently, the Minimum Spanning Tree (MST) of Brucella abortus strains, B. melitensis strains, and Brucella suis strains were constructed using the BioNumerics 7.6 software based on the MLVA-11 data, and the genotype distribution and geographical origin of the strains were analyzed. The BioNumerics 7.6 software (Applied Maths, Sint-Martens-Latem, Belgium) based on unweighted pair group method using arithmetic averages was applied to construct the MST of B. abortus strains, B. melitensis strains, and B. suis strains based on MLVA-16 data and to explore their genetic relatedness. Moreover, the WGS-SNP phylogenetic analysis (34) was performed in 39 B. melitensis from 14 countries along the Silk Road (Supplementary Table 2) to explore further the genetic relatedness of strains and the transmission pattern of brucellosis in these nations.




RESULTS


Species/Biovar Distribution Characteristics of Brucella Strains

Among the 1,503 strains of Brucella, 431 (28.7%) were B. abortus, 1,009 (67.1%) were B. melitensis, and 63 (4.2%) were B. suis (Table 1). B. abortus strains included four biovars: 63 in biovar 1, 188 in biovar 3, 79 in biovar 6, four in biovar 7, one in rough strain, and another 98 strains have not been identified (Figure 1A). Among the B. melitensis strains, 99 strains in biovar 1, 50 strains in biovar 2, 532 strains in biovar 3, five strains in rough, and nine strains were atypical, and 313 strains of unknown biovars were observed (Figure 1B). Among the 63 B. suis strains, 18 were in biovar 1, 44 in biovar 2, and one in biovar 3 (Figure 1C). All three Brucella species were observed in China, Germany, and Italy (Table 1). Both B. abortus and B. melitensis were circulating in the remaining seven countries. Five different biotypes were found in B. melitensis species; five biotypes were observed in B. abortus species, whereas three biotypes were recorded in B. suis species. B. melitensis was the dominant population in all countries examined, and B. abortus biovar 3 and B. melitensis biovar 3 were the dominant species in countries along the Silk Road (Table 1). B. suis biovar 1 was found exclusively in Chinese strains, and B. suis biovar 2 was observed in Germany and Italy (Table 1).


Table 1. Species distribution characteristics of Brucella strains in countries along the Silk Road.
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FIGURE 1. Species/biovars distributed characteristics of B. abortus (A), B. melitensis (B), and B. suis (C). Color coding according to species/biovar; circle size depicts the number of strains.




Host Lineages Profiles of Brucella Strains

In this study, a total of 13 kinds of hosts were observed in all of the countries analyzed, including humans, cattle, sheep, camels, buffalo, goats, bharals, dogs, deer, swine, boars, hares, and wild swine, of which 583 strains were found in humans, 448 in cattle, and 363 in sheep (Table 2). The hosts of B. abortus strains included cattle, sheep, camels, buffalo, and humans, of which 92.0% of strains were collected from cattle (Figure 2A). The hosts of B. melitensis strains included goats, sheep, cattle, deer, bharals, camels, humans, and dogs. Remarkably, approximately 56.8% (573/1,009) of strains were from humans, and this host was distributed widely in all of the countries; moreover, 35.3% (353/1,009) of the strains were obtained from sheep (Figure 2B, Table 2). Deer, humans, sheep, swine, boars, hares, and wild swine were common hosts from isolated B. suis strains, and 55.6% (35/63) of the strains from Germany and Italy were found in wild swine (Figure 2C). However, humans, cattle, and sheep were the main hosts of the B. suis strains in China (Table 2). The most extensive hosts of Brucella in this study were observed in China, followed by Italy, Kazakhstan, and India (Table 2).


Table 2. Host profiles of Brucella strains in countries along the Silk Road.
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FIGURE 2. Host lineages profile of B. abortus (A), B. melitensis (B), and B. suis strains (C). Color-coding according to hosts types; circle size depicts the number of strains.




Geographic Origin and Genetic Relatedness of B. abortus Strains

There were 24 MLVA-11 genotypes among B. abortus strains (72, 82, 201, and 70 were the most common genotypes). Of these, genotype 72 was overwhelming, accounting for 80.5% (347/431) (Figure 3A). Genotype 72 was shared by strains from Kazakhstan, China, Italy, Mongolia, and Turkey. Genotype 210 was shared by Italian and Chinese strains, whereas genotype 82 was shared by strains from Kazakhstan, German, Italy, China, and India (Figure 3B). MST analysis of B. abortus strains revealed that some MLVA-16 shared genotypes were found in strains from Kazakhstan, Italy, and China. Moreover, in Kazakhstan and China, Kazakhstan and Italy, and Kazakhstan, Italy, and China, a limited number of strains consisted of shared genotypes. In contrast, no shared genotype was found in other countries (Figure 3C).


[image: Figure 3]
FIGURE 3. MLVA-11 genotype (A), geographic origin (B), and genetic relatedness characteristics (C) of B. abortus strains. (Color-coding according to MLVA-11 genotypes (A,B) and MLVA-16 genotypes (countries, C); circle size depicts the number of strains).




Geographic Origins and Genetic Relatedness of B. melitensis Strains

There were 62 MLVA-11 genotypes in 1,009 strains of B. melitensis, of which 116, 125, 87, 96, 111, and 91 were the most common genotypes (Figure 4A). Among these, genotype 116 was overwhelmingly dominant, accounting for 40.9% (413/1,009), whereas genotypes 125, 87, 96, 111, and 91 accounted for 20.0% (202/1,009), 10.6% (107/1,009), 4.6% (45/1,009), 3.8% (38/1,009), and 2.2% (22/1,009), respectively. Based on the geographic origin, B. melitensis genotypes 116, 125, and 111 belong to an Eastern Mediterranean lineage, whereas genotypes 87, 96, 91, and 162 belong to the Western Mediterranean lineage. Genotypes 116, 125, and 111 were shared by strains from 10 countries, except Italy (Figure 4B). Genotype 116 was shared by strains from China, Germany, India, Iran, Kazakhstan, Lebanon, Mongolia, Syria, and Turkey, whereas type 125 was shared by strains from nine countries, namely, China, Germany, Iran, Israel, Italy, Kazakhstan, Lebanon, Syria, and Turkey. Otherwise, genotype 111 was observed in China, Kazakhstan, and Turkey. However, genotypes 87, 96, 91, and 162 were found almost exclusively in the Italian strains, and only two strains from Germany were represented in genotype 96 (Figure 4B). MST analysis based on MLVA-16 data of B. melitensis strains indicated that 1,009 strains of B. melitensis were clustered into two groups (A and B). The strains in Italy have formed an independent group A, whereas the other 10 countries' strains were clustered into group B (Figure 4C). Multiple shared genotypes in group B were observed in different countries, including China, Kazakhstan, and Turkey; China, Turkey, and Syria; China, Kazakhstan, and Mongolia; China and India; Turkey, Lebanon, and Syria; Turkey and Lebanon; Turkey and Syria; Turkey and India; and Turkey and Iran. The most shared genotypes were observed among the Chinese and Kazakhstan strains (Figure 4C).


[image: Figure 4]
FIGURE 4. MLVA-11 genotype (A), geographic origin (B), and genetic relatedness characteristics (C) of B. melitensis strains. (Color-coding according to MLVA-11 genotypes (A,B) and MLVA-16 genotypes (countries, C); circle size depicts the number of strains).




WGS-SNP Analysis of 39 B. melitensis Strains From 14 Countries Along the Silk Road

Phylogenetic analysis based on WGS-SNPs revealed the geographic clustering profile of B. melitensis strains from these countries; 39 B. melitensis strains were divided into two groups (A and B). Group A included the strains from the Western Mediterranean Region (Italy and Malta) and located at the base of the tree. Group B included the strains from regions of Asia, covering a broad geographic area that could be subdivided into four clades: (I) Middle East (Iran, Iraq, Turkey, Syria), China, and Bulgaria; (II) Turkey, Russia, China, Georgia, and India; (III) China-Russia; (IV) Turkmenistan, Afghanistan, Iran, and Pakistan (Figure 5).


[image: Figure 5]
FIGURE 5. Whole-genome sequencing–single-nucleotide polymorphism phylogenetic analysis of 39 B. melitensis strains from 14 countries along the Silk Road.




Geographical Origin and Genetic Relatedness of B. suis Strains

There were 14 MLVA-11 genotypes in 63 strains of B. suis, and MLVA-11 genotypes 33, 57, and 44 were predominant, accounting for 28.6% (18/63), 22.2% (14/63), and 7.0% (9/63), respectively; the remaining 11 genotypes contained one to five strains from the respective country (Figure 6A). Genotypes 33, 31, 57, and 44 were unique to Chinese, India, German, and Italian strains, respectively (Figure 6B). MST analysis based on MLVA-16 data revealed that 63 strains of B. suis from Germany, Italy, China, and India formed three independent branches (A–C). The majority of strains from Germany clustered in branch A, and all Italy strains and a few German strains clustered in branch B. Strains from China and India (n = 1) were grouped in branch C. No shared MLVA-16 genotypes were found in strains from different countries (Figure 6C).
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FIGURE 6. MLVA-11 genotype (A), geographic origin (B), and genetic relatedness characteristics (C) of B. suis strains. (Color-coding according to MLVA-11 genotypes (A,B) and MLVA-16 genotypes (countries, C); circle size depicts the number of strains).





DISCUSSION

Brucellosis is prevalent in Italy, Germany, Turkey, Iran, Kazakhstan, China, and other countries, along with the Silk Road. Moreover, a considerable number of Brucella strains have been isolated, providing a basis for investigation of the genetic correlation characteristics among strains. In this study, B. abortus, B. melitensis strains, and B. suis strains accounted for 28.7% (431/1,503), 67.1% (1,009/1,503), and 4.2% (63/1,503) of the total, respectively. Moreover, B. melitensis biovar 3 accounted for 52.9% (534/1,009) of the total. The distribution characteristic of pathogenic bacteria population and Brucella biovars was similar to the previous study; B. melitensis is the most important zoonotic agent, followed by B. abortus and B. suis (35, 36). This correlates with the fact that the worldwide control of bovine brucellosis (due to B. abortus) has been achieved to a greater extent than the control of sheep and goat brucellosis (due to B. melitensis), these latter species being the most important domestic animals in many developing countries (17). B. melitensis strains were distributed widely in all of the countries examined; 56.8% (573/1,009) strains were obtained from humans, and 35.3% (353/1,009) were from sheep. These data indicated that B. melitensis strains are the predominant pathogen responsible for human and animal brucellosis in these countries. These findings suggest that identical or similar epidemiological characteristics of brucellosis might be found in countries along the Silk Road (37). Globally, despite the remarkable results achieved by the majority of industrialized countries, where bovine brucellosis has been eradicated or controlled, small ruminant brucellosis remains a problem in some of these countries (38). Our current study confirmed that B. melitensis is a latent “travel bacterium” that continuously spreads and expands from Northern China to Southern China (39). From 1970 to 2015, B. melitensis has been the pathogen isolated most frequently in human cases, accounting for more than 99% of Brucella spp. isolated from humans in Italy (40). Similarly, the species that causes the most frequent brucellosis and produces the most severe disease picture is B. melitensis in Turkey (13). Although 28.7% of total strains were of B. abortus, most of them were obtained from cattle, and its pathogenicity to humans was significantly lower than B. melitensis strains (17). Moreover, B. suis biovar 2 strains in this study were from a wild animal; B. suis biovar 1 and biovar 3 from humans and B. suis strains were observed in limited countries; fewer strains were isolated from humans, and the B. suis biovar 2 is not an essential pathogen for humans in contrast to B. suis biovars 1, 3, and 4 (17). Therefore, to solve the brucellosis problem in countries along the Silk Road, we should focus more on the B. melitensis strains than B. abortus and B. suis populations, and it is urgent to strengthen the detection and management of the infected sheep and goats in these countries.

In the present study, B. abortus strains and B. melitensis strains had a wide host spectrum, including many livestock and wild animals. Some shared genotypes were observed in different hosts among each species, indicating that these wild animals might become a source for reintroducing Brucella strains in domestic ruminants and humans (41). B. abortus and B. melitensis are the most regularly transmitted species between wild and domestic ungulates. They are most frequently associated with the conflicting needs of wildlife and agriculture and the risk of human disease (42). This confirmed the widespread existence and natural epidemic origin of brucellosis in countries along the Silk Road (43, 44), which poses severe challenges to the prevention and surveillance of brucellosis in these countries.

Based on the MLVA-11 analysis of B. abortus strains, genotypes 72, 201, 82, and 70 were more common; each of them was shared by strains from two to five countries, especially 72 being the predominant genotype and shared by strains from Kazakhstan, China, Italy, Mongolia, and Turkey. These findings demonstrate that the B. abortus strains from these countries have high homogeneity and common geographic origins (45, 46). MST analysis of B. abortus strains revealed that there were bovine brucellosis outbreaks in Kazakhstan, Italy, and China, but the number of cases of cross-infection among countries was limited (47). This was not only closely related to the reduction in virulence of B. abortus strains, but also restricted by factors such as larger size in cattle, higher transportation costs, and trade policies.

Among the 1,009 B. melitensis population, genotypes 116, 125, and 111 originated from the Eastern Mediterranean lineage, and genotypes 87, 96, and 91 originated from Western Mediterranean lineage. These findings demonstrate that the B. melitensis strains from countries along the Silk Road have two different geographical origins. The strains from Italy originated from a Western Mediterranean lineage, and strains from the other 10 countries originated from an Eastern Mediterranean lineage. Moreover, genotypes 116, 125, and 111 were shared by strains from nine, nine, and three countries, respectively, indicating that the strains from these countries had the same geographical origin. This suggests that the introduction and reintroduction of the disease among the 10 countries might have occurred in the past (48, 49). Based on MST analysis revealed that B. melitensis strains clustered into two groups, with strains in Italy forming a relatively independent group A, whereas strains in the remaining 10 countries clustered into group B. In addition, there were at least 10 shared MLVA-16 genotypes in strains from group B. The most shared genotypes were formed in strains from China, Kazakhstan, and Turkey. It was previously suggested that B. melitensis strains in China, Turkey, and Kazakhstan were epidemiologically correlated, and the prevalence of B. melitensis brucellosis in these countries resulted from a common infectious source (16, 50, 51). The breeding and trade of small ruminants were the main economic source and industrial pillar of the vast agricultural and pastoral areas in Turkey, Kazakhstan, and China, and animal introduction and trade were extremely frequent in these countries. The results were consistent with those of previous studies that showed the majority of B. melitensis strains in Kazakhstan were genetically related to strains transmitted in China and were closely related to the long-term trading partnership between the two countries (52). Therefore, WGS-SNP analysis indicated that B. melitensis were originated from Malta (Italy) regions, strains from group B forming the four subclades, but do not have a clear differentiation according to their territorial affiliation, indicating the frequent penetration of the B. melitensis strains from one country to another (53). Active exchange and trade of animals (sheep and goats) among these countries could promote pathogen dissemination, and there was continuous expansion and spread in countries along with Silk Road. Recently, many infectious diseases have emerged, and most of their pathogens originated from zoonosis; some of the diseases spread worldwide by the international flow of goods, people, and animals (54). We suggest that implementing a larger scale of vaccine coverage of small ruminants would significantly reduce infection in livestock and humans. Moreover, restricting movement in positive sheep and goats among different countries and the regular disinfection of the farm environments could effectively reverse the trend of increasing brucellosis in countries along the Silk Road.

B. suis strains in Germany, China, Italy, and India represent a unique predominated genotype, respectively, suggesting that each of these strains had an exclusive geographic origin. MST analysis revealed that MLVA-16 shared genotypes were not found in different countries' strains, demonstrating that B. suis strains were only prevalent in their respective countries. This was possibly related to environmental adaptability and economic and social factors influencing hosts of B. suis strains. B. suis biovar 2 is largely restricted to continental Europe and is maintained in wild animal (Suidae and hares) populations (40). We suggest that enhanced surveillance regulation for wild animals in Europe is essential for the prevention of strain spill over into the livestock. Moreover, further genome comparison analysis of more B. suis strains from all over the world will increase our understanding of B. suis brucellosis epidemiology.

Our research has some limitations. Most of the data were derived from highly concentrated time and location, rather than from continuous time points and wide coverage areas, so they may only partly reflect the truth situation of brucellosis in the regions examined. Second, data on animals' epidemiology and movements in these countries were not available. A focus on risk analysis or statistical analysis of hosts from the spatiotemporal or species-location perspective is essential.



CONCLUSION

In this study, the species distribution, host lineage profiles, geographical origin, and genetic relatedness and the epidemiological correlation of Brucella species in countries along the Silk Road were discussed. B. abortus was found to share the same geographic origin, but the transmission area was limited to their respective countries. However, B. melitensis strains were the dominant population in these countries and had two main geographic origins, and strains from the same geographic origin showed extensive gene sharing. B. suis strains from respective countries showed unique geographic origins and epidemiological characteristics. The surveillance and control of B. melitensis strains were identified as major problems among Brucella species in countries along the Silk Road. The control of its main host (sheep and goat) should be strengthened. Effective vaccination limits Brucella infection, restricts shedding, hampers transmission from animal to animal, and diminishes zoonosis risk (55). The corresponding regulations should be strictly implemented when introducing animals to prevent the spread of this species. Moreover, improving scientific research to achieve early diagnosis and implement joint prevention and control is recommended.
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Staphylococcus hyicus is the most common causative agent of exudative epidermitis (EE) in piglets. Staphylococcus hyicus can be grouped into toxigenic and non-toxigenic strains based on its ability to cause EE in pigs. However, the inflammatory response of piglets infected with toxigenic and non-toxigenic S. hyicus has not been elucidated. In this study, we evaluated the serum cytokine profile in piglets inoculated with toxigenic and non-toxigenic S. hyicus strains and recorded the clinical signs in piglets. Fifteen piglets were divided into three groups (n = 5) and inoculated with a toxigenic strain (ZC-4), a non-toxigenic strain (CF-1), and PBS (control), respectively. The changes in serum levels of cytokines (interleukin [IL]-1β, IL-4, IL-6, IL-8, IL-10, IL-12, granulocyte-macrophage colony-stimulating factor, interferon-γ, transforming growth factor-β1, and tumor necrosis factor-α) were evaluated using a cytokine array at 6, 24, 48, and 72 h post inoculation. The results showed that piglets infected with the toxigenic strain exhibited more severe clinical signs and higher mortality than those infected with the non-toxigenic strain. The serum levels of pro-inflammatory cytokine IL-1β were significantly increased in toxigenic-and non-toxigenic-strain-infected piglets compared to those in the control group (p < 0.05), while the anti-inflammatory cytokine IL-10 was significantly up-regulated only in toxigenic group than in control group (p < 0.05). These results indicated that piglets infected with toxigenic and non-toxigenic S. hyicus showed differential infection status and inflammatory responses. Both toxigenic- and non-toxigenic- S. hyicus infection could induce a pro-inflammatory reaction in piglets. In addition, the toxigenic strain induced a strong anti-inflammatory response in piglets as indicated by the increased serum level of IL-10, which may be associated with the severe clinical signs and increased mortality and may be the key cytokine response responsible for pathogenic mechanisms of S. hyicus.
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INTRODUCTION

Staphylococcus hyicus, a gram-positive bacterium, is one of the major opportunistic and zoonotic pathogens causing exudative epidermitis (EE) in pigs, primarily suckling and newly weaned piglets (1, 2). Exudative epidermitis is characterized by exfoliation of the skin; a thick, greasy, brown greasy exudate (3); suppurative pneumonia; and sepsis (4), which may lead to dehydration and subsequent death (5). Remarkably, a strain of S. hyicus was isolated from the blood culture and bone from a man suffering from debilitating subacute lumbar pain (6). Previous studies indicate that exfoliative toxin is the main virulence factor that induces the disease (7, 8). According to its ability to induce EE and to produce exfoliative toxin, S. hyicus has been divided into toxigenic and non-toxigenic strains (8, 9). At least five exfoliative toxins, named SHETB (10), ExhA, ExhB, ExhC, and ExhD (11) have been described. The exfoliative toxins selectively digested porcine desmoglein 1 directly in the porcine epidermis, causing separation of cells in the stratum spinosum and rapid intraepidermal spread of organisms (12).

Cytokines are a group of small, secretory proteins that mediate a variety of immunomodulatory and inflammatory responses (13, 14). It is well-known that inflammatory cytokines, including pro-inflammatory cytokines [e.g., interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor alpha (TNF-α), chemokine, interferons] and anti-inflammatory cytokines (e.g., IL-4, IL-6, IL-10, and IL-13) play significant roles in the inflammatory responses to infections. Many studies have demonstrated the key role of cytokines in the occurrence, development, and prevalence of infectious diseases (15–17).

The study of cytokine expression characteristics in S. hyicus infection is significant for understanding the inflammatory response and the pathogenic mechanism of S. hyicus and may facilitate efficient treatment in S. hyicus infection. To date, there are no reports on the cytokine response in piglets infected with S. hyicus. Thus, in the present study, we investigated the expression of 10 serum cytokines [IL-1β, IL-4, IL-6, IL-8, IL-10, IL-12, granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon (IFN)-γ, transforming growth factor (TGF)-β1, and TNF-α] in piglets infected with toxigenic and non-toxigenic S. hyicus.



MATERIALS AND METHODS


Bacteria

A toxigenic S. hyicus strain, ZC-4 (GenBank no. JQ728535), carrying exfoliative toxin ExhA was isolated in Guangdong Province, China, in 2010. A non-toxigenic S. hyicus strain, CF-1 (GenBank no. JQ728492), carrying no exfoliative toxin was isolated in Guangdong Province, China, in 2011.



Animals and Experimental Design

Fifteen, 25-day-old, S. hyicus-free piglets were obtained from a farm in Guangzhou and randomly divided into three groups with five piglets per group. The piglets in the toxigenic and non-toxigenic groups were intramuscularly injected in the neck with S. hyicus ZC-4 and CF-1, respectively, at a dose of 9.0 × 109 CFU per piglet. The piglets in the control group were intramuscularly injected with 2 mL of phosphate buffered saline (PBS). The animals were kept in separate rooms.

All animal procedures were approved by the Ethics Committee of Institute of Animal Health, Guangdong Academy of Agricultural Sciences according to Guangdong Province Laboratory Animal Management Regulations. The license number was SYXK (Yue) 2016-0165.



Clinical and Pathological Examination

The piglets were monitored at 6, 24, 48, and 72 h and 1 week post inoculation for clinical signs, including rectal temperature, and any clinical signs were scored. At 6, 24, 48, and 72 h after inoculation, blood and serum samples were collected for cytokine analysis. For histological examination, samples of lung, lymph nodes, spleen, kidney, liver, and skin were collected at 72 h post inoculation, fixed in 10% formalin solution, routinely processed, and embedded in paraffin wax; tissue sections were stained with hematoxylin and eosin (HE) as previously described. Moreover, heart and lung samples of the inoculated piglets were collected for the examination of bacterial presence using gram staining, biochemical properties and PCR amplification of the 16S rRNA gene in the toxigenic and non-toxigenic groups and ExhA gene in the toxigenic group.



Bacterial Isolation, Morphology, and Biochemical Characteristics

Heart and lung samples of the infected piglets were collected aseptically for bacterial isolation and cultured on LB agar plates containing 5 % sheep red blood cells at 37°C for 18 h. Gram staining was performed using the following protocol: a single colony was placed in a drop of physiological saline on a glass slide, and the specimen was fixed carefully by passing the slide through a flame. Then, the slide was flooded with ammonium oxalate crystal violet for 1 min and then washed with water. The slide was flooded with iodine solution for 1 min followed by flooding with ethanol for 30 s. The slide was treated with sand yellow solution for 1 min, washed with water, and then air-dried. Finally, the slide was observed under the light microscope. Biochemical properties were characterized using the commercial kit from Hangzhou Microbiological Reagents Limited Company (Hangzhou, China) following the manufacturer's instructions.



PCR Amplification of 16S rRNA and Exfoliative Toxin Gene

Bacterial DNA was extracted from pure culture of the heart and lung of piglets infected and identified as S. hyicus using QIAGEN DNeasy Blood and Tissue Kit (Qiagen, Basel, CH) according to the manufacturer's protocol. PCR amplification of 16S rRNA and exfoliative toxin gene was performed using the following primers: 16S rRNA-F (5′-AGAGTTTGATCCTGGCTTAG-3′); 16S rRNA-R (5′-TGACGGGCGGTGTGTACAA-3′). ExhA-F (5′-ATAGAGGAGAAATCAACATG-3′); ExhA-R (5′-CTATAGTTACTTGACCTCTA -3′).

In brief, the reaction mixture (final volume 20 μL) contained 10 μL of 2×Taq Master Mix, 0.5 μM of forward and reverse primer, and 1 μL of template DNA. The thermal cycling consisted of an initial denaturation step at 94°C for 5 min; followed by 35 cycles at 94°C for 1 min, 56°C for 1 min, and 72°C for 90 s; and a final extension step at 72°C for 10 min.



Cytokine Analysis

Serum levels of GM-CSF, IL-1β, IL-6, IL-10, TGF-β1, IFNγ, IL-4, IL-8, IL-12p40, and TNF-α in piglets were measured using the RayBiotech porcine cytokine array Q1 (QAP-CYT-1-1, RayBiotech, Norcross, GA, USA) according to the manufacturer's instructions.



ELISA Analysis

ELISA was used to determine the serum concentration of IL-1β, IL-8, IL-10, and IL-12 in inoculated piglets. IL-1β (#ELP-IL1b-1) and IL-8 (#ELP-IL8-1) were quantified using RayBio® ELISA kit (RayBiotech, Inc., Norcross, GA, USA), and IL-10 (#P1000) and IL-12 (P1240) were quantified by R&D ELISA kit (R&D Systems, USA).



Statistical Analysis

All data were presented as means ± standard deviation (SD). The statistical analysis was conducted by using the unpaired Student's t-test in GraphPad Prism 5 software. Differences with a value of p < 0.05 were considered statistically significant.




RESULTS


Clinical Signs and Gross Lesions

Piglets in the toxigenic and non-toxigenic groups showed increased rectal temperature (between 40.5 and 41°C) at 6 h post infection, but decreased rectal temperature (<40.5°C) at 24 h, 48 h, and 72 h post infection. Notably, the rectal temperature of piglets in the toxigenic group was higher than those in the non-toxigenic group at all time points (Figure 1). Piglets in the toxigenic group exhibited a range of clinical signs, such as listlessness, red body surface, trembling body, gathering, swollen eyes, and exfoliation of small areas of skin on the ears, belly, hind legs, and tails at 24 h post infection. At 48 h post infection, serious clinical signs appeared, exfoliation of large areas of skin with fluid exudation; then scabs began to form in the areas that had shed skin. Moreover, one of five piglets infected with ZC-4 died at 1 week post inoculation. In the non-toxigenic group, inoculated piglets only showed mild listlessness at 24 h post infection. Neither clinical signs (Table 1) nor significant increases in body temperature (Figure 1) were observed in control animals throughout the study. The analysis of anatomical lesions showed that, in the toxigenic group, the mandibular lymph nodes showed the most prominent gross lesions with diffused hemorrhage, whereas no significant changes were observed in lung and liver. There were no obvious pathological changes in the organs in piglets in the non-toxigenic group.


[image: Figure 1]
FIGURE 1. Changes in rectal temperature of piglets at 0, 6, 24, 48, and 72 h post in toxigenic group, non-toxigenic group, and control group. Each data point represents the mean ± standard deviation (SD) generated from five pigs in each group.



Table 1. Outcomes of inoculation of piglets in toxigenic and non-toxigenic groups with Staphylococcus hyicus infection.
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Pathological Examination

The skin and kidneys showed the most obvious lesions. Histological examination showed that the skin lesions in piglets in the toxigenic group were characterized by cuticular exfoliation, incomplete and excessive hyperkeratosis, and inflammatory cell hyperplasia of the epidermis, whereas piglets in the non-toxigenic group exhibited hyperkeratosis and inflammatory cell hyperplasia of the epidermis; the control piglets showed no pathological changes in the skin tissues. Degeneration of the uriniferous tubule epithelium was evident in the toxigenic and non-toxigenic groups, whereas no pathological changes were observed in the control group (Figure 2). The liver, lung, spleen, and lymph nodes showed no visible lesions.


[image: Figure 2]
FIGURE 2. Histophathological changes in the skin and kidneys of piglets from toxigenic group, non-toxigenic group, and control group at 72 h post infection. The tissues were stained with hematoxylin and eosin (magnification 100×).




Isolation and Identification of Staphylococcus hyicus

Staphylococcus was isolated in pure culture from the heart and lung of piglets and identified as S. hyicus by morphological examination and biochemical identification. Gram staining showed that the isolated bacteria were clustered, grape-like cocci (Staphylococcus) with gram-positive staining. The results of morphological tests were confirmed by the detection of a specific fragment (1,359 bp) of 16S rRNA gene in piglets in the toxigenic and non-toxigenic groups; the fragment was not detected in the control group piglets. In addition, a specific fragment (865 bp) of the ExhA gene was detected in piglets in the toxigenic group but not in piglets in the non-toxigenic and control groups.



Serum Cytokine Levels

At 6, 24, 48, and 72 h post infection, blood samples were collected, and the serum levels of 10 cytokines (GM-CSF, IL-1β, IL-6, IL-10, TGF-β1, IFNγ, IL-4, IL-8, IL-12p40, and TNF-α) were assessed. Significant differences between S. hyicus (CF-1 and ZC-4)-infected and control piglets and between ZC-4-infected and CF-1 infected piglets are shown in Table 2.


Table 2. Serum levels of cytokines in piglets over the course of Staphylococcus hyicus infection.

[image: Table 2]

Serum levels of four cytokines (IL-1β, IL-8, IL-10, and IL-12) differed significantly between the infected and control piglets (p < 0.05). Among these cytokines, IL-1β levels in the toxigenic and non-toxigenic groups rapidly increased at 6 h post infection, but no significant change was observed at the following sampling time point (Figures 3A,B, 4A,B). Serum concentration of IL-8 decreased at 6 and 24 h post infection in ZC-4-infected piglets and at 24 h post infection in CF-1-infected piglets (Figures 3B, 4B). In ZC-4-infected piglets, IL-10 levels were elevated at 48 h post infection but not at other time points; in piglets in the non-toxigenic group, IL-10 levels were not elevated at any time points (Figures 3C, 4C). IL-12 levels decreased at 72 h after infection in ZC-4-infected piglets, whereas no decrease was observed in the CF-1 group (Figures 3D, 4D). Levels of three cytokines were significantly different between the toxigenic and non-toxigenic groups; IL-8 and IL-12 levels were lower in ZC-4-infected piglets at 24 and 72 h post infection, respectively, whereas IL-10 levels were higher in ZC-4-infected piglets at 48 h post infection.


[image: Figure 3]
FIGURE 3. The S. hyicus infection associated serum cytokine profiles in piglets at 6 h (A), 24 h (B), 48 h (C), and 72 h (D) post-inoculation. In the profiles of antibody arrays, the levels of cytokines are proportional to their flurescence intensity. In these arrays, each antibody was printed in four duplicates, and the locations of the serum cytokines are noted in colored boxes. a1, a2, and a3 represent the results of three different piglets in control group, b1, b2, and b3 represent the results of three different piglets in non-toxigenic group, c1, c2, and c3 represent the results of three different piglets in toxigenic group.
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FIGURE 4. Serum cytokine levels in Staphylococcus hyicus-infected piglets at 6 h (A), 24 h (B), 48 h (C), and 72 h (D) post inoculation. The significance of value were tested by Graphpad Software. ***p < 0.0001, **p < 0.01, *p < 0.05.




Validation of Cytokine Levels With the ELISA Assay

To confirm our observations from the cytokine antibody array, ELISA assay was used to quantitatively measure the expression levels of IL-8, IL-1β, IL-10, and IL-12. As shown in Figure 5A, IL-8 expression in the toxigenic and non-toxigenic groups was significantly lower (p < 0.05) than that in the control group at 6 and 24 h after infection. In the toxigenic and non-toxigenic groups, IL-1β levels were significantly higher (p < 0.05) than those in the control group (Figure 5B). Notably, 48 h post infection, IL-10 levels in the toxigenic group were significantly higher (p < 0.05) than those in the non-toxigenic and control groups; IL-10 levels in the non-toxigenic group and control groups did not differ significantly (Figure 5C). IL-12 levels in the toxigenic group were significantly lower than those in the non-toxigenic and control groups; there was no significant difference in the IL-12 levels between the non-toxigenic and control groups (Figure 5D).


[image: Figure 5]
FIGURE 5. Serum interleukin (IL)-8, IL-1β, IL-10, and IL-12 levels in Staphylococcus hyicus-infected piglets using ELISA. Data are expressed as mean (± SD) protein concentration (pg/mL). **p < 0.01; *p < 0.05. IL-8 expression at 6 and 24 h post inoculation (A), IL-1β expression at 6 h post inoculation (B), IL-10 expression at 48 h post inoculation (C), IL-12 expression at 72 h post inoculation (D).





DISCUSSION

The cytokine network plays a critical role in modulating the inflammatory response to bacterial infection (18, 19). The host immune response is a significant predictor of both persistence of infection and outcomes (20–22). To date, the host immune response, especially cytokine response, induced by S. hyicus remains poorly understood; therefore, more research is required to better characterize it. In the present study, we evaluated the inflammatory response in piglets infected with toxigenic and non-toxigenic strains of S. hyicus by measuring the serum levels of cytokines, including pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α, and IFNγ) and anti-inflammatory cytokines (IL-4, IL-10, and TGF-β1).

The results demonstrated that piglets infected with toxigenic and non-toxigenic S. hyicus strains exhibited differential clinical signs and outcomes; the morbidity and mortality rates were higher in the toxigenic group than in the non-toxigenic group and control group, indicating the stronger virulence of the toxigenic strain ZC-4 than that of non-toxigenic strain CF-1. These results are consistent with previous reports that the exfoliative toxin is the most important determinant of S. hyicus virulence and may cause dehydration and subsequent death in piglets (8–10). Infection with the toxigenic strain of S. hyicus induced both an inflammatory reaction and an anti-inflammatory response as indicated by the cytokine assay results—a significant increase in the levels of a pro-inflammatory cytokine (IL-1β) and an anti-inflammatory cytokine (IL-10). In the non-toxigenic group, only an inflammatory reaction was induced as suggested the increased serum level of IL-1β. These results demonstrated that the toxigenic and non-toxigenic strains of S. hyicus induce different inflammatory reactions and that the exfoliative toxin plays an important role in the inflammatory response of piglets to S. hyicus infection.

Pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α mediate the early inflammatory response and amplify the inflammatory response (23, 24). In the present study, infection with S. hyicus (toxigenic strain and non-toxigenic strain) induced a robust IL-1β response, as indicated by the elevated serum IL-1β levels 6 h post infection in both toxigenic-strain-infected piglets and non-toxigenic-strain-infected piglets. IL-1β is a typical primary pro-inflammatory cytokine that initiates an inflammatory response in the immune system (25). Elevated levels of circulating IL-1β have been reported to cause acute inflammatory response in bacterial infection. Our findings of increased IL-1β levels were consistent with those observed in infections caused by S. aureus and S. epidermidis (26, 27). The serum levels of IL-8 in piglets infected with S. hyicus were also examined in the present study. IL-8 is another important inflammatory cytokine playing a key role in initiating the inflammatory responses against bacterial pathogens (28, 29). However, in the present study, the expression level of the inflammatory factor IL-8 was sharply decreased in both toxigenic group and non-toxigenic group at 6 and 24 h post infection, which is inconsistent with the levels induced by S. aureus infection (30).

IL-12 is necessary for survival in respiratory infection with methicillin-resistant S. aureus and increased pulmonary clearance of methicillin-resistant S. aureus (31). The expression level of IL-12 significantly reduced in toxigenic-strain-infected piglets 72 h post infection, consistent with our previous findings of reduced IL-12 levels in toxigenic-strain–infected mice (32) and findings of another study which also reported a lack of inflammatory IL-12 in S. epidermidis infection (33). IL-12 plays a key role in the development and augmentation of Th1 responses during infection and inflammation (34) and has been identified as a critical cytokine in the pathogenesis of several inflammatory diseases such as rheumatoid arthritis (35), inflammatory bowel disease (36), and S. aureus infection (37, 38). Notably, the IL-12 serum concentration in piglets infected with the non-toxigenic strain was not only reduced but elevated. The severe clinical signs and the reduced IL-12 levels in toxigenic-strain-infected piglets suggest that IL-12 is an important predictive factor of the infection status of piglets infected with S. hyicus.

Anti-inflammatory cytokines, including IL-4, IL-10, and TGF-β, regulate the inflammatory response. In addition to the pro-inflammatory response described above, a robust anti-inflammatory response was induced by the toxigenic strain of S. hyicus, as indicated by the increased levels of IL-10. IL-10 is a major immunomodulatory cytokine that is able to inhibit the synthesis and release of other cytokines, thereby inhibiting cell-mediated immunity and extending the duration of viremia during the early stage of infection (39, 40). Remarkably, in the present study, 48 h post infection, IL-10 levels significantly increased in the toxigenic-strain-infected piglets but not in the non-toxigenic-strain-infected piglets. Overexpression of anti-inflammatory mediators results in immunosuppression, which hinders the host's ability to clear the primary infection, and leads to the development of secondary infection (20). Induction of IL-10 production by S. aureus may also facilitate immune evasion, which under certain circumstances is a form of immunomodulation (41). The IL-10 data above indicates that the toxigenic strain of S. hyicus induces an immunosuppression response in piglets and IL-10 release is a part of the pathogenic mechanism of S. hyicus. The present findings of upregulated IL-10 levels are consistent with a previous report that elevated IL-10 concentration was associated with a predominantly anti-inflammatory response and worse outcome (20, 40, 42). An initial elevation of IL-10 was also found to be associated with poor outcomes in other infections, such as Bartonella Quintana bacteremia (43) and candidemia (44). In the present study, elevated serum IL-10 also predicted worse outcome, as indicated by the severe clinical signs and high mortality in the toxigenic-strain-infected piglets and the absence of clinical signs and mortality in the non-toxigenic-strain-infected piglets, which did not exhibit elevated IL-10. Previous studies have reported that S. epidermidis infection enhanced IL-10 expression and improved the anti-inflammatory effects (33). The present study demonstrated that exposure to S. hyicus increased serum IL-10 levels in piglets, suggesting that IL-10 participates in the anti-inflammatory response during S. hyicus infection. In the present study, increased serum levels of IL-10 and decreased serum levels of IL-12 were both observed in the toxigenic-strain-infected piglets, which was consistent with the findings in S. epidermidis infection (33).

A previous study indicated that S. aureus exotoxins contribute to evading the host immune response and destroying host tissue, thus increasing the severity of infection (45). In the present study, the S. hyicus strain ZC-4 with exfoliative toxin ExhA induced a strong anti-inflammatory response and increased the severity of infection; thus, we speculated that the exfoliative toxin of S. hyicus is a potential key factor contributing to the anti-inflammatory response. Several studies have characterized the host inflammatory responses induced by S. aureus and S. epidermidis (46, 47), but to date, no research on the inflammatory response induced by S. hyicus has been reported. This study is the first to evaluate the host cytokine response to S. hyicus infection in piglets, contributing to the knowledge on pathogenesis of S. hyicus and providing basic information for treating exudative epidermitis (EE) in pigs.

This is a preliminary study about the host cytokine response induced by S. hyicus, and there are several limitations to our study. Because only one toxigenic strain and one non-toxigenic strain were used to study the cytokine response, data obtained are insufficient to comprehensively analyze the inflammatory response induced by S. hyicus. More toxigenic strains should be used to investigate the levels of anti-inflammatory cytokines to verify the findings on the anti-inflammatory response and cytokines critical for the pathogenicity of a toxigenic strain of S. hyicus.



CONCLUSIONS

In conclusion, the present study found that the pro-inflammatory cytokine IL-1β was upregulated in piglets infected with a toxigenic strain and a non-toxigenic strain of S. hyicus, and levels of the anti-inflammatory cytokine IL-10 increased only in piglets infected with the toxigenic strain; thus, the two S. hyicus strains induce different cytokine responses in infected piglets. The upregulated IL-1β level indicated a significant pro-inflammatory response in S. hyicus infection. IL-10 expression levels were also significantly upregulated, indicating that the anti-inflammatory response was induced by infection with the toxigenic strain. Our findings suggest that elevated IL-10 level maybe associated with severe S. hyicus infection, and IL-10 may be the key cytokine responsible for the pathogenic mechanisms of S. hyicus.

Presently, our knowledge of the ability of S. hyicus to induce an inflammatory response during infection is limited. Future research should include an in-depth analysis of the inflammatory response in S. hyicus infection using more S. hyicus strains and the factors, such as toxins, that contribute to inflammation and immune priming.
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Background: On October 30, 2020, piglets and sows in the farrowing house of a pig farm in Jiangxi showed clinical symptoms such as anorexia, watery diarrhea, and vomiting. Epidemiological test, clinical necropsy, and RT-PCR test were carried out on the pig farm for diagnosis. After comprehensive considerations, the disease was judged as porcine epidemic diarrhea virus infection.

Results: Thereafter, a series of comprehensive prevention and control measures such as emergency vaccination with autogenous vaccines were adopted. Half a month after inoculation with autogenous vaccines for the farm, the mortality rate of newborn piglets in the farrowing house began to decline, and production gradually returned to being stable. The second-generation sequencing analysis and phylogenetic analysis showed that the porcine epidemic diarrhea virus (PEDV) sequence obtained from the stool and small intestine samples of the diseased pigs on the farm was 97.8% homologous to the vaccine strain. At the same time, antibody testing found that the vaccinated pigs on the pig farm had satisfactory immune response.

Conclusion: This case indicated that the PEDV outbreak on the pig farm might aggravate owing to the strain being mutated and could escape the immune protection of the existing vaccine. This case has accumulated technical data for the clinical prevention and control of porcine epidemic diarrhea.

Keywords: cross protection, phylogenetic analysis, porcine epidemic diarrhea virus, strain variation, PEDV


INTRODUCTION

Porcine epidemic diarrhea is an acute and highly contagious intestinal infectious disease caused by porcine epidemic diarrhea virus infection. The disease is prevalent in the cold season and is transmitted through fecal–oral transmission. Its clinical symptoms include elevated body temperature, anorexia, vomiting, diarrhea, dehydration, etc., (1). Porcine epidemic diarrhea virus (PEDV) is a single-stranded RNA virus belonging to the genus Coronavirus, family Coronaviridae, with a genome length of 28 kb (2). The disease was first discovered in England and Belgium in 1971 (3) and successively discovered in China in the early 1980's (4). Since October 2010, a new variant strain of porcine epidemic diarrhea has appeared, which has been widespread in China and other major pig-raising countries in the world, and its prevalence in East Asia and North America is severe, causing large economic losses to the farms (5, 6). PEDV infection has become one of the main reasons for the high mortality of suckling piglets.

Vaccination is an important way to control infectious diseases. In 1994, Ma et al. (7) used the attenuated CV777 strain to prepare an inactivated vaccine with aluminum gel adjuvant. After immunizing piglets, the active and passive protection efficiency exceeded 85%. In 1995, the study team successfully developed a commercial transmissible gastroenteritis virus (TGEV) + PEDV bivalent vaccine. In 1998, Tong et al. confirmed that the CV777 strain obtained by continuous in vitro passage for 90 generations is suitable for the preparation of attenuated vaccines. In 1999, they successfully developed a PEDV + TGEV bivalent vaccine. The ratio of virion counts of TGEV to PEDV was 1:1. After immunization, the active and passive protection rates against PEDV were as high as 97.7 and 98%, respectively (8, 9). The PEDV vaccine strains in these two commercial vaccines were both classic CV777 strains. Before 2010, these two bivalent vaccines were widely used in China, effectively controlling the spread of PEDV and TGEV.

After the outbreak of PED in the United States in 2013, Collin et al. prepared an inactivated vaccine of the American isolate (G2 genotype) and proved that inactivated PEDV can induce sufficient humoral immunity level in immunized 4-week-old piglets (10). The PEDV strain used in the PEDV–TGEV and PoRV trivalent attenuated live vaccine produced by the Harbin Veterinary Research Institute subordinated to the Chinese Academy of Agricultural Sciences in early 2015 was still CV777. The PEDV strain in the bivalent vaccine marketed in November of the same year was ZJ08, which belongs to the G1b subtype (11). In December 2017, the PEDV bivalent inactivated vaccine and attenuated vaccine prepared by Prof. Xiao of Huazhong Agricultural University were successfully marketed. The vaccine strain was AJ1102, which was isolated in 2011, and belongs to the G2b type (12).

In the winter of 2020, a new wave of PEDV epidemic swept across China. The question is, why was there a large-scale outbreak of PEDV under the conditions that biosafety control was so strict under a non-plague background, and whether new strains have emerged. Here, we report a clinical case of PEDV in Jiangxi, which indicates that China's existing PED variant vaccines may not fully protect against the PEDV epidemic strain.



CASE PRESENTATION


Case Farm Characteristics

Recently, a case of PEDV infection occurred in a pig farm in Jiangxi. There were 8,082 sows on hand in the mating house of the pig farm, which were divided into 10 groups, with 800 pigs in each group. There were 902 sows in the farrowing house, with 80 farrowing beds as a unit and five units constituting a building. Before the onset of the disease, the farm recorded 25 weaned piglets per sow per year, and the loss of farrowing house was 8%. Loss from conservation and fattening was <6%. The pig farm regularly tested for enteric pathogens, and TGEV/PDCOV and PEDV had not occurred in the last 2 years. There had often been sporadic cases of porcine reproductive and respiratory syndrome (PRRS) on the pig farm.

Routinely used immunization regimens include vaccination of sows with live PRRS vaccine, swine fever vaccine, live pseudorabies vaccine, foot-and-mouth disease O+A vaccine, Japanese encephalitis vaccine, and parvovirus vaccine. Sows were immunized with a live PED vaccine and an inactivated vaccine at 30 days before delivery and 14 days before delivery, respectively.



Clinical Presentation and Interventions

On October 28, 2020, at first, 80% of the sows in a farrowing unit developed depression, fatigue, and anorexia. Three days later, they developed mushy persistent diarrhea. The body temperature was normal or slightly higher, and they showed anorexia and had fully recovered about 7 days after onset. Piglets presented with epidemic diseases with watery diarrhea and vomiting as the main clinical symptoms. Vomiting usually occurred after eating or feeding on breast milk. The severity of symptoms varied with age. The younger the age, the more severe the symptoms. In a period of 1–3 days after newborn piglets within 7 days of age developed diarrhea, they were severely dehydrated and died, with a mortality rate of 90 to 100%. Diarrhea occurred successively in sows in other units 5 days later. After on-site anatomy and laboratory testing of feces and tissues, PEDV was determined to be the pathogen underlying this epidemic. Therefore, on October 31, the staff closed the pigsty where diarrhea occurred, treated the sows and piglets with amoxicillin- or lincomycin-containing drinking water for healthcare, and disinfected the pigsty with Denaishuang dry powder and kept it dry on November 7; intramuscular injection of autogenous vaccine was administered on November 11. The main ingredients of Denaishuang dry powder are essential oils, plant extracts, yucca products, seaweed products, and kaolin. Denaishuang dry powder plays a role in disinfecting the pig house and keeping it dry. The farrowing house was disinfected, the pigsty was dried and decontaminated with hot water at 60°C, the sick pigs were given salt solution for replenishment, and the farrowing house was cleaned, disinfected, and dried; on November 13, weaned piglets with secondary infection were treated with antibiotics. On November 16th, the sow swinery of the mating house was restored, the personnel were released from lockdown, and the empty swinery units were cleaned and disinfected. After adopting a series of comprehensive prevention and control measures such as emergency vaccination with autogenous vaccine, the mortality rate of newborn piglets on the farrowing room of this farm dropped significantly at half a month after vaccination, and production gradually returned to stable (Figure 1).


[image: Figure 1]
FIGURE 1. Time–mortality dynamic curve. The x-axis shows time, and the y-axis shows the number of died pigs. The arrow is the time for the farm to inject its own inactivated vaccine.


In general, there were four units with the most severe clinical symptoms of PED on this farm, and the mortality rate of suckling piglets was 40%. On this farm, a total of 85 sows died and 187 litters had abortion, with an incidence rate of 30%, and a total of 6,455 piglets died, with an incidence rate of 70%. At the current price, the net profit per pig was 300 US dollars, and the direct loss was nearly two million US dollars. Some weaned piglets also experienced diarrhea, weight loss, and growth retardation. The total loss from piglet feeding was 12%. In the fattening house, there was no sign of PED.

Epidemiological investigations revealed that at half a month before the outbreak of PED, PEDV broke out in another pig farm 800 m away from the farm.



Laboratory Findings

After preliminary confirmation of the PEDV pathogen by the pig farm laboratory, fecal samples, milk, and serum of 20 sows, as well as the feces and intestines of three infected piglets, were sent to South China Agriculture University for sequence analysis and serological testing. In order to reveal the molecular characteristics of the virus and determine the relationship among the current epidemic strains in China and other subtype strains, the bootstrap method of MEGA6.0 software was used to analyze the evolutionary tree of domestic isolates and reference strains from different sources at different times, which indicated that the strain formed a new and unique branch in the PEDV genotype II (Figure 2), which had the closest genetic distance to the genotype I strain. The base sequence of the S1 gene has been uploaded to NCBI, and the GenBank number is MW646416. The S1 gene homology comparative analysis of this strain showed that it had 98.1–100% homology with 59 epidemic strains uploaded by NCBI in the past year, 91.8% homology with the CV777 strain, 97.8% homology with the AJ1102 vaccine strain, and 97.3–98.1% homology with the 89 strains prevalent in 2014–2015 measured by our laboratory (Table 1), indicating that the PEDV of the current outbreak had mutated. Please see Supplementary Figure 1 for specific similarities. The similarity with the 2020 strain was also poorer by 1–2% compared with the 2014–2015 strain, indicating that PEDV had continuously mutated.


[image: Figure 2]
FIGURE 2. Phylogenetic trees of isolates and a representative virus based on the S gene sequence. The tree was performed by neighbor-joining method using MEGA with 1,000 bootstrap replicates. The GenBank accession numbers, strains, years, and places of isolation are shown on the right in order, and the genogroups of the virus are shown on the right of strains.



Table 1. Comparison of S1 gene homology between PEDV epidemic strain and vaccine strain in 2020.

[image: Table 1]

To evaluate the immunizing effect of the PED vaccine in this farm, 20 diseased sows in farrowing season were randomly selected before the immunization with autogenous inactivated vaccines and numbered 1–20. Colostrum, feces, and serum were collected, respectively to test the levels of PED antigen and IgA antibody in the colostrum, as well as the levels of PED antigen in feces and specific IgG antibody in serum. The results showed that the pigs had a good immune response after immunization with the PED vaccine, with high levels of IgA and IgG antibodies. However, for the three sows numbered 8, 11, and 20, despite the high levels of IgA in milk and serum IgG antibodies, there were still detectable PED antigens (Table 2). PED antigens were detected in the feces of more sows, indicating that the antibody levels produced by the existing commercial vaccines cannot completely neutralize the new epidemic strain of PEDV.


Table 2. Analysis of antibody and virus shedding of infected sows.
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To evaluate the fecal virus shedding of sows during the disease course, we conducted a 2-week monitoring of virus shedding on seven diseased sows. The results showed that the affected sows had intermittent virus shedding within 2 weeks after delivery. Some of the sows shed a great load of virus due to individual differences (Table 3).


Table 3. Monitoring results of continuous virus shedding of diseased sows.
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DISCUSSION AND CONCLUSIONS

In recent years, PEDV has repeatedly broken out in China and has become one of the deadliest pathogens infecting pig herds. Existing measures such as immunization, biosafety, and feeding with tissues from diseased animals cannot prevent its spread (13, 14). Although, vaccines prepared with G1a subtype strains have been developed and promoted for decades, it is precisely because of long-term use that its shortcomings are exposed. The amino acid mutation rate of the immunogen S gene of epidemic strains and vaccine strains has reached as high as 10% (15). The rapid development and promotion of new vaccines based on G2b subtype antigens have effectively prevented the spread of PEDV in China in the past 10 years. At present, all the genotypes of PEDV exist in China.

Owing to the pressure of herd immunity, the S gene of the coronavirus has frequently mutated, and changes in some amino acids have caused antigenic drift and escape from the protection of existing vaccines (16). Therefore, a periodic update of coronavirus vaccine strains becomes urgent. However, even the latest PED variant vaccine strain was isolated in 2011. For example, the antigenic difference has been confirmed in the virus neutralization experiment between the epidemic strain and vaccine strain of bovine coronavirus (17). Neutralization of the virus with hyperimmune serum showed that there is only one serotype of PEDV. However, an increasing number of field surveys show that a mismatch between virus sequence analysis and serum neutralization test indicates a big difference between the antigenicity of PEDV epidemic strain and the vaccine strain. To date, the attenuated vaccine of the mutant strain continues to play a partial protective role (18). However, an increasing number of pig farms, which have undergone normal immunization procedures, continue to have outbreaks of PEDV, and the isolated strains have confirmed it to be a highly pathogenic epidemic strain.

Following the occurrence of PED in the pig farm, the outbreak has spread fast and has incurred huge losses; thus, a vaccine strain that matches that of the epidemic in the pig farm must be selected for the immunization program. At present, there are only few PED vaccine strains available in China, and pig farms will most probably use autogenous inactivated vaccines for emergency immunization. Inactivated vaccines mainly act through humoral immunity and can produce a large amount of IgA. IgA antibodies are considered the most important protective antibodies in pig colostrum and provide a protective effect for piglets (19). Our research results show that although the vaccine could produce high titers of IgA antibody, some pigs still shed virus in the milk. This shows that the existing vaccine may not completely neutralize the PEDV epidemic strain. PEDV is mainly transmitted through feces and mouth, and the viral load carried in feces is very high. Data show that 1 g of feces dissolved in 100 L of water is highly infectious to pigs (20). Our continuous monitoring of the fecal virus shedding of diseased sows found that they could intermittently shed virus for more than 2 weeks; thus, it is particularly important to strengthen disinfection and adopt biosafety measures. From the perspective of the hazards of PEDV, before 2015, PEDV caused fulminant epidemics nationwide. Since 2016, as China has gradually gained a clear understanding of the prevention and control of PED, acute fulminant epidemics have decreased significantly. It is worth noting that the pathogenicity of highly pathogenic strains has not decreased.

To summarize, PEDV outbreaks on large-scale pig farms occurred regularly in the second half of 2020. The protective effects of inactivated and attenuated live PEDV vaccines available on the market are not satisfactory. The disease may develop despite elevated antibody titers following immunization with vaccines, which indicates that the existing vaccines may not provide adequate immune protection against epidemic strains. This may be related to the overall health of the pig herd and weak cross-protection between strains. The farm described in this report, where the infection occurred, could finally control the epidemic through immunization with autogenous inactivated vaccines, biosafety measures, and strict cleaning and disinfection. Therefore, the prevention and control of porcine epidemic diarrhea warrant comprehensive prevention and control measures. By appropriate selection of a suitable vaccine and effective management measures, ideal prevention and control may be achieved.
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Since 2016, a novel porcine circovirus, PCV3, has been infecting pigs, causing significant economic losses to the pig industry. In recent years, the infection rate of PCV3 has been increasing, and thus rapid and accurate detection methods for PCV3 are essential. In this study, we established a novel probe-based single multiple cross displacement amplification (P-S-MCDA) method for PCV3. The method was termed as P-S-MCDA. The P-S-MCDA uses seven primers to amplify the capsid gene, and the assay can be performed at 60°C for 30 min, greatly shortening the reaction time. The results of P-S-MCDA can not only be monitored in real time through fluorescence signals but also be determined by observing the fluorescence of the reaction tubes using a smartphone-based cassette. This method demonstrated good specificity and the same sensitivity as qPCR, with a minimum detection limit of 10 copies. In 139 clinical samples, the coincidence rate with qPCR was 100%. The P-S-MCDA can be widely applied in PCV3 detection in laboratories or in rural areas.

Keywords: PCV3, single multiple cross displacement amplification, detection, probe, quantitative


INTRODUCTION

Porcine circovirus (PCV), one of the smallest known animal viruses, belongs to the family Circovirus. Two members of PCV are well-known, namely, PCV1 and PCV2 (1). In 2016, a novel PCV, PCV3, was identified in the USA. Many other countries have also reported the presence of PCV3 in piglets, for example, the UK (2), Germany (3), China (4), Japan (5), Brazil (6), and Russia (7). PCV3 causes a variety of pathological symptoms in piglets and sows such as porcine dermatitis and nephrotic syndrome (PDNS)-like clinical signs, reproductive failure, cardiac pathology, and multi-system inflammation (8). Virus genome detection from the tissues of infected animals has shown that the degree of PCV3 infection in animals gradually increases, eventually infecting almost all tissues and organs (9). Moreover, the virus has spread rapidly among pigs and wild boars. Strikingly, PCV3 was recently found to be epidemic in cattle, mice, deer, and ticks. The ability of PCV3 to undergo cross-species transmission and circulation among a broad range of animals suggests that it may pose a severe threat to other animals (10). This complicates the control measures for PCV3. To date, the virus has caused huge economic losses in the global pig industry (11). Therefore, it is necessary to develop a rapid and accurate detection method to describe and control the epidemiological characteristics of PCV3.

The common diagnostic methods for PCV3 include virus isolation, indirect immunofluorescence testing, ELISA, and nucleic acid detection. Although virus isolation and indirect immunofluorescence testing are standard detection methods, they are complicated and need to be conducted in laboratories with suitable conditions. Hence, nucleic acid detection methods, including PCR, qPCR, and isothermal amplification, are more widely used in PCV3 detection. Previous nucleic acid detection methods for PCV3 include PCR (12), SYBR Green-based qPCR (13), TaqMan-based qPCR (14), loop-mediated isothermal amplification (LAMP) (15), and recombinase polymerase amplification (RPA) (16). Characteristics of qPCR-based methods are high sensitivity and specificity, but the expensive thermal cycler instruments limit their wide application. In contrast, isothermal amplification assays are usually easy to operate, but their less specific properties limit their use in accurate detection.

Recently, a novel isothermal amplification strategy named single multiple cross displacement amplification (S-MCDA) has been developed that not only is more sensitive than LAMP but also can significantly shorten the reaction time (17). To realize the aim of rapid and accurate detection of PCV3, we established a novel probe based on the S-MCDA method, termed as P-S-MCDA, in this study. The P-S-MCDA is not only capable of quantitative analysis of PCV3 in real time but also specific, sensitive, and easy to operate. Moreover, the P-S-MCDA assay results can be visually determined using a small handheld device. When the method was compared with qPCR in analyzing clinical samples, an equal consistency ratio was obtained. Therefore, our P-S-MCDA assay may provide a priority choice for the rapid diagnosis of PCV3.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were reviewed and approved by the ethical and ethics commission (Institute of Animal Health, Guangdong Academy of Agricultural Sciences, China) under license number SYXK (Yue) 2011-0116. Moreover, sample collection in this study was performed in accordance with national and local laws or guidelines.



Virus, Bacteria, and Cells

As previously described, PCV2 isolate HN6 (GenBank no: KM035762.1), PCV1, pseudorabies virus (PRV) GD-WH strain (GenBank no: KT936468.1), Haemophilus parasuis (HPS) serotype 5, Streptococcus suis (SS) serotype 2, and Actinobacillus pleuropneumoniae (APP) Serovar 1 were preserved in our laboratory. They were first used to extract nucleic acids and then to evaluate the specificity of the P-S-MCDA.



Animals and Clinical Samples

In 2020–2021, a total of 139 clinical samples from pig farms in Guangdong Province were collected and sent to our laboratory for detection. These clinical samples included blood, lung, kidney, brain, spleen, lymph node, and tonsil. In addition, 15 blood samples were collected from specific-pathogen-free (SPF) pigs (5 months old) that were purchased from the Laboratory Animal Center of Southern Medical University Guangzhou (4). All samples were stored at −80°C until DNA extraction.



DNA Extraction

All viral DNA for the study was extracted by using a HiPure Viral RNA/DNA Kit (Magen, China) according to the manufacturer's instructions. Bacterial DNA was extracted using the TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit Ver. 3.0 (Takara, China) according to the manufacturer's protocol. All of the final DNA was stored at −80°C.



Plasmid Construction

The construction of plasmids was done exactly as previously described (18). The capsid gene used to construct the plasmid was amplified from nucleic acid positive for PCV3, and the products were purified using the Cycle Pure Kit according to the manufacturer's instructions (Omega, USA). The pMDTM19-T Vector (TaKaRa Biotechnology, China) and the obtained target gene were ligated overnight at 16°C using T4 DNA Ligase (TaKaRa Biotechnology, China). After the pMD19T-capsid plasmid was transformed into DH5α competent cells, the plasmid DNA was extracted using a Plasmid Mini Kit I (Omega, USA).



P-S-MCDA Primers and Probes Design

The conserved region of the capsid gene was determined by alignment of PCV3 strains indexed in the GenBank (accession nos: MF589105.1, MF589107.1, MF769811.1, MF769807.1, MF084994.1, KX778720.1, KX898030.1, MG310152.1, MF079254.1, and MG250187.1). According to the principle of S-MCDA, capsid gene sequences of PCV3-US/MO2015 strain (accession no: KX778720.1) were input for P-S-MCDA primer design by using the software Primer Premier 5.0 (17). Among multiple sets of primers, the primers targeting the conserved regions of the capsid gene were selected for subsequent analysis. P-S-MCDA primers used in this study are listed in Table 1. In addition, a probe and its complementary quencher oligonucleotides were included.


Table 1. Primers of the P-S-MCDA assay for PCV3.
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P-S-MCDA Assay

To establish the P-S-MCDA, the reaction mixture containing 1 × Isothermal Amplification Buffer (New England Biolabs, USA), 6 mM MgSO4 (New England Bio-labs, USA), 1.6 mM High Pure dNTPs (TransGen Biotech, China), and 8U Bst WarmStart DNA Polymerase (New England Biolabs, USA) was prepared. To perform the P-S-MCDA reaction, the concentration of primers was optimized and determined as 1.6 μM CP1/CP2, 0.2 μM F1/F2, 0.8 μM C1/D1, 0.24 μM R1, and 0.32 μM quencher. Then, the reaction tube was incubated in a real-time PCR detection system (Roche Light Cycler 480 II, Switzerland). The reaction program was set as follows: 30 cycles at 60°C for 1 min. FAM fluorescence signals were obtained at the end of each cycle step. The results could be directly judged by color changes or via the cycle threshold (Ct) value. A Ct value ≤ 30 indicated positive results, while a Ct value > 30 indicated negative results.



P-S-MCDA Assay in the Smartphone-Based Cassette

P-S-MCDA is conducted at a constant temperature of 60°C in a water bath for 30 min (YIHENG Technical, China). Then, the reaction tube is placed into a smartphone-based cassette (19), and the photos are obtained using a Nova5z smartphone (Huawei, China). The result of each reaction tube can be determined via color judgment by eye. A positive reaction fluoresces green, while a negative reaction has no color.



TaqMan-Based qPCR

TaqMan-based qPCR of PCV3 was conducted in accordance with the previous report (14). The 25-μL reaction mixture contained 0.4 μM of each primer and probe, 1 × qPCR Probe Master Mix (Vazyme, China), and 2 μL template DNA. The reaction program was set as follows: 95°C for 3 min followed by 40 cycles at 95°C for 10 s and 60°C for 60 s. FAM fluorescence signals were obtained at the end of each annealing step by the real-time PCR detection system (Roche Light Cycler 480 II, Switzerland). Results with a Ct value of <40 were considered positive, while results with no Ct value within 40 cycles were considered negative.



Specificity Analysis

DNA extracted from PCV1, PCV2, PRV GD-WH strain, HPS, SS, and APP were used as DNA templates for evaluating the specificity of the method. P-S-MCDA and qPCR were conducted in a real-time PCR detection system (Roche Light Cycler 480 II, Switzerland).



Sensitivity Analysis

The pMD19T-capsid plasmid was diluted to 105, 104, 103, 102, 101, 100, and 10−1 copies as standard DNA to assess the sensitivity of P-S-MCDA. The negative control (ddH20) was also tested. The detection limit of the P-S-MCDA was compared with qPCR in parallel.



Evaluation of Clinical Application

A total of 139 suspected clinical samples and 15 blood samples from SPF pigs were used for DNA extraction and P-S-MCDA detection. Meanwhile, the results were verified by TaqMan-based qPCR.




RESULTS


Establishment of the P-S-MCDA

To establish the P-S-MCDA method, seven primers were used to amplify the target gene. One of the amplified primers, R1, was linked with an extra oligonucleotide and modified at the 5′ end with FAM fluorescence. In the initial reaction system, R1 can be combined by its complementary quencher primer, and the fluorescence signal is dampened. In the process of incubation at 60°C for 30 min, P-S-MCDA primers initiate the circular reaction after binding to the PCV3 capsid gene, and the quencher primer is displaced by the reverse elongation complementary with R1 primer. At this point, a fluorescence signal will be released and monitored. The negative control has no fluorescence curve because no circular reaction exists in the tube. Therefore, the positive result of the P-S-MCDA will be calculated as the Ct value by the real-time PCR detection system or judged by using the smartphone-based cassette (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Establishment of the P-S-MCDA assay for PCV3. (A) P-S-MCDA method assay by the Roche Light Cycler 480 II. (B) Flowchart of the P-S-MCDA method combined with smartphone-based cassette. Lanes or Tubes 1–2, 105 copies of pMD19T-capsid plasmid DNA. Lanes or Tubes 3–4, ddH2O.




Specificity of the P-S-MCDA

To evaluate the specificity of the P-S-MCDA method, DNA samples extracted from PCV2, PCV1, PRV GD-WH strain, HPS, SS, and APP were analyzed in parallel with the PCV3 capsid gene. The results showed that only the PCV3 capsid gene could initiate the P-S-MCDA reaction with a fluorescence curve (Figure 2A) or a fluoresces green tube (Figure 2B). This demonstrated the specificity of the P-S-MCDA.


[image: Figure 2]
FIGURE 2. Specificity of the P-S-MCDA assay for PCV3. (A) Specificity of P-S-MCDA by the Roche Light Cycler 480 II. (B) Specificity of P-S-MCDA by the smartphone-based cassette. Lane or Tube 1, 105 copies of pMD19T-capsid plasmid DNA. Lanes or Tubes 2–8, ddH2O, PCV2, PCV1, PRV GD-WH strain, HPS, SS, and APP, respectively.




Sensitivity of the P-S-MCDA

Tenfold serial dilutions of PCV3 capsid gene DNA (105, 104, 103, 102, 101, 100, and 10−1 copies) were used as DNA templates to compare the detection limits of the P-S-MCDA with qPCR. In this study, P-S-MCDA displayed a minimum detection limit of 10 copies in 30 min (Figure 3A). Moreover, we found that the fluorescence signal was strong enough to be observed in a smartphone-based cassette (Figure 3B). When the serially diluted samples were analyzed by qPCR, the 10 copies detection limit was also observed (Figure 3C).


[image: Figure 3]
FIGURE 3. Comparison of sensitivity of the P-S-MCDA and qPCR. (A) Sensitivity of P-S-MCDA by the Roche Light Cycler 480 II. (B) Sensitivity of P-S-MCDA using a smartphone-based cassette. (C) Sensitivity of qPCR by the Roche Light Cycler 480 II. Lanes or Tubes 1–7, DNA of pMD19T-capsid plasmid (105, 104, 103, 102, 101, 100, and 10−1 copies). Lane or Tube 8, ddH2O.




Evaluation of Clinical Application

Among 139 clinical samples, 40 positive results were detected by the qPCR method. The positive rate was 28.78% (40/139). Additionally, the P-S-MCDA assay showed a consistent positive rate with TaqMan-based qPCR (Table 2). Furthermore, 15 blood tissues sampled from SPF pigs were analyzed by using both P-S-MCDA and qPCR to test the accuracy of P-S-MCDA for diagnosis of negative animals. Negative results were obtained using both methods.


Table 2. Detection of PCV3 in clinical samples by the P-S-MCDA and qPCR.
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DISCUSSION

Since PCV3 was identified in 2016, further studies have uncovered its pathological features in piglets and cross-species transmission possibility. Therefore, it is necessary to establish a highly efficient and sensitive detection method to perform further molecular epidemiological investigations and facilitate timely control. In this study, we established a novel PCV3 P-S-MCDA detection method.

The P-S-MCDA combines the advantages of qPCR and isothermal strand-displacement polymerization reaction in that the method not only ensures the high sensitivity of qPCR but also can amplify target genes under constant temperature. Compared with qPCR, the reaction without complex thermal deformation steps only needs to be in a constant temperature environment of 60°C, so it can be easily performed. Compared with colorimetric isothermal amplification, P-S-MCDA is a probe-based real-time fluorescence detection method, avoiding the possible non-specific reactions and the uncertainty of results caused by visual errors. Moreover, the reaction system can be carried out at a constant temperature of 60°C and completed within 30 min, and the results can be visually judged by the real-time detection system or using a smartphone-based cassette (19). The test can save 20 min compared with novel polymerase spiral reaction (20), 40 min compared with real-time loop-mediated isothermal amplification (15), and at least 60 min compared with qPCR or PCR (13, 14).

The PCV3 ORF2 gene is associated with host-range specificity and virus independence as it encodes the capsid protein of PCV3. The gene has a strongly conserved sequence. Therefore, it is advisable to use ORF2 as a target fragment for nucleic acid detection (21, 22). In our study, seven primers of the P-S-MCDA spanning eight distinct regions of the target gene were designed using the software Primer Premier 5.0. The primer design procedure is easier to perform than LAMP. The analysis showed that this method had good specificity, with no cross false reaction with other porcine viral pathogens. Most isothermal amplification techniques use color change (4, 20) or turbidity (17) to interpret the results, but P-S-MCDA monitors the amplification of the target gene in real time quantitatively by the real-time PCR detection system. Therefore, the P-S-MCDA not only avoids the error of visual interpretation of the results but also is capable of quantitative analysis of target gene sequences. The detection limit of the P-S-MCDA is as low as 10 copies, consistent with qPCR and 10 times more sensitive than previously reported PCR results (18, 23–25). Moreover, a practical pathogen detection method not only needs to be rapid, specific, sensitive, and simple but also to be economical. Compared to many testing methods, P-S-MCDA has desirable economical features such as lower reagent cost compared to RAA (26) and less equipment requirements than droplet digital PCR (27).

In analyzing clinical samples, P-S-MCDA showed a consistent accuracy rate compared with qPCR methods. What is noticeable is that some laboratories on the clinical frontier may have limit advanced equipment, such as the expensive real-time PCR detection system. Moreover, another advance of the P-S-MCDA method is that it can be combined with a smartphone-based cassette, and thus only a simple box can be used to determine the results by eye. Therefore, the P-S-MCDA can be used to real-time quantitative monitor of target genes by the real-time PCR detection system and can also be applied in rural areas with limited facilities.

In summary, the P-S-MCDA assay was demonstrated to be a simple, rapid, sensitive, specific, and economical detection method for PCV3. It is valuable for PCV3 real-time detection in laboratories or at point of care testing in rural areas.
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Pigs are the main host of Seneca Valley virus (SVV), previously known as Senecavirus A (SVA). Pigs affected by SVV have vesicles in the nose, hooves, and limp and may cause death in some severe cases. Occasionally, SVV has also been detected in mice, houseflies, environmental equipment, and corridors in pig farms. Moreover, it was successfully isolated from mouse tissue samples. In this study, an SVV strain (SVA/GD/China/2018) was isolated from a buffalo with mouth ulcers in the Guangdong province of China using seven mammalian cell lines (including BHK-21, NA, PK-15, ST, Vero, Marc-145, and MDBK). The genome of SVA/GD/China/2018 consists of 7,276 nucleotides. Multiple-sequence alignment showed that SVA/GD/China/2018 shared the highest nucleotide similarity (99.1%) with one wild boar-origin SVV strain (Sichuan HS-01) from the Sichuan province of China. Genetic analysis revealed that SVA/GD/China/2018 clustered with those porcine-origin SVV strains. To the best of our knowledge, this is the first report of SVV infection in buffalo, which might expand the host range of the virus. Surveillance should be expanded, and clinical significance of SVV needs to be further evaluated in cattle.

Keywords: Seneca Valley virus, porcine, buffalo, first report, cell lines, host diversity


INTRODUCTION

Seneca Valley virus (SVV), previously named Senecavirus A (SVA), is the only member of the Senecavirus genus in the Picornaviridae family. A typical SVV genome structure is L-VP4-VP2-VP3-VP1-2A-2B-2C-3A-3B-3C-3D. Both the 5′ and 3′ ends are untranslated regions (UTRs) (1). Pigs infected with SVV primarily present with vesicular rash on the nose and coronary band vesicles (2). In severe cases, limping and death occur due to acute myocarditis, heart degeneration, transient fever, and neurological pathology (3). Although SVV was detected in samples as early as 1988 (4), it did not cause any obvious clinical symptoms in pigs before 2008. Sporadic outbreaks of obviously pathogenic SVV occurred between 2008 and 2014. Since 2015, large-scale outbreaks have appeared in the United States, Canada, Brazil, China, Thailand, and Vietnam (2–5). SVV has been detected in mice, houseflies, environmental equipment, and corridors in pig farms and was successfully isolated from mouse tissue samples (6). However, there are no reports of SVV in buffalo. In this study, one SVV strain was first isolated from a buffalo farm in Guangdong, China. The virus was successfully cultured in BHK-21 and NA cells (mouse-origin), PK-15 and ST cells (pig-origin), Vero and Marc-145 cells (monkey-origin), and MDBK cells (bovine-origin). In addition, the viral genome was sequenced and characterized.



MATERIALS AND METHODS


Sample Information

In October 2018, foot and mouth disease (FMD)-like clinical signs, including fever, hoof decay, and limping, were observed in three buffaloes from a buffalo farm (n = 80) in Guangdong, China. Three oral swabs were collected by the farm owner and transported to the Animal Disease Diagnostic Center, Institute of Animal Health, Guangdong Academy of Agricultural Sciences, using an insulated container with an ice pack.



Detection of Potential Pathogens

The viral DNA/RNAs were extracted from the oral swab fluids with the AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Corning Life Sciences Co., Ltd., Wujiang, China) and used for reverse transcription PCR to detect foot-and-mouth disease virus (FMDV) (Shenzhen Aodong Inspection and Testing Technology Co., Ltd., Shenzhen, China), vesicular stomatitis virus (VSV) (Guangzhou Vipotion Biotechnology Co., Ltd., Guangzhou, China), bovine viral diarrhea virus (BVDV), bluetongue virus (BTV), and bovine alpha herpesvirus 1 (BoHV-1) according to the reference protocols (7). SVV was also detected using primers SVV-JCF (5′-ATGGTTGGTTTAGCCTGCACAAG-3′) and SVV-JCR (5′-AAGCACGGATGAGACAGAGTTCCAA-3′). One-step RT-PCR (TaKaRa One Step PrimeScript™ RT-PCR Kit, Otsu, Shiga, Japan) was performed with a final reaction volume of 25 μl, containing 12.5 μl 2 × 1 step buffer (Takara, Inc., Shiga, Japan), 0.5 μl PrimeScript One-Step Enzyme Mix (including reverse transcriptase and DNA polymerase), 3 μl viral RNA, 0.5 μl of each primer (10 μmol/l), and 8 μl RNase-free ddH2O. PCR conditions were as follows: 50°C for 30 min, 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s, then the final extension step was 72°C for 5 min. The PCR products were purified with an agarose gel DNA extraction kit (Takara Biomedical Technology, Beijing, Co., Ltd.). The gene cloning experiments were conducted with TaKaRa pMD19-T Vector Cloning Kit (Otsu, Shiga, Japan) and E. coli DH5α competent cells (Otsu, Shiga, Japan). In addition, the positive recombinant plasmids were obtained using AxyPrep Plasmid Miniprep Kit (Corning Life Sciences Co., Ltd., Wujiang, China) and sequenced by the Sanger sequencing method (Sangon Biotech Co., Ltd. Shanghai, China).



The Isolation and Propagation of SVV

Eight cell lines from four different origins were used for virus isolation, which were stored at College of Veterinary Medicine, South China Agricultural University, and Institute of Animal Health, Guangdong Academy of Agricultural Sciences. We used eight cell types of four different origins to isolate the virus. BHK-21 cells, PK-15 cells, ST cells, Vero cells, Marc-145 cells, MDCK cells, and MDBK cells were cultured and passaged in the following growth medium: Dulbecco's modified Eagle's medium (DMEM) (4.5 g/l D glucose, Gibco™, Grand Island, NY, USA). The NA cells were cultured using 1640 medium (RPMI, Gibco™, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco™, South American). Before the virus inoculation, cell monolayers were washed three times with phosphate-buffered saline without Mg2+ and Ca2+ [PBS(−/−)] to remove FBS and cell metabolites. The virus was added to the cells and incubated at 37°C with a 5% CO2 incubator for 1 h. After virus attachment, the virus inoculum was removed and the PBS(−/−) was also used to wash the cell monolayers three times again. Then, the maintenance medium (NA cells: 1640, RPMI, Gibco™, USA, other seven cells: DMEM, 4.5 g/l D glucose, Gibco™, USA) supplemented with 2% (v/v) FBS was added to cells for propagation and passage. The cytopathic effects (CPE) were monitored daily until >90% of the cells showed CPE. The cells were frozen and thawed for three times between −80°C and room temperature, and the virus was filtered with a 0.22-μm filter to remove cell debris and stored at −80°C until further study. Then, the harvested virus solution was identified by RT-PCR and subcultured. SVV was then purified by the virus plaque assay (8). The appropriate plaques were collected and diluted with an appropriate amount of phosphate-buffered saline (PBS, Gibco™). Plaques identified as positive by RT-PCR were inoculated into PK-15 cells and BHK-21 cells, and then passaged and recorded.



Genome Amplification of SVV

The SVV genome was amplified using seven pairs of primers (Table 1) from one of two positive oral swabs. The target fragments were amplified by the one-step TaKaRa kit (TaKaRa), and the reaction system was 50 μl, including 1 μl PrimeScript One-Step Enzyme Mix, 25 μl 2 × one-step buffer, 1 μl forward primer (10 μmol/l), 1 μl reverse primer (10 μmol/l), 5 μl RNA template, and 17 μl RNase-free ddH2O. Cycling conditions were as follows: 50°C for 30 min, pre-denaturation temperature for 5 min followed by 40 cycles of denaturation temperature for 30 s, annealing temperature for 30 s or 15 s, and extension temperature for 30–100 s, separately. A final extension condition was 10 min at 68 or 72°C (Table 1). The target fragments were purified and recovered by an agarose gel DNA extraction kit (TaKaRa). Then each of the seven amplicons of SVV was cloned into pMD19-T. The ligated vector pMD19-T (TaKaRa) was introduced into E. coli competent cell DH5α (TaKaRa) for cloning. The extracted plasmids were sent to Sangon Biotech Co., Ltd. (Guangzhou Branch), for sequencing.


Table 1. Primers used for genome amplification of SVV.
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Sequence Analysis of SVV

We constructed a genetic evolutionary tree based on the SVV polyprotein gene with 1,000 bootstrap replicates using MEGA 6.06 software (neighbor-joining method). Full-length nucleotide and amino acid sequence alignments between SVA/GD/China/2018 and other 35 SVV strains published from China and other countries were performed by MegAlign software (DNAStar Lasergene.v7.1) using Clustal W.




RESULTS


SVV Detection, Isolation, and Propagation

SVV was detected in two of three samples using RT-PCR, and one of two positive oral swabs was used for genome amplification and sequencing. The buffalo-origin SVV was named SVA/GD/China/2018 (GenBank Accession No. MN615881). The virus was purified and propagated stably to 30 passages in BHK-21 cells, NA cells, PK-15 cells, ST cells, Vero cells, Marc-145 cells, and MDBK cells, but it was propagated only to four passages in MDCK cells in which the SVV cannot be detected after four passages (Figure 1).


[image: Figure 1]
FIGURE 1. Image of virus isolation with eight different types of cells. The virus was cultured in eight different types of cells, BHK-21 and NA cells, PK-15 and ST cells, Vero and Marc-145 cells, MDBK cells, and MDCK cells. The obvious cytopathic effect, CPE (20×), produced cellular rounding, refraction, cell death, shedding, and floating with BHK-21, PK-15, ST, and Vero cells after 36 h. However, the similar phenomena were not occurred until 96 h in NA cells, Marc-145 cells, and MDBK cells. The virus cannot be cultured for more than four passages with MDCK cells. “Mock” means the negative control cells, and “SVV” means positive control cells that virus propagated.




Characterization and Sequence Analysis of Buffalo-Origin SVV

The genome of SVA/GD/China/2018 consists of 7,276 nucleotides. The sequence analysis showed that the genome similarity of SVA/GD/China/2018 was 93.4–99.1% and the polyprotein similarity was 97.5–99.4% compared with the other 35 known SVV strains (Table 2). Interestingly, SVA/GD/China/2018 shared the highest nucleotide similarity (99.1%) with the wild boar strain (Sichuan HS-01) and the highest polyprotein similarity (99.4%) with the KS15-01 strain. Genetic evolutionary analysis revealed that SVA/GD/China/2018 clustered in the same branch with Sichuan HS-01 from Sichuan, China (Figure 2).


Table 2. Partial nucleotide and amino acid percentage identities of the SVA/GD/China/2018 strain compared with other SVV strains.
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FIGURE 2. The phylogenetic analysis of SVV based on polyprotein nucleotides. Neighbor-joining tree generated with 1,000 bootstrap samplings (MEGA 6.06). The diamond shape represents the strain in this study. The icon before the accession number indicates the host source of the sequence. At present, only SVA/GD/China/2018 has been derived from diseased buffalo and is in the same branch and closely related to the wild boar-origin strain, Sichuan HS-01.


Compared with the published SVV sequences (Figure 3), SVA/GD/China/2018 was found to have seven unique amino acid substitutions (Figure 2) as follows: 440A (alanine)—V (valine), 497E (glutamic acid)—K (lysine), and 511A (alanine)—V (valine) at the VP3 protein; 1119V (valine)—I (isoleucine) at the 2C protein; 1430A (alanine)—V (valine) at the 3A protein; 1710H (histidine)—Y (tyrosine) at the 3C protein; and 1854V (valine)—I (isoleucine) at the 3D protein.
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FIGURE 3. Amino acid sequence alignment of the polyproteins. The SVA/GD/China/2018 strain had seven different amino acids, including 440A (alanine)—V (valine), 497E (glutamic acid)—K (lysine), 511A (alanine)—V (valine) at the VP3 protein; 1119V (valine)—I (isoleucine) at the 2C protein; 1430A (alanine)—V (valine) at the 3A protein; 1710H (histidine)—Y (tyrosine) at the 3C protein, 1854V (valine)—I (Isoleucine) at the 3D protein. For mutations pertaining to amino acids at position 427K (lysine, VP2 protein), 2104R (arginine, 3D protein) was the same as the first wild boar strain, Sichuan HS-01, in China. The “red frame” indicates the buffalo-origin Seneca Valley virus sequence we isolated, and the “blue frame” indicates the different amino acids compared with other sequences.





DISCUSSION

Viruses such as FMDV (9) and BTV (10), causing symptoms such as ulcers in the mouth and hoof nails, are prevalent in cattle. The results showed that FMDV, BVDV, BTV, VSV, and BoHV-1 were negative, but SVV was detected. This finding was not predicted. Thus, surveillance of SVV in cattle is urgently needed along with animal regression tests.

In order to study the host tropism nature of the virus at the cellular level, eight types of cell lines from four different origins were used to isolate virus from the one of two positive oral swabs. The virus was then successfully purified and cultured to over 30 generations stably in BHK-21 and NA cells of mouse origin, PK-15 and ST cells of pig origin, Vero and Marc-145 cells of monkey origin, and MDBK cells of bovine origin. However, it could be cultured to only four generations in MDCK cells of dog origin, which indicated that MDCK was not the sensitive cell line for SVV. Alternatively, some special measures are needed such as adding trypsin (11). The typical cytopathic effect (CPE), including rounding of cells, refraction, cell death, shedding, and floating, were observed on BHK-21, PK-15, ST, and Vero cells after 36 h, but there was no CPE on another four cells until 96 h (Figure 1). These phenomena indicated that rats, cattle, and monkeys might also be the host of SVV (8), but not dogs. According to previous studies, SVV is pathogenic and causes clinical symptoms in pigs, but it is unclear whether SVV infection could result in visible clinical symptoms in cattle (12). Whether the species supporting replication of SVV in their related cell lines are competent hosts for the virus still needs further confirmation. More studies on related primary cell lines need to be done, such as swine acute diarrhea syndrome coronavirus (SADS-CoV), avian influenza virus, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (13–15).

The genome of SVA/GD/China/2018 shared lower nucleotide similarity (96–97.6%) and polyprotein similarity (98.8–99.1%) compared with those strains from Guangdong and near Guangdong (Table 2). Interestingly, it shared the highest nucleotide similarity with a wild boar-origin strain (Sichuan HS-01) and the highest polyprotein similarity with the KS15-01 strain, which indicated that SVA/GD/China/2018 was a mutant strain (16). To date, the majority of studies on the genetic relationship analysis of SVV were based on its nucleotide sequence (17–19), while some studies were based on amino acid sequence (20) or on the nucleotide sequence and amino acid sequence simultaneously (21). Because this is the first time to report SVV in buffalo, it is particularly important to investigate and analyze the origin and variation of the virus strain in detail. Therefore, we used both nucleotide sequence and amino acid sequence data of SVV for genetic evolution analysis. Our results showed that the constructed genetic evolutionary tree based on the nucleotide sequence and amino acid sequence of the virus showed a completely consistent trend: SVA/GD/China/2018 is located in the same branch as Sichuan HS-01 from Sichuan, China, indicating that the potential buffalo-derived strain originated from swine. However, the distance between Guangdong and Sichuan is more than 2,000 km long; therefore, further analysis and investigation about how it was transmitted are required.

Interestingly, excluding the possibility of the primers used for amplification to introduce changes in the amplicons, SVA/GD/China/2018 shared the same different amino acids at both 427K (lysine, VP2 protein) and 2104R (arginine, 3D protein) positions, as the first wild boar strain, Sichuan HS-01 (GenBank Accession No. MH588717), in China. In contrast to other porcine strains, they have only one or two mutations. This finding reveals that the virus may have undergone adaptive changes in different hosts (20); however, further investigation is required to elucidate the role of these two residues. VP1 contains a hypervariable region with at least two antigenic sites located at both amino acid 140–160 and amino acid 200–213 sites (22). It has been reported that 228K in VP1, 141–143LDV, and 143–148DGK in VP2 are the primary antigenic sites of FMDV (23). None of these three motifs and antigenic sites of the SVA/GD/China/2018 strain have changed, indicating similar antigenicity and biological characteristics of this strain compared to others (24). The majority of the characteristics are unique, because the different amino acids were located in the VP3 protein. However, further study is required to investigate the effect of these changes.

In summary, we isolated a buffalo-origin SVV strain for the first time and cultured the virus in seven cell lines of different animal origins, and genetic evolution studies revealed the possibility of cross-species transmission of SVV (25).
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Name Collection Collection ORF3 gene Accession

area date size number
CHN/GXWZ-1/2017 Wuzhou  2017.08 675 bp. MNG618432
CHN/GXWZ-2/2017 Wuzhou  2017.08 675 bp. MN518433
CHN/GXNN-1/2017 Nanning ~ 2017.11 675 bp. MKB95557
CHN/GXQZ-1/2017 Qinzhou  2017.11 675 bp. MN518434
CHN/GXGG-1/2018 Guigang  2018.03 675 bp. MN618436
CHN/GXYL-1/2018 Yulin 2018.08 675 bp. MN518452
CHN/GXNN-56/2018 Nanning ~ 2018.03 675 bp. MN518461
CHN/GXLZ-1/2018 Liuzhou 2018.04 675 bp. MN518449
CHN/GXBH-1/2018 Beihai 2018.05 675 bp. MN518442
CHN/GXNN-1/2018 Nanning ~ 2018.06 675 bp. MK895558
CHN/GXQZ-1/2018 Qinzhou  2018.07 675 bp. MN518453
CHN/GXQZ-2/2018 Qinzhou  2018.08 675 bp. MN518454
CHN/GXQZ-3-1/2018 ~ Qinzhou  2018.08 675 bp. MN518455
CHN/GXQZ-3-2/2018 Qinzhou  2018.08 293 bp MN518456
CHN/GXQZ-4/2018 Qinzhou  2018.08 675 bp. MN518457
CHN/GXQZ-6-1/2018 Qinzhou  2018.08 675 bp. MN618459
CHN/GXQZ-6-2/2018 Qinzhou  2018.08 293 bp MN518460
CHN/GXGG-2/2018 Guigang  2018.10 676 bp. MN618436
CHN/GXNN-2/2018 Nanning ~ 2018.10 675 bp. MK895559
CHN/GXBH-2/2018 Beihai 2018.10 675 bp. MN518443
CHN/GXBH-6/2018 Beihai 2018.10 675 bp. MN518447
CHN/GXBH-7/2018 Beihai 2018.10 675 bp. MNG518448
CHN/GXQZ-5/2018 Qinzhou  2018.10 675 bp. MN518458
CHN/GXNN-4-1/2018 Nanning ~ 2018.11 675 bp. MN518440
CHN/GXNN-4-2/2018 Nanning ~ 2018.11 293 bp MN518441
CHN/GXBH-3/2018 Beihai 2018.11 675 bp. MN518444
CHN/GXBH-4/2018 Beihai 2018.11 675 bp. MN518445
CHN/GXBH-5/2018 Beihai 2018.11 675 bp. MNG518446
CHN/GXLB-1/2018 Laibin 2018.11 675 bp. MN518450
CHN/GXLB-2/2018 Laibin 2018.11 675 bp MNG518451
CHN/GXGG-3/2018 Guigang ~ 2018.12 675 bp. MN518437
CHN/GXNN-3/2018 Nanning ~ 2018.12 676 bp. MK895560
CHN/GXLB-1-1/2019 Laibin 2019.01 675 bp. MN518462
CHN/GXLB-1-2/2019 Laibin 2019.01 293 bp MN518463
CHN/GXQZ-1-1/2019 Qinzhou  2019.01 675 bp. MN618464
CHN/GXQZ-1-2/2019  Qinzhou  2019.01 293 bp. MN518465
CHN/GXNN-1/2019 Nanning ~ 2019.04 675 bp. MN518438

CHN/CXNN-2/2019 Nanning ~ 2019.04 675 bp. MN518439
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Bold values indicate the copies of PEDV is the highest and the amount of pigs excreted is the most.
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Cytokine Non-toxigenic/Control Toxigenic/Control Toxigenic/Non-toxigenic

6h 24h 48h 72h 6h 24h 48h 72h 6h 24h 48h 72h
IL-1p <0.05 ns ns ns <0.05 ns ns ns ns ns ns ns
IL-4 ns ns ns ns ns ns ns ns ns ns ns ns
IL-6 ns ns ns ns ns ns ns ns ns ns ns ns
IL-8 ns <0.05 ns ns <0.05 <0.0001 ns ns ns <0.05 ns ns
IL-10 ns ns ns ns ns ns <0.05 ns ns ns <0.05 ns
IL-12 ns ns ns ns ns ns ns <0.05 ns ns ns <0.01
GM-CSF ns ns ns ns ns ns ns ns ns ns ns ns
IFNy ns ns ns ns ns ns ns ns ns ns ns ns
TGF-p1 ns ns ns ns ns ns ns ns ns ns ns ns
TNF-o ns ns ns ns ns ns ns ns ns ns ns ns

The p-value was conducted by using the unpaired Student's t-test in GraphPad Prism 5 software. ns, ot significant, differences with a value of p < 0.05, p < 0.01, and p < 0.0001
were considered statistically significant.
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Primer Nucleotide sequence (5'- Denaturation Annealing Extension Extension Product
temperature temperature temperature time length (bp)

SW1-F TTTGAAATGGGGGGCTGGGC 95°C 62°C 72°C 30s 482 bp

SWi1-R GTACTCATGGTGGTAGCAGTCACGTGG

SW2-F ATCACTGAACTGGAGCTCGA 98°C 57°C 90s 1,443 bp

SW2-R AGGAGTTCTGTGTCTCTGAGGA

SW3-F AGTCTCTTGGCACATACTATCGG 98°C 58°C 68°C 100s 1,614 bp

SW3-R AAGCACGGATGAGACAGAGTTC

SW4-F TTAAGGTACTGGAGAAGGACGC 98°C 57°C 90s 1,386 bp

SW4-R TGGCATTGATCATAGTGGTGAG

SWE-F TTGGCTCATGATGCCTTCAT 98°C 56°C 68°C 90s 1,437 bp

SWS5-R GTCCAAACTTGTCTAGATTGTTAGGG

SW 6-F CAACAGACCTTCTGGACTTACAC 98°C 57°C 68°C 90s 1,606 bp

SW6-R AGAGCAGTCCTGATGATCACA

SWT7-F CTCCTTCGAGGCTCTCATCT 98°C 58°C 68°C 36s 707 bp

SW7-R TCTGTTCCGACTGAGTTCTCC
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Country

China

Area

Guangdong

Guangdong

Guangdong
Guangdong
Guangxi
Hellongjiang
Sichuan

Sichuan
Fujian
Fujian

Henan

Henan
Anhui

Hebei
Hebei
Kansas
lowa

Strain

CH-GDYD-
2017

CH-GDLZ02-
2017

GD06/2017
CH-01-2015
SVA/GX/CH/2018
SVAVHLJ/CHA/2016

Sichuan
HS-01

SW-SC-01
CH-FJ-2017

SVA
CH/FuJ/2017

CH-HNSL-
2017

HNO1-2017
AHO1-CH-

2016

HB01-2017
HB-CH-2016
KS15-01
USA/IA44662/2015
P1

‘GenBank
number

MG428683

MG428681

MH316117
KT321458
MK039162
KY419132
MHE88717

MH716015
KY747510
MH490944

KY747612

MHO084433
MF460448

MFO67674
KX377924
KX019804
KU954089

Nucleotide
similarity

97.3%

97.4%

97.6%
96%
96.9%
97.9%
99.1%"

96.4%
98.6%
97.6%

98.6%

97.5%
97.8%

97.6%
96%
98.5%
98.4%

Polyprotein
similarity

98.8%

98.8%

99.1%
98.8%
98.6%
99.1%
99.3%

98.5%
99.1%
99.0%

99.0%

98.8%
99.3%

98.9%
98.7%
99.4%"
99.4%"

*Indicates maximum.
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Primer name

CP1 (C1+P1)

CP2 (C2+P2)

Fi
F2
C1
D1
R1
Quencher

Sequences 53’

CTCACCCAGGACAAAGCCTCTT-CATTGAACGGTGGGGTCAT
TGGTTTCGGGGTGAAGTAACGG-AGACGACCCTTATGCGGAA

CCGGGACATAAATGCTCCAA

CCACAAACACTTGGCTCCA

CTCACCCAGGACAAAGCCTCTT

CCCACCCCATGGCTCAACA
FAM-?CGGGTTTGCGCTCAGCCATCCGTTCAGTCCGTCAGGTCAG-ATTCTGGCGGGAACTACC
PCTGACCTGACGGACTGAACGGATGGCTGAGCGCAAACCCG-Dabeyl

The genome of PCV3-US/MO2015 strain (accession no: KX778720.1).
bjtalic font indicates complementary oligonucleotides flanked at 5 of R1 primer.

Genome position®

C1:1,497-1,518
P1: 1,443-1,461

C2: 1,641-1,562
P2:1,604-1,622

1,411-1,430
1623-1,641
1,497-1,518
1,465-1,483
1,623-1,540
None
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Method No. of positive No. of negative Detection

samples samples rate?
P-S-MCDA 40 % 28.78%
GPCR 40 9 28.78%

aDetection rate was defined by no. of positive samples/no. of total samples(%).
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Virus

TGEV

PEDV

PDCoV

SADS-CoV

Genomic
organization

& UTR-
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Hours post  Group Clinical signs®  Morbidity>  Mortality®
infection

6h Control - o5 05
Non-toxigenic - o5 0/5
Toxigenic - o5 05
24h Control - o5 05
Non-toxigenic + [ 05
Toxigenic ++ 5/5 0/5
48h Control - o5 05
Non-toxigenic = 05 0/5
Toxigenic 4+t 5/5 o5
72h Control - o5 0/5
Non-toxigenic - o5 05
Toxigenic +++ 5/5 05
1w Control - o4 0/4
Non-toxigenic - o4 074
Toxigenic +++ 44 174

%Clinical sign: + depressed; ++ exfoliation of a small area; + + + exfolation of a lerge
area; -no clinical symptom.

bMorbidity = Number of sick pigs/total experimental piglets per group.

SMortality = Number of dead pigs/total experimental piglets per group.
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Primer name

DsF

DsR

FIT (Fic+F2)

RIT (B1c+82)

SteR
SteF

Sequences 5'-3'

CCCACCCCATGGCTCAACA-CCGGGACATAAATGCTCCAA

TGGTTTCGGGGTGAAGTAACGG-CCACAAACACTTGGCTCCA
CTCACCCAGGACAAAGCCTCTT-CATTGAACGGTGGGGTCAT
AAGAGGCTTTGTCCTGGGTGAG-AGACGACCCTTATGCGGAA

CCCACCCCATGGCTCAACA
TGGTTTCGGGGTGAAGTAACGG

aThe genome of PCV3-US/MO2015 strain (accession no: KX778720.1).

Genome
position®

SteR: 1465-1483
F3: 1411-1430

SteF: 15411562
R3: 1623-1641

Te: 1497-1518
F2: 1443-1461

T: 1497-1518
R2: 1604-1622

1465-1483
1541-1562
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Tissues Number Positive Positive Positive

by qPCR by PCR by IMSA
Blood 36 15 8 15
Tonsil 15 8 6

Lymph gland 12 5 4 5
Lung 2 6 5 6
Kidney 22 11 9 1
Brain 17 5 3 5
Total 128 50 35 50
Positive rates® (%) / 30.1% 27.3% 39.1%

aDetection rate was defined by no. of positive samples/no. of total samples (%).
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Primer®

pColdl-477-682aa-F
pColdl-477-682aa-R
pCold!-51-1116aa-F
pColdl-51-1116aa-R
pCold-TF-477-545aa-F
pCold-TF-477-545aa-R
pCold-TF-535-614aa-F
pCold-TF-535-614aa-R
pCold-TF-604-682aa-F
pCold-TF-604-682aa-R
pCold-TF-477-506aa-F
pCold-TF-477-506aa-R
pCold-TF-487-516aa-F
pCold-TF-487-516aa-R
pCold-TF-497-526aa-F
pCold-TF-497-526aa-R
pCold-TF-607-536-aa-F
pCold-TF-507-536-aa-R

aF denotes forward PCR primer; R denotes reverse PCR primer.
bRestriction sites, and homologous arm are underfined.

Sequence (5'-3)°

TCGGTACCCTCGAGGGAATGCCCAGGCTGGTTGGAGGGGAC
AGCTTGAATTCGGATCTCATGAGCAGATTACAGAGGCCAC
CTCGAGGGATCCGAAATGCTGAGGCTAACGGGTGGTG
GTCGACAAGCTTGAATTTCATTGTACTTCAGAG
AGGCATATGGAGCTCGGTACCCCCAGGCTGGTTGGAGGG
TTCGGATCCCTCGAGGGTACCTCACTGGAATTCTTCAGCCCAGATC
AGGCATATGGAGCTCGGTACCAGTGGACAGATCTGGGCTGAAG
TTCGGATCCCTCGAGGGTACCTCATTCCATGTCCCAGTGAGAGTTGC
AGGCATATGGAGCTCGGTACCTCCCTCTGCAACTCTCACTGGG
TTCGGATCCCTCGAGGGTACCTCATGAGCAGATTACAGAGGCCACTT
AGGCATATGGAGCTCGGTACCCCCAGGCTGGTTGGAGGG
TTCGGATCCCTCGAGGGTACCTCAGAAGTCAGAATCACAGACGGTGC
AGGCATATGGAGCTCGGTACCTCTGGTCGTGTTGAAGTACAACATG
TTCGGATCCCTCGAGGGTACCTCACCTGCACAGCACGCTGGC
AGGCATATGGAGCTCGGTACCACGTGGGGCACCGTCTGT
TTCGGATCCCTCGAGGGTACCTCAGAGGGAAACCACAGTGCCG
AGGCATATGGAGCTCGGTACCTCTCTGGAGGCGGCCAGC
TTCGGATCCCTCGAGGGTACCTCAACTTCCTTCTCCAAAGTGAGCTCC
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