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Development and implementation of a TaqMan triplex real-time PCR assay for concurrent detection of pseudorabies virus, porcine teschovirus 1, and Streptococcus suis 2
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Introduction: Porcine neurological disorders represent a prevalent clinical condition that leads to significant mortality and economic losses within the swine industry. Pseudorabies virus (PRV), porcine teschovirus 1 (PTV1), and Streptococcus suis 2 (SS2) are key viral and bacterial pathogens implicated in the manifestation of neurological symptoms in pig populations. The overlapping clinical presentations and pathological alterations associated with these pathogens pose challenges in their clinical differentiation. Therefore, it is essential to develop a diagnostic method with high sensitivity and specificity that can simultaneously detect and differentiate these viral and bacterial agents.

Materials and methods: A triplex real-time PCR assay using TaqMan probes was developed to simultaneously detect PRV, PTV1, and SS2. To assess the efficacy of the established assay, 30 clinical samples of animals with nervous symptoms were used to compare the results obtained from the triplex real-time PCR assay with those obtained from commercial singleplex real-time PCR kits. Furthermore, a total of 282 samples were tested and analyzed to validate the utility of the assay.

Results: The triplex real-time PCR assay exhibited high sensitivity, specificity, and repeatability, with a detection limit of 1.0 × 100 copy/μL. The triplex real-time PCR method and commercial singleplex real-time PCR kits showed complete concordance in detecting PRV, PTV1, and SS2. Clinical data indicated single infection rates of 8.16% for PRV, 26.95% for PTV1, and 7.80% for SS2. The observed co-infection rates were 7.45% for PRV + PTV1, 0.71% for PRV + SS2, 1.42% for PTV1 + SS2, and 1.77% for PRV + PTV1 + SS2, respectively.

Conclusion: The triplex real-time PCR method developed in this study effectively distinguishes PRV, PTV1, and SS2 simultaneously, serving as a valuable diagnostic tool. This method is anticipated to play a crucial role in preventing and controlling infectious disease spread and supporting epidemiological investigations.
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1 Introduction

Neurological diseases significantly threaten the swine industry, leading to considerable economic losses worldwide (1). Swine are affected by various neurological diseases such as edema disease (ED), pseudorabies virus (PRV), porcine teschovirus (PTV), encephalomyocarditis virus (EMCV), Streptococcus suis (SS), and Haemophilus parasuis (HPS) (2–6). Among these swine neurological diseases, PRV, PTV, and SS are the most destructive pathogens with high infection rates and mortality rates, causing anorexia, spasms, seizures and miscarriages.

Pseudorabies, caused by the PRV, is a neurotropic disease that causes significant neurological dysfunction in affected animals. This globally prevalent disease poses considerable challenges for eradication. It is a double-stranded linear DNA virus belonging to the herpesvirus family type 1. Its genome is approximately 150 Kb, encoding 70–100 viral proteins, including pivotal glycoproteins like gE and TK that affect its pathogenicity. Various mammalian species, including humans, have been identified as potential hosts for this pathogen (7–9). In pigs, it causes severe neurological symptoms with nearly 100% mortality in piglets less than 2 weeks old, reproductive issues in sows, and reduced breeding value in boars. PRV spreads quickly year-round through latent infections and ongoing viral shedding, hindering eradication and causing persistent infections (10). Before 2011, China effectively controlled pseudorabies with the Bartha K61 vaccine, but new variant strains later led to significant losses in the swine industry (8, 11).

PTV is a positive-stranded RNA virus classified under the Teschovirus genus of the Picornaviridae family. The first reported case of PTV occurred in Czechoslovakia in 1929, followed by subsequent outbreaks in many countries (12–14). The PTV genome is approximately 7.2 kb in length, and its vision is non-enveloped and consists of an internal core and a protein capsid with a diameter of about 20–30 nm (15). There are 13 serotypes, including 12 serotypes (PTV1 ~ PTV12) detected in domestic pigs and a PTV13 serotype detected in wild boar (16). Clinically, PTV is primarily transmitted through the fecal-oral route within pig herds. Pigs are the only known host for PTV, and the virus typically causes subclinical infections, especially in young pigs. The mild-pathogenic strain of PTV1 and other serotypes can lead to a mild form of encephalomyelitis from which most pigs fully recover without long-term complications. However, infection with the strong-pathogenic strain of PTV1 can trigger an epidemic outbreak manifesting typical neurological symptoms along with diarrhea, encephalomyelitis, reproductive disorders in sows, and myocarditis (17–19). The World Organization for Animal Health (WOAH) classifies the highly lethal encephalomyelitis caused by the virulent PTV1 strain as a B-class contagious disease, given its mortality rate of 80% or more, causing significant negative impacts on social and economic aspects that should not be underestimated. Co-infections involving PTV1 and other pathogens frequently occur in clinical settings, complicating disease presentation and diagnostic processes in veterinary clinics (20–23).

Swine streptococcosis is an important zoonotic infectious disease caused by various strains of SS, which was first reported in the Netherlands in the 1960s and has since spread to various countries. The WOAH has classified the disease as a B-class animal disease, and China has classified it as a type II infectious disease (24). SS is a gram-positive facultative anaerobic coccus, with a complex and diverse array of serotypes due to differences in capsule polysaccharide antigens (CPS), which can be divided into 35 serotypes. Specially, SS2 is the most widespread and virulent serotype, displaying strong survival capabilities in complex environments (25–28). SS2 is primarily transmitted through the mouth or respiratory tract. When infecting humans and animals, it has the characteristics of sudden onset, high infection rate, and irreversible sequelae (29, 30). Pigs infected with SS2 may exhibit symptoms such as fever, sepsis, lymphadenitis, and meningitis. Recent reports of human SS2 infections have increased dramatically, with infected individuals showing symptoms such as meningitis, arthritis, and sepsis that can lead to death (24, 31–33). Therefore, SS2 poses a potential threat to the global swine industry, public health, and food safety in various countries around the world, and should be given high priority.

Pigs infected with PRV, PTV1, and SS2 show indistinguishable clinical symptoms and pathological changes, complicating their differentiation. The occurrence of co-infections and secondary infections involving PRV, PTV1, and SS2 presents notable challenges in clinical diagnostics (34–36). Consequently, developing an efficient method for clinical differentiation of these diseases is urgently needed. Real-time PCR tracks the PCR process using fluorescence signals, providing faster, more sensitive, and reproducible results than traditional PCR techniques. Therefore, it is frequently utilized in clinical diagnostics. Singleplex real-time PCR is inefficient for detecting multiple pathogen co-infections simultaneously, as it requires repeated testing, which is time-consuming and complicates procedures (37, 38). Multiplex real-time PCR enables the simultaneous detection of multiple pathogens within a single reaction system (39, 40). This study presents a TaqMan probe-based triplex real-time PCR method for the simultaneous and precise detection of PRV, PTV1, and SS2. The assay demonstrated high sensitivity and specificity for the target genes. We applied this method to analyze 282 clinical samples from pig farms, offering valuable data for developing prevention and control strategies in the region.



2 Materials and methods


2.1 Viruses, primers, and probes

The nucleic acid of various viruses and bacteria, including African swine fever virus (ASFV), porcine reproductive and respiratory syndrome virus (PRRSV), porcine epidemic diarrhea virus (PEDV), porcine circovirus type 2 (PCV2), porcine circovirus type 3 (PCV3), classical swine fever virus (CSFV), transmissible gastroenteritis virus (TGEV), PRV, PTV1, and SS2 were stored at −80°C in our laboratory. 85 genome sequences of PRV, 18 genome sequences of PTV1 and 18 genome sequences of SS2 were downloaded from NCBI and analyzed using MEGA software (Version 11.0). After comparison, the gE gene of PRV, the VP1 gene of PTV1, and the CPS2J gene of SS2 were found to be the most conserved gene sequences and selected to be target genes. Primers and probes were designed with Primer Premier 5 software (Premier, Canada) targeting the most conserved region. TaqMan probes for PRV, PTV1, and SS2 were labeled with FAM, VIC, and Cy5 at the 5′ end, respectively, with all quenchers at the 3’end being BHQ. Table 1 displays the sequences of the primers and probes developed in this study. Sangon Biotech (Shanghai) Co., Ltd. synthesized the primers and probes.



TABLE 1 Primers and probes designed for the triplex real-time PCR.
[image: Table1]



2.2 Construction of plasmid standards

The target fragments of PRV-gE, PTV1-VP1, and SS-CPS2J were amplified separately using the HiScript II One Step RT-PCR Kit (Dye Plus) (Cat: P612, Nanjing Vazyme Biotech Co., Ltd., Nanjing, China) and the corresponding primers listed in Table 1. The PCR fragments were purified and inserted into the pMD18-T vector (Cat: 6011, Takara Biomedical Technology, Beijing, China). The E.coli DH5α strain was transformed with the clones. Positive clones were cultured, and plasmid extraction was conducted using the TaKaRa MiniBEST Universal Genomic DNA Extraction Kit (Cat: 9765, Takara Biomedical Technology, Beijing, China). DNA sequencing verified the constructed plasmid, which served as the standard positive control. The recombination plasmid copy number was determined using the formula outlined in reference (41):
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Each plasmid underwent a tenfold serial dilution, spanning from 1.0 × 109 copies/μL to 1.0 × 100 copies/μL. Singleplex real-time PCR was conducted for each virus with 10-fold diluted plasmids to create a standard curve. Each plasmid was diluted to 3.0 × 109 copies/μL and combined in equal volumes to achieve a concentration of 1.0 × 109 copies/μL per plasmid for mutiplex standard curves. The pooled plasmid was serially diluted tenfold from 1.0 × 109 to 1.0 × 100 copies/μL to create multiplex standard curves.



2.3 Reaction conditions for singleplex real-time PCR

Each real-time PCR reaction was conducted in a 20 μL volume. The singleplex real-time PCR for PRV, PTV1, and SS2 was conducted using a reaction system comprising 10 μL of 2 × One Step Q Probe Mix, 1 μL of One Step Q Probe Enzyme Mix (Cat: Q222, Nanjing Vazyme Biotech Co., Ltd., Nanjing, China), 0.6 μL each of forward and reverse primers (10 μM), 0.3 μL of TaqMan probe (10 μM), 4 μL of template, and 3.5 μL of nuclease-free water. The amplification process utilized a Bio-Rad CFX96™ Real-time System (Bio-Rad, Hercules, CA, United States) with the following protocol: initial steps at 55°C for 5 min and 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Fluorescence signals were automatically recorded at the conclusion of each cycle. All qPCR results were analyzed with CFX Manager™ software.



2.4 Optimized conditions of triplex real-time PCR assay

Primer and probe concentrations were optimized following the method outlined in the reference (42). The optimal conditions for triplex real-time PCR were established as: 10 μL 2 × One Step Q Probe Mix, 1 μL One Step Q Probe Enzyme Mix (Cat: Q222, Nanjing Vazyme Biotech Co., Ltd., Nanjing, China), 0.2 μL of each forward/reverse primer (10 μM), 0.1 μL of each probe (10 μM) for PRV, PTV1, and SS2, 4 μL of template, and 3.5 μL of nuclease-free water, totaling a reaction volume of 20 μL. The previously mentioned instrument and real-time PCR program were utilized.



2.5 Evaluation of the triplex real-time PCR assay focused on its sensitivity, specificity, and repeatability

The limit of detection (LOD) for the triplex real-time PCR method was assessed by performing tenfold serial dilutions of the pooled standard plasmids, from 1.0 × 109 to 1.0 × 100 copies/μL in nuclease-free water. The diluted standard plasmids served as templates for multiplex real-time PCR amplification. The reliable LOD was the lowest concentration that achieved a 95% positive detection rate.

To prevent false positives from other viruses in the samples, specificity tests for the triplex real-time PCR assay included four RNA viruses (PRRSV, PEDV, CSFV, and TGEV) and three DNA viruses (ASFV, PCV2, and PCV3). Nucleic acids were isolated with the VAMNE Virus DNA/RNA Extraction Kit (Cat: RM502, Nanjing Vazyme Biotech Co., Ltd., Nanjing, China). DNA and RNA samples were initially tested using commercial kits. Samples with CT values below 25 were chosen as templates for the specificity assessment of the triplex real-time PCR assay. The standard plasmids of PRV, PTV1 and SS2 were used as positive controls, while nuclease-free water served as the negative control.

The repeatability of the triplex real-time PCR was evaluated using a tenfold serial dilution of the standard template, spanning from 1.0 × 106 to 1.0 × 102 copies/μL. Each reaction was conducted in triplicate. Intra-assay repeatability was assessed by performing three concurrent detections of each plasmid under the same conditions. Inter-assay repeatability was assessed by conducting the assays three times at separate intervals. The coefficient of variation (CV) of the Cq values across the three experiments was computed to assess repeatability.



2.6 Validation of the triplex real-time PCR assay

Thirty clinical samples of animals with nervous symptoms were simultaneously detected using both the developed triplex real-time PCR method and commercial singleplex real-time PCR kits. Detection results from our methods were compared with those from singleplex real-time PCR.



2.7 Application of triplex real-time PCR in clinical settings

The triplex real-time PCR assay was employed to investigate the detection rates of PRV, PTV1, and SS2 across 282 samples of animals with nervous symptoms, comprising 75 fecal samples, 72 rectal swabs, 69 oral fluid samples, and 66 nasopharyngeal swabs. Samples were collected from pig farms across various provinces in China, including Shandong, Hebei, Liaoning, Shaanxi, Hunan, Hubei, Zhejiang, and Sichuan, between November 2022 and June 2024. Clinical samples were processed with phosphate buffer saline (PBS), followed by vortexing and centrifugation to collect the supernatant. Nucleic acids were isolated with the DNA/RNA Extraction Kit from Nanjing Vazyme Biotech Co., Ltd. The constructed plasmid served as the positive control, while nuclease-free water was used as the negative control. Detection rates were analyzed following the acquisition of assay results for all clinical samples.




3 Results


3.1 Individual pathogen detection using the single real-time PCR assay

To create a triplex real-time PCR, we initially developed singleplex real-time PCR assays for each pathogen, employing distinct fluorescence-labeled target probes. A standard curve for each pathogen was established using 10-fold serial dilutions of plasmids, spanning from 1.0 × 109 to 1.0 × 100 copies/μL. As shown in Figures 1A–C, all the standard curves showed excellent coefficients of determination (R2) and amplification efficacy (E), with PRV (R2 = 0.995; E = 113.7%), PTV1 (R2 = 0.998; E = 100.0%), SS2 (R2 = 0.999; E = 100.9%), respectively. This indicates that our plasmid standards were qualified, and the designed primers and probes were efficient.

[image: Figure 1]

FIGURE 1
 The amplification curves and the standard curve of the single and triplex real-time PCR assay. (A–C) The amplification curves and the standard curve (bottom) of single real-time PCR assay for detection of PRV (A), PTV1 (B), and SS2 (C), respectively, with concentrations of each plasmid standard ranging from 1.0 × 109 copies/μL to 1.0 × 100copies/μL. (D) Amplification curves and standard curves of optimized triplex real-time PCR for simultaneous detection of PRV, PTV1 and SS2. The concentrations of each plasmid standard were from 1.0 × 109 copies/μL to 1.0 × 100 copies/μL.




3.2 Development of a triplex real-time PCR assay

The optimized triplex assay was tested with serial dilutions of mixed standard plasmids. The triplex real-time PCR effectively identified all target genes of the three pathogens (Figure 1D). As shown in Figure 1D, the standard curves demonstrated high R2 and E values for each pathogen: PRV (R2 = 0.997, E = 106.0%), PTV1 (R2 = 0.999, E = 96.2%), and SS2 (R2 = 1.000, E = 96.8%), confirming the validity and reliability of the triplex real-time PCR.



3.3 The triplex real-time PCR assay’s specificity

The specificity of the triplex real-time PCR was assessed using nucleic acids of ASFV, PRRSV, PEDV, PCV2, PCV3, CSFV, and TGEV as amplification templates. The standard plasmids of PRV, PTV1 and SS2 were tested as the positive control, while nuclease-free water as negative control. Figure 2A demonstrates successful detection of all standard plasmids of PRV, PTV1 and SS2, with no positive signals from the seven other viruses or the negative control. To confirm specificity, three clinical samples from healthy pigs were further tested. Amplification curves indicated that only target genes from standard plasmids were detected, while clinical samples from healthy pigs showed no positive signals (Figure 2B). The results demonstrated the high specificity of the triplex real-time PCR assay.

[image: Figure 2]

FIGURE 2
 The amplification curves of specificity tests of triplex real-time PCR. (A) Line 1–3: positive templates of PRV, PTV1 and SS2. Line 4–11: negative control and positive templates of ASFV, PCV2, PCV3, PRRSV, PEDV, CSFV, TGEV. (B) 1–3: positive templates of PRV, PTV1 and SS2. 4–6: templates of clinical samples from healthy pigs.




3.4 The triplex real-time PCR assay’s sensitivity

The sensitivity of the triplex real-time PCR assay was evaluated using pooled standard plasmids at concentrations from 1.0 × 102 to 1.0 × 100 copies/μL under optimized conditions. Table 2 showed detection rates for all samples were more than 95% of replicates. Therefore, the reliable LOD of this method is 1 × 100 copies/μL for PRV, PTV1 and SS2.



TABLE 2 The sensitivity tests of triplex real-time PCR.
[image: Table2]



3.5 The triplex real-time PCR assay’s repeatability

The repeatability of the triplex real-time PCR assay was validated using standard plasmids at concentrations from 1.0 × 106 to 1.0 × 102 copies/μL. Table 3 indicated that CVs for Cq values ranged from 0.05 to 0.63% in intra-group tests and from 0.04 to 1.12% in inter-group reproducibility tests. These findings demonstrated that the developed triplex real-time PCR assay exhibited satisfactory repeatability.



TABLE 3 The repeatability tests of triplex real-time PCR.
[image: Table3]



3.6 Validation of the triplex real-time PCR assay using commercial singleplex real-time PCR kits

A comparison was conducted between triplex real-time PCR and commercial singleplex real-time PCR kits using thirty clinical samples. Supplementary Table S1 demonstrates that the triplex real-time PCR results align with those of the commercial singleplex real-time PCR, indicating its efficacy in concurrently detecting PRV, PTV1, and SS2.



3.7 Clinical implementation of the triplex real-time PCR

The developed triplex real-time PCR assay in this study was used to analyze 282 clinical samples of animals with nervous symptoms. Figure 3 illustrated the individual infection rates for PRV, PTV1, and SS2 as 8.16% (23 out of 282), 26.95% (76 out of 282), and 7.80% (22 out of 282), respectively. The co-infection rates were 7.45% for PRV + PTV1 (21/282), 0.71% for PRV + SS2 (2/282), and 1.42% for PTV1 + SS2 (4/282). The mixed infection rate for PRV + PTV1 + SS2 was 1.77% (5/282).

[image: Figure 3]

FIGURE 3
 The detection results of clinical nervous samples using the triplex real-time PCR assay established in this study.





4 Discussion

Nervous system symptoms are frequently observed in clinical settings within the swine industry. The rapid and precise detection and identification of pathogens are essential for the prevention and control of infectious disease transmission (43, 44). Viral encephalitis in pig farms is caused by various pathogens such as PRV, PTV, Japanese encephalitis virus (JEV), porcine hemagglutinating encephalomyelitis virus (PHEV), atypical porcine pestivirus (APPV), porcine sapovirus (PSaV), porcine astroviruses (PoAstV), and porcine EMCV (45), with PRV being the most common in China. In contemporary intensive swine production systems, PTV can cause endemic outbreaks, and few herds or individual pigs remain free from PTV infection (21, 46). PTV1 is widely acknowledged as the primary etiological agent responsible for the majority of PTV cases characterized by severe clinical manifestations and high mortality within the PTV family (19). Historical outbreaks of PTV1 have been documented in the years 2000, 2004, 2009, and 2011 (12, 17, 47). Swine streptococcosis disease is designated as a Class II infectious disease in China (24), with up to 70% of SS isolates associated with systemic diseases in piglets belonging to serotype 2. Moreover, infections caused by SS2 are regarded as zoonotic (48, 49). There is an urgent requirement for a swift and accurate diagnostic technique that can concurrently distinguish between PRV, PTV1, and SS2.

This study involved the careful design of primers and probes aimed at the conserved regions of the PRV-gE, PTV1-VP1 and SS-CPS2J genes. Following extensive optimization, a robust triplex real-time PCR method was successfully developed, enabling the simultaneous detection of PRV, PTV1, and SS2 within a single amplification reaction. The method demonstrated exceptional sensitivity, with a detection threshold of 1 × 100 copies/μL for the three target genes. The triplex real-time PCR demonstrated outstanding repeatability, with the CV of intra-assay between 0.05 and 0.63%, and the CV of inter-assay ranging from 0.04 to 1.12%. Thirty clinical samples of animals with neurological symptoms were used to assess and compare the effectiveness of commercial singleplex real-time PCR kits against our newly developed triplex real-time PCR method for detecting PRV, PTV1, and SS2. The study found the detection results were with full agreement between the two methods, indicating that the developed triplex real-time PCR assay could effectively replace commercial singleplex real-time PCR kits for differentiating PRV, PTV1, and SS2 simultaneously. To further validate the potential of the developed triplex real-time PCR assay for clinical application, 282 clinical samples were collected from animals with nervous symptoms to investigate the detection rates of these three pathogens. The detection rates for PTV1, PRV, and SS2 in these clinical samples were 37.59, 18.09, and 11.70%, respectively, aligning with previous findings that indicate the continued circulation of PTV1 in pig herds (50). The study found that 20.92% (32 of 153) of positive samples were co-infections, indicating a rising trend of multiple pathogen co-infections in large-scale, intensive swine production (Figure 3). Co-infections of PRV and PTV1 accounted for 13.73% (21/153) of positive samples, while PTV1 and SS2 co-infections were 2.62% (4/153) (Figure 3). Co-infections of PRV and SS2 were notably rare, occurring in only 1.31% (2 out of 153) of the samples (Figure 3). Importantly, 3.27% (5 out of 153) of the positive samples exhibited co-infections with PRV, PTV1, and SS2 (Figure 3). Despite the lack of data on PTV1, PRV, and SS2 co-infections, veterinarians should recognize that these three neurosystem-related diseases pose a critical threat to pig farms.

In conclusion, we have established a reliable triplex real-time PCR assay that distinguishes PRV, PTV1, and SS2. This assay demonstrates excellent specificity, sensitivity, and repeatability, effectively detecting clinical samples. Consequently, it serves as a valuable instrument for the rapid identification of these pathogens. The implementation of swift and accurate diagnostic measures, coupled with immediate quarantine and treatment protocols, may significantly contribute to the prevention and control of infectious disease dissemination.



Data availability statement

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



Author contributions

RL: Formal analysis, Methodology, Writing – original draft, Writing – review & editing, Conceptualization. CY: Writing – original draft, Data curation, Software. LW: Project administration, Writing – original draft. WW: Data curation, Writing – review & editing. LL: Data curation, Writing – review & editing. WL: Investigation, Writing – review & editing. ZY: Writing – review & editing, Investigation. DY: Writing – review & editing, Investigation. SR: Investigation, Writing – review & editing. ZH: Data curation, Writing – review & editing, Formal analysis. XL: Funding acquisition, Writing – review & editing, Conceptualization, Data curation, Resources.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was funded by the Central-guided Funding for Local Technological Development (YDZX2023069), the China Agriculture Research System (CARS-35) and Taishan Industry Leadership Talent Project of Shandong Province in China (tscx202306093).



Conflict of interest

RL, CY, LW, SR, and XL were employed by the Shandong New Hope Liuhe Group Co., Ltd. RL, CY, LW, LL, ZY, and XL were employed by the Juye Xinhao Agriculture and Animal Husbandry Co., Ltd. WW, WL, DY, and XL were employed by the New Hope Liuhe Co., Ltd.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1589175/full#supplementary-material



References

 1. Ko, CC, Merodio, MM, Spronk, E, Lehman, JR, Shen, H, Li, G , et al. Diagnostic investigation of Mycoplasma hyorhinis as a potential pathogen associated with neurological clinical signs and central nervous system lesions in pigs. Microb Pathog. (2023) 180:106172. doi: 10.1016/j.micpath.2023.106172 

 2. Arimitsu, H, Sasaki, K, and Tsuji, T. Development of a simple and rapid diagnosis method for swine edema disease to specifically detect Stx2e protein by immunochromatographic test. Microbiol Immunol. (2016) 60:334–42. doi: 10.1111/1348-0421.12379 

 3. Bo, Z, and Li, X. A review of pseudorabies virus variants: genomics, vaccination, transmission, and zoonotic potential. Viruses. (2022) 14:1003. doi: 10.3390/v14051003 

 4. Faba, L, Aragon, V, Litjens, R, Galofre-Mila, N, Segura, M, Gottschalk, M , et al. Metabolic insights and background from naturally affected pigs during Streptococcus suis outbreaks. Transl. Anim Sci. (2023) 7:txad126. doi: 10.1093/tas/txad126 

 5. Han, R, Liang, L, Qin, T, Xiao, S, and Liang, R. Encephalomyocarditis virus 2A protein inhibited apoptosis by interaction with Annexin A2 through JNK/c-Jun pathway. Viruses. (2022) 14:359. doi: 10.3390/v14020359 

 6. Ni, HB, Gong, QL, Zhao, Q, Li, XY, and Zhang, XX. Prevalence of Haemophilus parasuis"Glaesserella parasuis" in pigs in China: a systematic review and meta-analysis. Prev Vet Med. (2020) 182:105083. doi: 10.1016/j.prevetmed.2020.105083 

 7. Li, XD, Fu, SH, Chen, LY, Li, F, Deng, JH, Lu, XC , et al. Detection of pseudorabies virus antibodies in human encephalitis cases. Biomed Environ Sci. (2020) 33:444–7. doi: 10.3967/bes2020.059 

 8. Tan, L, Yao, J, Yang, Y, Luo, W, Yuan, X, Yang, L , et al. Current status and challenge of pseudorabies virus infection in China. Virol Sin. (2021) 36:588–607. doi: 10.1007/s12250-020-00340-0 

 9. Wang, G, Zha, Z, Huang, P, Sun, H, Huang, Y, He, M , et al. Structures of pseudorabies virus capsids. Nat Commun. (2022) 13:1533. doi: 10.1038/s41467-022-29250-3 

 10. Zheng, HH, Fu, PF, Chen, HY, and Wang, ZY. Pseudorabies virus: from pathogenesis to prevention strategies. Viruses. (2022) 14:638. doi: 10.3390/v14081638 

 11. Sun, Y, Luo, Y, Wang, CH, Yuan, J, Li, N, Song, K , et al. Control of swine pseudorabies in China: opportunities and limitations. Vet Microbiol. (2016) 183:119–24. doi: 10.1016/j.vetmic.2015.12.008 

 12. Deng, MY, Millien, M, Jacques-Simon, R, Flanagan, JK, Bracht, AJ, Carrillo, C , et al. Diagnosis of porcine teschovirus encephalomyelitis in the Republic of Haiti. J Vet Diagn Invest. (2012) 24:671–8. doi: 10.1177/1040638712445769 

 13. Kaku, Y, Yamada, S, and Murakami, Y. Sequence determination and phylogenetic analysis of RNA-dependent RNA polymerase (RdRp) of the porcine enterovirus 1 (PEV-1) Talfan strain. Arch Virol. (1999) 144:1845–52. doi: 10.1007/s007050050709 

 14. Zhang, B, Guo, R, Xiao, L, Zhong, C, Yuan, X, Huang, J , et al. Analysis on the genome of a teschovirus type 1 isolates with swine diarrhea. Heliyon. (2023) 9:e14710. doi: 10.1016/j.heliyon.2023.e14710 

 15. Honda, E, Kimata, A, Hattori, I, Kumagai, T, Tsuda, T, and Tokui, T. A serological comparison of 4 Japanese isolates of porcine enteroviruses with the international reference strains. Nihon Juigaku Zasshi. (1990) 52:49–54. doi: 10.1292/jvms1939.52.49 

 16. Boros, A, Nemes, C, Pankovics, P, Kapusinszky, B, Delwart, E, and Reuter, G. Porcine teschovirus in wild boars in Hungary. Arch Virol. (2012) 157:1573–8. doi: 10.1007/s00705-012-1327-6 

 17. Chiu, SC, Yang, CL, Chen, YM, Hu, SC, Chiu, KC, Lin, YC , et al. Multiple models of porcine teschovirus pathogenesis in endemically infected pigs. Vet Microbiol. (2014) 168:69–77. doi: 10.1016/j.vetmic.2013.10.019 

 18. Vreman, S, Caliskan, N, Harders, F, Boonstra, J, Peperkamp, K, Ho, CKY , et al. Two novel porcine teschovirus strains as the causative agents of encephalomyelitis in the Netherlands. BMC Vet Res. (2020) 16:51. doi: 10.1186/s12917-020-2275-0 

 19. Yamada, M, Kozakura, R, Kaku, Y, Nakamura, K, Yamamoto, Y, Yoshii, M , et al. Immunohistochemical distribution of viral antigens in pigs naturally infected with porcine teschovirus. J Vet Med Sci. (2008) 70:305–8. doi: 10.1292/jvms.70.305 

 20. Donin, DG, de Arruda Leme, R, Alfieri, AF, Alberton, GC, and Alfieri, AA. First report of porcine teschovirus (PTV), porcine sapelovirus (PSV) and enterovirus G (EV-G) in pig herds of Brazil. Trop Anim Health Prod. (2014) 46:523–8. doi: 10.1007/s11250-013-0523-z 

 21. Liu, S, Zhao, Y, Hu, Q, Lv, C, Zhang, C, Zhao, R , et al. A multiplex RT-PCR for rapid and simultaneous detection of porcine teschovirus, classical swine fever virus, and porcine reproductive and respiratory syndrome virus in clinical specimens. J Virol Methods. (2011) 172:88–92. doi: 10.1016/j.jviromet.2010.12.023 

 22. Possatti, F, Headley, SA, Leme, RA, Dall Agnol, AM, Zotti, E, de Oliveira, TES , et al. Viruses associated with congenital tremor and high lethality in piglets. Transbound Emerg Dis. (2018) 65:331–7. doi: 10.1111/tbed.12807 

 23. Zhang, H, Liang, Q, Li, B, Cui, X, Wei, X, Ding, Q , et al. Prevalence, phylogenetic and evolutionary analysis of porcine deltacoronavirus in Henan province, China. Prev Vet Med. (2019) 166:8–15. doi: 10.1016/j.prevetmed.2019.02.017 

 24. Gottschalk, M, Xu, J, Calzas, C, and Segura, M. Streptococcus suis: a new emerging or an old neglected zoonotic pathogen? Future Microbiol. (2010) 5:371–91. doi: 10.2217/fmb.10.2 

 25. Liu, Z, Zheng, H, Gottschalk, M, Bai, X, Lan, R, Ji, S , et al. Development of multiplex PCR assays for the identification of the 33 serotypes of Streptococcus suis. PLoS One. (2013) 8:e72070. doi: 10.1371/journal.pone.0072070 

 26. Lun, ZR, Wang, QP, Chen, XG, Li, AX, and Zhu, XQ. Streptococcus suis: an emerging zoonotic pathogen. Lancet Infect Dis. (2007) 7:201–9. doi: 10.1016/S1473-3099(07)70001-4 

 27. Wisselink, HJ, Smith, HE, Stockhofe-Zurwieden, N, Peperkamp, K, and Vecht, U. Distribution of capsular types and production of muramidase-released protein (MRP) and extracellular factor (EF) of Streptococcus suis strains isolated from diseased pigs in seven European countries. Vet Microbiol. (2000) 74:237–48. doi: 10.1016/s0378-1135(00)00188-7 

 28. Xu, Q, Chen, H, Sun, W, Zhang, Y, Zhu, D, Rai, KR , et al. sRNA23, a novel small RNA, regulates to the pathogenesis of Streptococcus suis serotype 2. Virulence. (2021) 12:3045–61. doi: 10.1080/21505594.2021.2008177 

 29. Dong, X, Chao, Y, Zhou, Y, Zhou, R, Zhang, W, Fischetti, VA , et al. The global emergence of a novel Streptococcus suis clade associated with human infections. EMBO Mol Med. (2021) 13:e13810. doi: 10.15252/emmm.202013810 

 30. Goyette-Desjardins, G, Auger, JP, Xu, J, Segura, M, and Gottschalk, M. Streptococcus suis, an important pig pathogen and emerging zoonotic agent-an update on the worldwide distribution based on serotyping and sequence typing. Emerg Microbes Infect. (2014) 3:e45. doi: 10.1038/emi.2014.45 

 31. Gottschalk, M, and Segura, M. The pathogenesis of the meningitis caused by Streptococcus suis: the unresolved questions. Vet Microbiol. (2000) 76:259–72. doi: 10.1016/s0378-1135(00)00250-9 

 32. Kerdsin, A, Takeuchi, D, Nuangmek, A, Akeda, Y, Gottschalk, M, and Oishi, K. Genotypic comparison between Streptococcus suis isolated from pigs and humans in Thailand. Pathogens. (2020) 9:50. doi: 10.3390/pathogens9010050 

 33. Segura, M, Fittipaldi, N, Calzas, C, and Gottschalk, M. Critical Streptococcus suis virulence factors: are they all really critical? Trends Microbiol. (2017) 25:585–99. doi: 10.1016/j.tim.2017.02.005 

 34. Chiu, SC, Hu, SC, Chang, CC, Chang, CY, Huang, CC, Pang, VF , et al. The role of porcine teschovirus in causing diseases in endemically infected pigs. Vet Microbiol. (2012) 161:88–95. doi: 10.1016/j.vetmic.2012.07.031 

 35. Iglesias, JG, Trujano, M, and Xu, J. Inoculation of pigs with Streptococcus suis type 2 alone or in combination with pseudorabies virus. Am J Vet Res. (1992) 53:364–7. doi: 10.2460/ajvr.1992.53.3.364 

 36. Obradovic, MR, Segura, M, Segales, J, and Gottschalk, M. Review of the speculative role of co-infections in Streptococcus suis-associated diseases in pigs. Vet Res. (2021) 52:49. doi: 10.1186/s13567-021-00918-w 

 37. Liu, G, Jiang, Y, Opriessnig, T, Gu, K, Zhang, H, and Yang, Z. Detection and differentiation of five diarrhea related pig viruses utilizing a multiplex PCR assay. J Virol Methods. (2019) 263:32–7. doi: 10.1016/j.jviromet.2018.10.009 

 38. Ren, J, Zu, C, Li, Y, Li, M, Gu, J, Chen, F , et al. Establishment and application of a TaqMan-based multiplex real-time PCR for simultaneous detection of three porcine diarrhea viruses. Front Microbiol. (2024) 15:1380849. doi: 10.3389/fmicb.2024.1380849 

 39. Huang, X, Chen, J, Yao, G, Guo, Q, Wang, J, and Liu, G. A TaqMan-probe-based multiplex real-time RT-qPCR for simultaneous detection of porcine enteric coronaviruses. Appl Microbiol Biotechnol. (2019) 103:4943–52. doi: 10.1007/s00253-019-09835-7 

 40. Li, X, Hu, Y, Liu, P, Zhu, Z, Liu, P, Chen, C , et al. Development and application of a duplex real-time PCR assay for differentiation of genotypes I and II African swine fever viruses. Transbound Emerg Dis. (2022) 69:2971–9. doi: 10.1111/tbed.14459 

 41. Zhao, L, Wen, XH, Jia, CL, Zhou, XR, Luo, SJ, Lv, DH , et al. Development of a multiplex qRT-PCR assay for detection of classical swine fever virus, African swine fever virus, and Erysipelothrix rhusiopathiae. Front Vet Sci. (2023) 10:1183360. doi: 10.3389/fvets.2023.1183360 

 42. Pan, Z, Lu, J, Wang, N, He, WT, Zhang, L, Zhao, W , et al. Development of a TaqMan-probe-based multiplex real-time PCR for the simultaneous detection of emerging and reemerging swine coronaviruses. Virulence. (2020) 11:707–18. doi: 10.1080/21505594.2020.1771980 

 43. Huang, Y, Xing, N, Wang, Z, Zhang, X, Zhao, X, Du, Q , et al. Ultrasensitive detection of RNA and DNA viruses simultaneously using duplex UNDP-PCR assay. PLoS One. (2015) 10:e0141545. doi: 10.1371/journal.pone.0141545 

 44. Ma, Y, Shi, K, Chen, Z, Shi, Y, Zhou, Q, Mo, S , et al. Simultaneous detection of porcine respiratory coronavirus, porcine reproductive and respiratory syndrome virus, swine influenza virus, and pseudorabies virus via Quadruplex one-step RT-qPCR. Pathogens. (2024) 13:341. doi: 10.3390/pathogens13040341 

 45. Liang, W, Wu, X, Ding, Z, Zhong, S, Qian, X, Ye, P , et al. Identification of a novel porcine Teschovirus 2 strain as causative agent of encephalomyelitis in suckling piglets with high mortality in China. BMC Vet Res. (2023) 19:2. doi: 10.1186/s12917-022-03549-1 

 46. Takahashi, M, Seimiya, YM, Seki, Y, and Yamada, M. A piglet with concurrent polioencephalomyelitis due to porcine teschovirus and postweaning multisystemic wasting syndrome. J Vet Med Sci. (2008) 70:497–500. doi: 10.1292/jvms.70.497 

 47. Salles, MW, Scholes, SF, Dauber, M, Strebelow, G, Wojnarowicz, C, Hassard, L , et al. Porcine teschovirus polioencephalomyelitis in western Canada. J Vet Diagn Invest. (2011) 23:367–73. doi: 10.1177/104063871102300231 

 48. Mai, NT, Hoa, NT, Nga, TV, Linh le, D, Chau, TT, Sinh, DX , et al. Streptococcus suis meningitis in adults in Vietnam. Clin Infect Dis. (2008) 46:659–67. doi: 10.1086/527385 

 49. Wei, Z, Li, R, Zhang, A, He, H, Hua, Y, Xia, J , et al. Characterization of Streptococcus suis isolates from the diseased pigs in China between 2003 and 2007. Vet Microbiol. (2009) 137:196–201. doi: 10.1016/j.vetmic.2008.12.015 

 50. Ma, H, Zhang, M, Wu, M, Ghonaim, AH, Fan, S, and He, Q. Isolation and genetic characteristics of a neurotropic teschovirus variant belonging to genotype 1 in Northeast China. Arch Virol. (2021) 166:1355–70. doi: 10.1007/s00705-021-04994-3 



Glossary

PRV - pseudorabies virus

PTV1 - porcine teschovirus 1

SS2 - Streptococcus suis 2


ED - edema disease

EMCV - encephalomyocarditis virus

SS - Streptococcus suis


HPS - Haemophilus parasuis


WOAH - World Organization for Animal Health

CPS - capsule polysaccharide antigens

ASFV - African swine fever virus

PRRSV - porcine reproductive and respiratory syndrome virus

PEDV - porcine epidemic diarrhea virus

PCV2 - porcine circovirus type 2

PCV3 - porcine circovirus type 3

CSFV - classical swine fever virus

TGEV - transmissible gastroenteritis virus

LOD - limit of detection

CV - coefficient of variation

PBS - phosphate buffer saline

JEV - Japanese encephalitis virus

PHEV - porcine hemagglutinating encephalomyelitis virus

APPV - atypical porcine pestivirus

PSaV - porcine sapovirus

PoAstV - porcine astroviruses


Copyright
 © 2025 Lai, Yang, Wu, Wu, Li, Liu, Yan, Yu, Ren, Hu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-12-1589175-t001.jpg
Virus Primer/Probe Sequence (5'-3) Size (bp)

PRV Forward GCTTCCACGCGCTCGGCTTC 188 &
Reverse CGGGTGGTAGATGCAGGGCT
Probe (FAM)CGACCTGATGCCGCGCGTGGTCT(BHQI)

PIVI Forward CCTTCTGAAAGACCTGCTCTG 14 VPL
Reverse CAGTCCCATTGCCCAGTC
Probe (VIC)CTTCTGTACCCTGTCGCCACCATTG(BHQI)

552 Forward GATAGATGACGGTTCTTCAGATTC 9 cps2)
Reverse CCATTTGGTAACCGGAAAAGTT

Probe (CYS)TCTACCATCTTGCTCTGCGTATTCCA(BHQ2)
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Templates Concentrations The number of Positive Positive rate 95% detection

(copies/pL) tested samples number (%) rate (%)
PRV 1x10% 30 30 100 >95
1x10' 30 30 100 >95
1x10 30 29 96.7 >95
Negative control 30 0 0 <95
PTV1 1x 107 30 30 100 >95
1x10' 30 30 100 >95
1x10 30 30 100 >95
Negative control 30 0 0 <95
882 1x 107 30 30 100 >95
1x10' 30 30 100 >95
1x 10 30 30 100 >95

Negative control 30 0 0 <95





OPS/images/fvets-12-1589175-g002.jpg
RFU (10%3)

RFU (10%3)

Amplification

e

20 30
Cycles

Amplification

Cycles





OPS/images/fvets-12-1589175-g003.jpg
PRV
positive
23

PTV1
positive

2 Negative
76 5 129

552
positive






OPS/images/fvets-12-1589175-t003.jpg
Templates

PRV

PTVI

ND means no data.

Concentrations
(copies/pL)

1x10°
1x10°
1x10°
1x10°
1x10°
Negative control
1x10°
1x10°
1x10'
1x10°
1x10°
Negative control
1x10°
1x10°
1x 100
1x10°
1x10°

Negative control

Intra-assay

Cq values
ean + SD)

1826 £0.09

21.2340.10

23764002

27.7840.15

3180£0.13

ND

17174008

2036+ 0.03

24014013

27294004

30844011

ND

17.13£009

20244001

23834015

27.14008

30.73£0.08
ND

CV%

015
036
ND
053
005
0.63
030

ND

Inter-assay

Cq values
(mean + SD)

18.31£0.06
2126+0.11
2374001
27.86£0.11
3176+0.14
ND
17.21£0.07
2051£0.19
23.9540.16
27272002
3087012
ND
1723013
2048023
23914017
27.18+0.19
3078+0.12
ND

CV%

033

052

0.04

039

044

ND

041

093

067

0.07

039

ND

075

071

070

039
ND





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Development and implementation of a TaqMan triplex real-time PCR assay for concurrent detection of pseudorabies virus, porcine teschovirus 1, and Streptococcus suis 2



		1 Introduction



		2 Materials and methods



		2.1 Viruses, primers, and probes



		2.2 Construction of plasmid standards



		2.3 Reaction conditions for singleplex real-time PCR



		2.4 Optimized conditions of triplex real-time PCR assay



		2.5 Evaluation of the triplex real-time PCR assay focused on its sensitivity, specificity, and repeatability



		2.6 Validation of the triplex real-time PCR assay



		2.7 Application of triplex real-time PCR in clinical settings









		3 Results



		3.1 Individual pathogen detection using the single real-time PCR assay



		3.2 Development of a triplex real-time PCR assay



		3.3 The triplex real-time PCR assay’s specificity



		3.4 The triplex real-time PCR assay’s sensitivity



		3.5 The triplex real-time PCR assay’s repeatability



		3.6 Validation of the triplex real-time PCR assay using commercial singleplex real-time PCR kits



		3.7 Clinical implementation of the triplex real-time PCR









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



		Glossary



















OPS/images/fvets-12-1589175-e001.jpg
6.02x1023)x(x ng/;:Lxlo’g)

Plasmid copies/ ulL =
e = plasmid length (bp)660





OPS/images/fvets-12-1589175-g001.jpg
A —

so00
o0

o
w0
Y
0

aru(0%9)

g

RruG0%)

7770777

777

Log strsng Quansty

R

R oo

|2 P s oz wrsepens sy etr o
UiE s 220 Sasepens 1Ty s 36

| G5 ek mosepes oy ts 0

Log startng Quansty

Bl
2 Giooen
8100958210 39 Spen et 54






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

Development and
implementation of a TagMan
triplex real-time PCR assay for
concurrent detection of
pseudorabies virus, porcine
teschovirus 1, and Streptococcus
suis 2












OPS/images/crossmark.jpg
©

2

i

|






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






