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Porcine circovirus type 3 (PCV3) is a recently identified member of the porcine circovirus family, primarily associated with conditions such as dermatitis and nephropathy syndrome, reproductive failure, and multisystem inflammatory lesions in swine. There has been a significant increase in the prevalence of PCV3 in China, attracting considerable attention. Consequently, there is an urgent need for a highly sensitive, cost-effective, and efficient method for the detection of clinical samples. This study developed a TaqMan-based quantitative real-time PCR (TaqMan-qPCR) assay utilizing specific probes and primers designed based on the PCV3-REP gene. Following the optimization of reaction conditions, sensitivity analysis determined that the detection limit of this method was 7.3 × 100 copies/µL. Specificity analysis demonstrated no cross-reactivity with other common porcine pathogens, underscoring its specificity. Furthermore, the inter- and intra-assay coefficients of variation were both less than 1%, indicating high reproducibility. A total of 2,454 clinical samples were collected and analyzed using the developed method. The findings revealed that the prevalence of PCV3 was highest in testicular fluid samples, with a rate of 71.28% and the lowest detected Cq values among all sample types, indicating a significant likelihood of vertical transmission of PCV3. Additionally, oral fluid samples exhibited the second highest positive rate at 59.83%, highlighting the importance of monitoring infection rates in fattening pig herds from a veterinary perspective. In conclusion, this study successfully developed a highly sensitive and specific TaqMan-qPCR method, which is effective for detecting PCV3 across a variety of clinical samples.
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Introduction


Porcine circovirus (PCV), a member of the family Circoviridae and the genus Circovirus, is characterized as a non-enveloped, covalently closed, single-stranded icosahedral DNA virus. Notably, PCV is the smallest known animal DNA virus capable of autonomous replication, comprising four primary types: PCV1, PCV2, PCV3, and PCV4 (Opriessnig et al., 2020). Porcine circovirus type 3 (PCV3), a recently identified virus, was first detected in the United States in 2016 and has since been reported in pig farms globally (Ouyang et al., 2019; Tan et al., 2021). Research indicates that PCV3 infection is linked to dermatitis and nephropathy syndrome, reproductive failure, and multisystem inflammatory lesions in swine (Jiang et al., 2020). Additionally, PCV3 is considered a potential etiological agent of porcine respiratory disease complex (PRDC) and reproductive disorders in certain instances (Kim et al., 2018). The PCV3 genome comprises single-stranded DNA approximately 2.0 kb in length, exhibiting high conservation and specificity, with significant sequence divergence from other known porcine circoviruses, such as PCV2 and PCV4 (Cui et al., 2022). Research conducted by Ye et al. indicated that PCV3 shares approximately 44% nucleotide sequence homology with PCV2 (Ye et al., 2018). In a separate study, Zhang et al. found that the genetic homology between PCV3 and PCV4 is 43.2% (Zhang et al., 2020). The genome of PCV3 includes several critical genes, notably the viral capsid gene (CAP) and the replication-associated gene (REP), which are integral to the virus’s replication and infection mechanisms (Wang et al., 2024). In recent years, there has been a notable increase in the prevalence of PCV3 in China, garnering considerable attention. Reports have documented a 12.2% positivity rate for PCV3 in pig samples across 21 provinces in China (Qi et al., 2019). Furthermore, a separate study identified a positivity rate of 31.18% in central China, underscoring the virus’s widespread dissemination across various regions and pig populations (Xu et al., 2018). In the context of intensified pig farming in China, particularly following the outbreak of African swine fever virus (ASFV), many large-scale farms have established their own testing laboratories to conduct routine surveillance for ASFV and other pathogens, including PCV3. Consequently, the development and implementation of effective laboratory testing methods are crucial for the epidemiological investigation of PCV3.


Currently, the laboratory diagnostic techniques for PCV3 predominantly include in situ hybridization (ISH), immunohistochemistry (IHC), polymerase chain reaction (PCR), and enzyme-linked immunosorbent assay (ELISA) (Tan et al., 2021). While ISH and IHC are effective for detecting viral presence in tissue cells, they are not suitable for field-based clinical monitoring. The ELISA technique, which primarily focuses on the detection of antibodies against PCV3, is relatively expensive and thus not ideal for large-scale studies. Conversely, the quantitative real-time PCR (qPCR) method is currently regarded as the most effective approach for pathogen detection in intensive pig farming environments. It has been successfully employed for the detection of various porcine pathogens, including ASFV (Hu et al., 2024), porcine diarrhea viruses (Ren et al., 2024b), and certain bacterial pathogens (Ren et al., 2024a). In this study, we designed a pair of specific primers and a dual-quenched probe targeting the conserved region of the PCV3-REP gene to develop a fluorescent quantitative PCR method specifically for PCV3 detection. The establishment of this method provides a robust foundation for the rapid diagnosis of PCV3 in clinical settings and for conducting large-scale epidemiological investigations.







Materials and methods






Primers and probes


Using DNAStar software, we analyzed the sequence of the PCV3-REP gene (Accession number: MK656956.1) obtained from GenBank to design a specific pair of primers and a TaqMan probe with Primer Express 3.0. The designed primers are as follows: 5’-GGTGGGATGGTTATAATG-3’ (forward) and 5’-TAGCCACAAAATTAACAAAC-3’ (reverse), while the TaqMan probe is 5’-FAM-CACCCTTAACAGGAACCCTCAGA-BHQ1-3’. These primers and probe target a conserved region within the sequence, resulting in an amplified gene fragment measuring 141 base pairs. The synthesis of both primers and the probe was conducted by Sangon Biotech (Shanghai) Co., Ltd.







Standard plasmid


The pUC57-PCV3 standard plasmid was constructed by synthesizing and cloning gene sequences amplified from the REP gene of the PCV3 genome into the pUC57 vector. The quantification of this standard plasmid was performed using a UV-visible spectrophotometer, with copy numbers determined using a specific formula (Zhao et al., 2023). Subsequently, the plasmids underwent serial 10-fold dilutions, yielding concentrations ranging from 7.3×109 to 7.3×100 copies/μL, and were stored at -20°C for future applications.
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Optimization of reaction conditions


The concentrations of primers and probes were systematically optimized using standard plasmid templates within a 20 μL reaction volume, utilizing the AceQ Universal U+Probe Master Mix V2 (Vazyme #Q513). Primer concentrations (10 μM) were varied from 0.2 to 0.8 μL each, while probe concentrations (10 μM) ranged from 0.1 to 0.4 μL each. These variations were tested alongside annealing temperatures (AT) ranging from 55°C to 61°C. The primary aim was to minimize the quantification cycle (Cq) value while maximizing the increase in fluorescence intensity (ΔRn), thereby enhancing both the amplification efficiency and sensitivity of the reaction.







Evaluation of sensitivity and construction of standard curves


Amplification was performed using a standard plasmid template subjected to 10-fold serial dilutions, with concentrations spanning from 7.3×109 to 7.3×100 copies/μL under optimized conditions. The resulting amplification kinetic curves were analyzed, and a standard curve for the established TaqMan-qPCR method was constructed by plotting the logarithm of the copy number of the positive standard plasmid on the x-axis against the Cq values on the y-axis. This analysis enabled the derivation of the standard linear regression equation for the method.







Evaluation of specificity


To assess the specificity of the TaqMan-qPCR method, the assay was conducted to detect the cDNA of several viruses, including Classical Swine Fever Virus (CSFV), Porcine Epidemic Diarrhea Virus (PEDV), Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), Pseudorabies Virus (PRV), Foot-and-Mouth Disease Virus (FMDV), Swine Influenza Virus (SIV), and Porcine Circovirus Type 2 (PCV2). The pUC57-PCV3 standard plasmid was employed as the positive control, whereas double-distilled water (ddH2O) served as the negative control.







Evaluation of reproducibility


The TaqMan-qPCR method was implemented using pUC57-PCV3 standard plasmids at concentrations ranging from 7.3×105 to 7.3×101 copies/μL as templates, with each concentration evaluated in triplicate under optimized reaction conditions. Each experimental batch included three replicates per dilution level, and the resulting Cq values underwent statistical analysis to determine both intra- and inter-group coefficients of variation. This analysis enabled the evaluation of the method’s reproducibility and stability.







Clinical sample testing


Nine clinical samples stored in our lab were tested simultaneously using both the developed TaqMan-qPCR method and a commercial qPCR kit. The results from the developed method were compared with those from the commercial method. Furthermore, a total of 2,454 clinical samples were collected from pig farms in Sichuan Province by farmers and subsequently sent to our laboratory for analysis. These samples comprised semen (n=1,101), oropharyngeal swabs (n=645), piglet testicular processing fluid (n=94), oral fluid (n=239), and pig serum (n=375). Semen and testicular processing fluid samples were chosen randomly for routine pathogen detection. The other samples were from pigs with respiratory symptoms. Each sample, with a volume of 300 μL, was processed using the NPA-96E automated nucleic acid extractor, developed by Hangzhou Boer Technology Co., Ltd. Post-extraction, qPCR analysis was conducted on 2 μL of the isolated DNA using the TaqMan-qPCR technique. The pUC57-PCV3 standard plasmid was utilized as a positive control, while ddH2O served as a negative control. A Cq value of less than 40 was established to indicate positive results.







Statistical analysis


The positivity rates of PCV3 across the different sample types were expressed as absolute and relative frequencies (%) with a 95% confidence interval (CI), calculated using the Clopper-Pearson method. Cq values of PCV3-positive samples were presented as mean ± standard deviation. Data visualization was conducted using GraphPad Prism 10.0 software, and statistical significance was assessed via the one-way ANOVA, with P<0.05 indicating significant difference.








Results






Optimization of reaction conditions


Initially, the volumes of primers and probes were first optimized at an AT of 60°C. As detailed 
Supplementary Table S1
, the Cq values were minimized with primer volumes of 0.4 μL and probe volumes of 0.2 μL across various template concentrations. Additionally, the AT condition was further optimized. According to 
Supplementary Table S2
, the lowest Cq values were observed at 60°C for template concentrations of 7.30×105, 7.30×103, 7.30×101, and 7.30×100 copies/μL. Consequently, the optimized reaction conditions were as follows: an initial incubation at 37°C for 2 minutes, followed by denaturation at 95°C for 5 minutes. This was succeeded by 40 cycles comprising denaturation at 95°C for 10 seconds and annealing at 60°C for 30 seconds. The optimal reaction volume was determined to be 20 μL, consisting of 10 μL of 2× AceQ Universal U+Probe Master Mix V2, 0.4 μL each of forward and reverse primers (10 μmol/L), 0.2 μL of probe (10 μmol/L), and 2 μL of template, with deionized water added to reach a final volume of 20 μL.







Establishment of the standard curve


The TaqMan-qPCR assay demonstrated proficiency in detecting standard plasmids at concentrations ranging from 7.3×109 to 7.3×100 copies/μL, exhibiting a strong linear correlation. The assay’s minimum detectable concentration was determined to be 7.3×100 copies/μL (
Figure 1A
). As shown in 
Figure 1B
, the standard curve equation was y = -3.377x + 39.207, with a coefficient of determination (R²) of 0.998 and an efficiency (Eff%) of 99.756%.


[image: Panel A shows an amplification plot with curves representing fluorescence over cycles, numbered one to ten. Panel B displays a standard curve graph plotting cycle threshold (Ct) against the starting quantity, with a linear regression line marked by red squares.]
Figure 1 | 
Amplification curve (A) and standard curve (B) of the TaqMan-qPCR method for detection of PCV3. 1-10: 7.3×109 to 7.3×100 copies/μL.









Specificity testing


The optimized reaction protocol was applied to detect nucleic acids from a variety of porcine pathogens, including CSFV, PEDV, PRRSV, PRV, FMDV, SIV, and PCV2. The results indicated that the pUC57-PCV3 standard plasmids produced amplification curves specific to PCV3, while amplification curves were absent for other common porcine pathogens as well as for negative controls (
Figure 2
). These findings imply that the TaqMan-qPCR assay possesses a high degree of specificity, showing no cross-reactivity with prevalent porcine pathogens.


[image: Line graph titled “Amplification” displaying ΔRn values against cycles. A purple curve, labeled pUC57-PCV3, rises sharply after cycle 30, indicating significant amplification. Other lines, representing CSFV, PEDV, PRRSV, PRV, FMDV, SIV, and PCV2, remain flat near zero.]
Figure 2 | 
The amplification curves of specificity testing.









Repeatability testing


As illustrated in 
Table 1
, the intra-group coefficients of variation ranged from 0.29% to 0.97%, while the inter-group coefficients of variation ranged from 0.37% to 0.75%, indicating the method’s excellent reproducibility.



Table 1 | 
Intra-reproducibility and intra-repeatability test of the TaqMan-qPCR.




	Template concentration (copies/μL)

	Intra-assay variation

	Inter-assay variation




	Average value

	Standard deviation

	CV

	Average value

	Standard deviation

	CV






	7.30×105

	19.31
	0.12
	0.62%
	19.82
	0.07
	0.37%



	7.30×104

	22.22
	0.14
	0.65%
	23.10
	0.17
	0.73%



	7.30×103

	25.88
	0.08
	0.29%
	26.80
	0.13
	0.49%



	7.30×102

	29.41
	0.29
	0.97%
	30.01
	0.23
	0.75%



	7.30×101

	33.46
	0.32
	0.95%
	33.24
	0.21
	0.62%














Clinical sample testing


A comparison was made between the TaqMan-qPCR method and the commercial qPCR kit using nine clinical samples. 
Supplementary Table S3
 showed that the results from the TaqMan-qPCR method were consistent with those from the commercial kit, indicating its effectiveness in detecting PCV3 in clinical samples. Then, we employed the established TaqMan-qPCR methodology to examine the detection rate of PCV3 across various sample types, with the findings detailed in 
Table 2
. The detection rate was highest in piglet testicular processing fluid, at 71.28% (95% CI: 60.98%-80.18%), followed by oral fluid samples at 59.83% (95% CI: 53.34%-66.07%). Notably, the positive detection rates in throat swabs and serum were substantially lower, at 13.33% (95% CI: 10.79%-16.27%) and 10.40% (95% CI: 7.56%-13.89%), respectively. PCV3 was also identified in semen samples, albeit at a minimal rate of 0.27% (95% CI: 0.09%-0.79%), suggesting a potential risk of PCV3 transmission within the boar population. Moreover, as illustrated in 
Figure 3
, the comparative analysis of Cq values across different samples revealed that the Cq values in testicular fluid were significantly lower than those in other sample types (P<0.05), while no significant differences were observed among the other sample types (P>0.05).



Table 2 | 
PCV3 positivity in different clinical samples.




	Sample type

	No. of positive sample

	No. of total samples

	Positive rate

	95% CI






	Semen
	3
	1101
	0.27%
	0.09%- 0.79%



	Oropharyngeal swabs
	86
	645
	13.33%
	10.79%- 16.27%



	Testicular processing fluid
	67
	94
	71.28%
	60.98%- 80.18%



	Oral fluid
	143
	239
	59.83%
	53.34%- 66.07%



	Serum
	39
	375
	10.40%
	7.56%- 13.89%









[image: Dot plot showing Cq values for five sample types: semen, oropharyngeal swabs, testicular processing fluid, oral fluid, and serum. Each category has dots representing data points with varying mean and standard deviation, indicated by horizontal lines and brackets.]
Figure 3 | 
Cq values in different PCV3-positive samples. Different letters indicate significant statistical differences (P<0.05), and the same letter indicates no significant statistical differences (P>0.05).










Discussion


The qPCR method represents a highly sensitive and specific detection technology that offers substantial advantages over traditional PCR methods (Maren et al., 2023). This technique has been effectively utilized in the detection of PCV3. It facilitates real-time monitoring of the PCR amplification process while enabling quantitative analysis of the RNA content of PCV3 in samples. Feng et al. have demonstrated that the sensitivity of qPCR is ten times greater than that of traditional PCR in detecting PCV3 (Feng et al., 2019). Presently, qPCR detection methods for PCV3 are primarily categorized into three types: SYBR Green-based qPCR, TaqMan-qPCR, and multiplex qPCR. The SYBR Green-based qPCR is a widely used fluorescent dye method that is both cost-effective and user-friendly. The established sensitivity of SYBR Green-based qPCR is 61.2 copies/μL (Han et al., 2019), 1.73 × 102 copies/μL (Chen et al., 2018) targeting the REP gene, and 102 copies/μL targeting the CAP gene (Zou et al., 2018), all of which were lower than those of TaqMan-qPCR methods. The TaqMan-based qPCR specific for the PCV3 CAP gene was initially designed by Wang et al., achieving a limit of detection (LOD) of 102 copies/μL (Wang et al., 2017). Recent advancements in TaqMan protocols, with LOD ranging from 10 to 15 copies/μL targeting the REP and CAP genes, have been documented, further demonstrating that the positive detection rate of qPCR protocols significantly surpasses that of conventional PCR methods (Feng et al., 2019; Yuan et al., 2020). In this study, we enhanced the TaqMan-PCR methodology targeting the REP gene of PCV3, achieving a detection sensitivity of 7.3 copies/μL, which surpasses previously reported methods. And the results obtained from clinical samples were consistent with those from a commercial kit, despite the comparison being limited to only nine samples. Furthermore, subsequent PCV3 sequencing results for some clinical samples aligned with the TaqMan-qPCR test outcomes (data not shown), thereby reinforcing the reliability of the established method. The REP gene of PCV3 is regarded as relatively conserved in multiple strains. An examination of the whole genome sequences of PCV3 strains collected in China, alongside a comparison with 34 PCV3 strains documented in the NCBI database, demonstrated that the conservation level of the REP gene exceeded 99% in both genetic and amino acid sequences, surpassing that of the CAP gene (Lv et al., 2023). Additionally, research by Feng et al. revealed that the LOD of the TaqMan-qPCR assay targeting the REP gene was ten times more sensitive than that of the conventional PCR assay targeting the Cap gene (Feng et al., 2019). Multiplex qPCR enables the simultaneous detection of multiple target genes within a single reaction, thereby enhancing detection efficiency and throughput, which is particularly advantageous for rapid screening of diverse pathogens (Rodriguez-Manzano et al., 2019). A duplex qPCR assay for PCV2 and PCV3, with LODs of 2.9 copies and 22.5 copies, respectively, reported a co-infection rate of 27.6% (94/340) (Li et al., 2018). Similarly, a PCV3/PCV4 duplex qPCR, with LODs of 51.7 copies and 67.7 copies for PCV3 and PCV4, respectively, identified a co-infection rate of 17.19% (11/64) (Hou et al., 2021). Nonetheless, the sensitivity of multiplex qPCR is generally lower compared to single-pathogen detection methods. Consequently, in practical applications, multiplex qPCR demonstrates distinct advantages in scenarios requiring the simultaneous detection of multiple pathogens, delivering comprehensive results rapidly (Chen et al., 2021). Nonetheless, for precise and specific detection, single TaqMan-qPCR is a more suitable option, particularly in diagnostic and clinical contexts.


Under clinical conditions, oral fluid samples are typically obtained from fattening pig herds, oropharyngeal swab samples from sows in confinement pens, testicular processing fluid samples from the testes of 3-day-old piglets, and serum samples from all pig herds (Fan et al., 2023). Notably, there are variations in the detection rates of PCV3 across different pig samples. According to literature reports, in 21 Polish pig farms, the detection rate of PCV3 was highest in oral fluids at 37.3%, whereas the detection rates in serum and fecal samples were 9.7% and 15.0%, respectively (Woźniak et al., 2020). Our findings demonstrate a significant detection rate of PCV3 in oral fluid samples, underscoring the veterinary importance of monitoring infection rates in fattening pig herds. In recent years, oral fluid samples have emerged as a more cost-effective and efficient alternative to serum samples for clinical detection purposes (Henao-Diaz et al., 2020). These samples have been utilized in the identification of various swine pathogens, including PRRSV (Decorte et al., 2015) and PCV2 (Woźniak et al., 2019; Fan et al., 2023). However, the unique characteristics of oral fluid samples during collection pose a risk of environmental contamination from sources such as feces and feed. Although existing literature suggests that organic matter does not compromise the sensitivity and specificity of diagnostic results, it may lead to sample turbidity, thereby affecting result accuracy (Henao-Diaz et al., 2020). Enhancing the precision of detection outcomes can be achieved by refining the collection and processing methods for oral fluid samples (Henao-Diaz et al., 2020). Literature suggests that sample contamination may be minimized by preventing the rope from touching the floor, specifically by setting the rope’s bottom at the shoulder height of pigs (White et al., 2014; Pepin et al., 2015). Additionally, Gibert et al. have demonstrated that optimizing the sample centrifugation protocol can enhance the detection of PRRSV nucleic acids (Gibert et al., 2017). Furthermore, these samples are predominantly suitable for pathogen detection at the pen level (Henao-Diaz et al., 2020). Olsen et al. investigated the correlation between the detection rate of oral fluid and the infection rate in pigs within PRRSV-infected populations (Olsen et al., 2013). Nonetheless, further research is required to explore this relationship in the context of PCV3 infection.


The detection of viral presence in testicular fluid is considered a critical indicator of viral vertical transmission, as evidenced in studies on PEDV (Ryu et al., 2021) and Porcine group A rotavirus (Li et al., 2025). In this study, the prevalence of PCV3 in testicular fluid is the highest, with the lowest detected Cq values, suggesting potential vertical transmission of PCV3. Previous research has established that PCV3 can be transmitted from sows to their offspring, resulting in piglets being born with the virus (Vargas-Bermúdez et al., 2021). Furthermore, a study conducted in Hunan Province, China, reported a significantly higher detection rate of PCV3 in sows experiencing reproductive issues compared to healthy sows, further highlighting the critical nature of vertical transmission (Zou et al., 2018). Interestingly, the positive rates of PCV3 in serum or throat swabs are relatively low, which could be attributed to the physiological stage or health status of the pigs tested.


In conclusion, this study developed a highly sensitive and specific TaqMan-qPCR method suitable for detecting PCV3 across various clinical samples, thereby providing an effective tool for monitoring the virus and investigating its epidemiological characteristics.
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