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The mink circovirus (MiCV), a newly discovered pathogen, is associated with diarrhea in farmed minks. The prevalence and economic importance of this virus remain poorly understood, and a quantitative method for diagnosis of MiCV infection has not been established. This research aims to develop a highly specific, sensitive, and quantitative assay for MiCV. A Real-Time quantitative polymerase chain reaction (qPCR) assay was developed to detect different isolates of the MiCV in mink samples. The qPCR system is highly sensitive with a detection limit of as low as 10 viral DNA copies. The specificity of this qPCR assay was supported by the absence of cross-reaction with other pathogens. The coefficients of variation were low for both inter-assay and intra-assay variabilities. In addition, the results also expressed the distribution of MiCV in infectious mink tissues with high levels of virus in the skeletal muscle and heart. The heart occupied a higher proportion than other tissues, which can be considered the primary source of test material. This qPCR method could be a useful tool for epidemiological studies and disease management. This method for MiCV is highly specific, sensitive, repeatable, quantitative, and can rapidly determine viral load levels in different tissues samples.
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INTRODUCTION

The mink circovirus (MiCV) as reported initially as a novel pathogen in diarrheal minks in Dalian, China (Lian et al., 2014). MiCV is a member of Circovirus belonging to the Circoviridae family. MiCV is a small non-enveloped icosahedral virus with a circular single-stranded DNA genome of 1,753 nucleotides (Desselberger, 2002). The genome contains two major open reading frames (ORFs), designated ORF1 (Rep gene) and ORF2 (Cap gene).

Circoviruses have been identified in numerous species associated with various clinical disorders (Decaro et al., 2014; Adams et al., 2017; Breitbart et al., 2017), including lethal diseases and asymptomatic infections (Todd, 2004). Circovirus infections are also associated to immunosuppression and lymphoid depletion, which likely increase the severity of secondary infection (Segalés, 2012). Epidemiological investigations have provided evidence that MiCV is endemic in some mink farms in China (Wang et al., 2015b). However, the pathogenic role of MiCV in single or polymicrobial infections is unclear, and the relationship between MiCV distribution in tissue and pathogenicity is remain unknown. Therefore, to establish a rapid, sensitive and specific method applicable for quantitative analysis of this virus is essential for clinical disease management and epidemiological surveillance.

The fundamental diagnostic method of viral disease based on virus isolation is unavailable because no in vivo cell culture system is yet available for the propagation of MiCV. Up to now, only conventional PCR for detecting MiCV has been reported (Wang et al., 2015a). Thus, to develop a more sensitive and quantitative method is necessary for the enhanced detection of MiCV.

A Real-Time quantitative polymerase chain reaction (qPCR) techniques have proven to diagnose important viral livestock diseases and have become established scientific tools in veterinary virology and disease control (Hoffmann et al., 2009; Vázquez et al., 2017). Furthermore, the SYBR Green I-based qPCR is one of the most effective methods in the differential and rapid detection of a variety of viral pathogens (Varga and James, 2006; Martínez et al., 2008). qPCR tests have been successfully detected for the diagnosis of important diseases caused by DNA or RNA viruses, such as porcine circovirus type 2 (PCV2) (Wei et al., 2008), porcine circovirus type 3 (Wang et al., 2017), canine circovirus (DogCV) (Hsu et al., 2016), goose circovirus (Tian et al., 2010), aleutian mink disease virus (AMDV) (Prieto et al., 2014), canine parvovirus type 2 (Wang et al., 2016), and porcine parvovirus (Yang et al., 2016).

In this study, the qPCR method was employed for MiCV DNA quantification. MiCV standard curve was established by routine methods and compared to the results of conventional PCR method. Furthermore, the application of qPCR assays provides a highly sensitive, specific and repeatable screening that are essential for exposure assessments of infectious virus. This study demonstrated the use of qPCR for the detection of viral distribution in different tissues caused by MiCV in clinical infected minks.

MATERIALS AND METHODS

Viruses and Samples

The MiCV HEB15 strain was isolated previously by our team (GenBank Accession No. KX268345) and used as the positive control for the qPCR and conventional PCR assay. Negative controls to test the specificity of qPCR included AMDV and DogCV isolated by our laboratory from Heilongjiang Province, respectively (GenBank accession No. KY680280 and No. MF797786). The porcine circovirus 1 (PCV1) and PCV2 were obtained from Dr. Yanwu Wei, Harbin Veterinary Research Institute, the Chinese Academy of Agricultural Sciences (Huang et al., 2012; Wang et al., 2015c). The mink calicivirus (MCV), pseudorabies virus (PRV), rabies virus (RV) and canine adenovirus type 2 (CAV2) were obtained from Dr. Yongjun Wen (Yang et al., 2012), Dr. Tongqing An (Ye et al., 2015), Dr. Jinying Ge (Guo et al., 2009), and Dr. Jiang Qian (Yu et al., 2015), respectively. Vaccine strain mink enteritis virus (MEV), canine distemper virus (CDV), were purchased from QiLu Animal Health Products, LTD., Shandong, China.

The 401 minks clinical samples were obtained from 23 farms in Heilongjiang, Jilin, Liaoning, Hebei, Shandong Provinces, in China, from May 2014 to August 2017.

Primer Design

Primer design for MiCV qPCR was based on the published Cap gene sequence of the MiCV strain. Complete genome sequences of eight different MiCV were obtained from GenBank, using Clustal W to find a well-conserved region within the Cap gene. Primers were designed by the Beacon Designer software. All primers were purchased from company (Comate Bioscience, Changchun, China). The primers used were cap2-F: 5′-CGTATTGTCCAGGTTTGTATGAAG-3′, and cap2-L: 5′-TCACAGGCATTCCCGCTAC-3′.

DNA Extraction

DNA samples were extracted from liver, lung, spleen, heart, duodenum, jejunum, ileum, colon, brain, kidney, skeletal muscle, marrow, and mesenteric lymph nodes. Theses tissue samples were collected from mink samples. Generally, 0.1 gram of each tissue specimens was weighed, added into 500 μL of phosphate buffered saline, all the samples were homogenized, freeze thawed three times, then centrifugated. Total genomic DNA was extracted from 200 μL supernatant of tissue homogenates using genomic DNA Kit (Axygen A Corning Brand, Suzhou, China), according to the manufacturer's protocol. After elution in 100 μL elution buffer, DNA was stored at −80°C before use.

Preparation of Standard DNA Solutions

The target cap gene of MiCV was amplified from the total viral DNA following a published protocol, using forward primer McapF: 5′-GGATCCATGCCCGTAAGATCGCGAT-3′ and the reverse primer McapR: 5′-GGTACCTTAAGTTTGCTTTGGG-3′ (Wang et al., 2015a). A 684 bp fragment of the cap gene was amplified by PCR from DNA of MiCV strain HEB15. The amplified product was purified from agarose gels using a quick PCR purification kit (Axygen A Corning Brand, Suzhou, China), then cloned into E. coli DH5α cells (TransGen Biotech, Beijing, China) using the pMD18-T vector (Takara Biotechnology, Dalian, China). Recombinant plasmids were purified by the plasmid purification kit (Real-Times, Beijing, China) and validated by sequencing company (Comate Bioscience, Changchun, China). The target plasmid pMDT-Cap with the original concentration was identified by using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE). The serial tenfold dilutions of the standard plasmid templates were used for the quantitative analysis and the copy number of plasmid was computed referred to the previous study (Luo et al., 2013).

Establishment of the Standard Curve for qPCR

Serial 10-fold dilutions containing copies of 3.5 × 108–3.5 × 101 were used as templates to prepare the standard curves. Real-time PCR assays were carried out in triplicate in a 20 μL final volume that included 2 μL of pMDT-Cap plasmid, 4 μL 5 × Golden HS SYBR Green qPCR Mix (Haigene, Harbin, China), 0.4 μL 50 × ROX Reference Dye, 0.8 μL of each primer (10 μM), and 12 μL of nuclease-free water. The qPCR reaction was conducted in 8-tube strip using a ABI Prism 7500 thermocycler (Applied Biosystems, USA) under the following conditions: 95°C for 15 min, then 40 cycles of denaturation for 10 s at 95°C, annealing for 35 s at 55°C and elongation for 45 s at 72°C. A melting curve analysis was performed at the end of the amplification. The dilutions were tested in triplicate and used as quantification standards to construct the standard curve. by plotting the plasmid copy number logarithm against the measured cycle threshold (Ct) values. The standard curve, correlation coefficient of the standard curve, and efficiencies were calculated automatically by the LightCycler software. The amount of DNA quantified for each sample was expressed as number of copies/reaction.

Specificity, Sensitivity, and Reproducibility Assay

Ten viruses that may cause potential cross-reactions in qPCR assay for MiCV were used to evaluate the specificity in this study. The MiCV HEB15 strain was used as the positive control and sterile water was used as the negative control.

To compare the sensitivity of qPCR with conventional PCR, 10-serial pMDT-Cap plasmid dilutions (108–101 copies/μL) were used as templates. The conventional PCR reaction was performed using the protocol described above with the primer pair McapF and McapR.

The repeatability was determined using four different DNA concentrations of viral agent tested. Concentrations of the DNA standard 102, 103, 105, and 107 copies/μL were tested and analyzed by qPCR. For intra-assay variability, each dilution was analyzed in triplicate. To evaluate the inter-assay precision of the assay, each dilution was analyzed in different runs performed by two different laboratory technicians on different days. The coefcient of variation (CV) was determined following the formula: CV = (SD [Ct-value]/overall mean [Ct-value]) × 100.

Detection in Samples From Infected Minks

A total of 401 clinical samples including 52 serum sample, 319 different tissues of minks and 30 healthy mink fecal samples were collected from 5 provinces, including Heilongjiang, Jilin, Shandong, Hebei, and Liaoning in China in 2014–2017. These samples were examined in terms of presence of MiCV infection in qPCR and were assayed in duplicate. Furthermore, these samples were also detected using conventional PCR simultaneously.

There are 8 artificial infection minks, 22 naturally infected minks and the 3 healthy control minks were collected to characterize the tissue distribution of MiCV in minks. The tissues, including liver, lung, spleen, heart, duodenum, jejunum, ileum, colon, brain, kidney, skeletal muscle, marrow, and mesenteric lymph nodes, were detected by qPCR to evaluate viral load. The viral load was quantified by qPCR using 2 μL of DNA per reaction. The DNA copy number of each sample was converted to copy number per gram by using the calculated Ct-value determined from the standard curve. All the samples were tested in triplicates.

RESULTS

Establishment of the Standard Curve for qPCR

As shown in Figure 1A, the qPCR amplification curves were generated by using 10-fold dilutions of plasmid PMDT-Cap template with the cap2-F and cap2-L as primers. The MiCV assay covered a linear range 8 orders of magnitude from 3.5 × 108 copies/μL to 3.5 × 101 copies/μL. Ct-values were plotted against the known copy numbers of the standard controls. Thus, a correlation coefficient (R2) of 0.974, a slope of −3.155, an efficiency of 107.447% and the Y intercept 39.202 were obtained in this study and the following formula: Y = −3.155X+39.202 (Y = threshold cycle, X = natural log of concentration (copies/μL) was achieved.
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FIGURE 1. Amplification curve and standard curve of MiCV. (A): Standard curve (Slope: −3.155, Y-Intercept: 39.202, and Efficiency: 107.447) was analyzed with the ABI7500 software. (B): Specificity of the qPCR. Ten other viral pathogens were used for the specificity test. 1: MiCV HEB15 strain DNA; 2–11: DNA and RNA samples of AMDV, MEV, CDV, PRV, MCV, CAV2, RV, PCV1, PCV2, DogCV, and H2O. (C): Amplification curves. Ten-fold dilutions of standard DNA ranging from 108 copies/μL to 101 copies/μL were used as standard controls.



Specificity, Sensitivity, and Reproducibility of qPCR Detection

In this assay, plasmid pMDT-Cap was used as DNA template of MiCV. The results indicated that only detected MiCV gave amplification products. Under the same conditions, AMDV, DogCV, PCV1, PCV2, MCV, PRV, RV, CAV2, CDV, and MEV did not provide positive reactions (Figure 1B). The sensitivity assay was demonstrated and compared with that of conventional PCR. (Figure 1C). The detection limit of the MiCV qPCR was 101 copies, while the conventional PCR, 1 × 106 copies (Wang et al., 2015a). This indicates that the qPCR assay for MiCV was 105 times more sensitive than that of the conventional PCR. The qPCR assay expressed a high repeatability with coefficient of variation (CV) within runs (intra-assay variability) and between runs (inter-assay variability) that ranged from 0.73 to 1.69% and 0.97 to 2.18%, respectively (Table 1). Our results, therefore, showed that the qPCR assay is highly sensitive, specific and reproducible.


Table 1. Intra- and inter-assay reproducibility of qPCR.
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Application of Real-Time PCR Assays on Clinical Infected Minks

The application of qPCR assays on clinically infected minks was evaluated through the 401 clinical samples. The positive rates of MiCV in different provinces were 30.30% in Heilongjiang Province, 52.88% in Shandong Province, 67.90% in Hebei Province, 38.46% in Jilin Province, and 58.46% in Liaoning Province (Table 2). Conventional PCR was also performed on the same samples. However, the positivity rates of MiCV infection determined using conventional PCR were 18.18, 30.77, 37.04, 28.85, and 27.69% in Heilongjiang, Shandong, Hebei, Jilin, and Liaoning Province, respectively (Table 2). Among those that were positive by qPCR (401 samples), 113 samples were also positive by conventional PCR detection. Another 203 samples were determined as negative by either qPCR or conventional PCR virus. These results showed that the qPCR screen was more sensitive than conventional PCR.


Table 2. Detection of MiCV in minks from different provinces.
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Quantification of MiCV Viral DNA From Different Tissues

To investigate MiCV distribution in infected minks, 8 artificially infected minks, 22 naturally infected minks, and 3 control minks were used and determined by the qPCR. All of the 8 artificially infected minks were MiCV positive, and MiCV can be detected in all these 13 tissues. The viral loads of 8 artificially infected minks are shown in Table 3. The results showed that artificially infected minks had the highest level of mean viral loads in heart (6.93 × 108 copies/g), followed by skeletal muscle (4.75 × 108 copies/g), brain (1.36 × 108 copies/g), duodenum (1.36 × 108 copies/g), kidney (6.16 × 107 copies/g), jejunum (2.44 × 107 copies/g), lung (1.82 × 107 copies/g), mesenteric lymph nodes (1.54 × 107 copies/g), colon (1.32 × 107 copies/g), spleen (1.28 × 107 copies/g), liver (1.24 × 107 copies/g), and lastly, marrow (9.27 × 106 copies/g), and ileum (8.80 × 106 copies/g).


Table 3. Quantities of MiCV DNA in the tissues of artificially-infected minks by qPCR.
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Moreover, the number of MiCV DNA copies in different tissues of 22 naturally infected minks was shown below: heart (3.35 × 109–4.95 × 106 copies/g), skeletal muscle (4.89 × 109–9.49 × 105 copies/g), brain (1.75 × 109–3.50 × 106 copies/g), kidney (2.11 × 109–1.53 × 106 copies/g), duodenum (8.23 × 108–2.33 × 106 copies/g), jejunum (3.75 × 108–7.23 × 105 copies/g), lung (1.23 × 108–5.16 × 106 copies/g), liver (1.64 × 108–5.80 × 105 copies/g), colon (7.89 × 107–2.38 × 105 copies/g), mesenteric lymph nodes (6.64 × 107–3.05 × 105 copies/g), spleen (3.16 × 107–3.48 × 105 copies/g), marrow (2.03 × 107–2.09 × 104 copies/g), and ileum (3.18 × 107–2.51 × 104 copies/g).

In a descending order, the mean viral loads per tissue were as follows: skeletal muscle (5.31 × 108 copies/g), heart (5.02 × 108 copies/g), kidney (2.94 × 108 copies/g), brain (2.45 × 108 copies/g), and duodenum (1.31 × 108 copies/g) samples contained the highest viral loads, whereas jejunum (5.11 × 107 copies/g), lung (4.68 × 107 copies/g), colon (2.68 × 107 copies/g), mesenteric lymph nodes (2.59 × 107 copies/g), liver (1.88 × 107 copies/g), marrow (1.44 × 107 copies/g), spleen (1.04 × 107 copies/g), and ileum (9.58 × 106 copies/g) had the lowest viral loads. Meanwhile, no MiCV was detected in the 3 healthy control minks. In general, the viral load between the naturally and experimentally infected minks in the different tissues were similar.

In addition, these tissues were also used to investigate MiCV distribution in infected minks. The percentages of samples, which tested positive for virus from minks, were as follows: in lung 28/30 (93.33%), in heart 28/30 (93.33%), in duodenum 26/30 (86.67%), in jejunum 24/30 (80.00%), in skeletal muscle 24/30 (80.00%), in colon 22/30 (73.33%), in kidney 22/30 (73.33%), in ileum 18/30 (60.00%), in marrow 16/30 (53.33%), and in mesenteric lymph nodes 16/30 (53.33%). Furthermore, all the infected minks had detectable virus in the liver, spleen, and brain.

DISCUSSION

MiCV is a newly novel pathogen in diarrheal minks in China (Lian et al., 2014). Until now, the pathogenic role of MiCV is unknown, and the prevalence and economic importance of this virus are not fully understood. The conventional PCR method had lower sensitivity, and there are no accepted methods of standard culture to quantify viruses in different tissues of infectious minks. qPCR is used as a diagnostic tool because it is more rapid, sensitive, and allowing quantitative. Thus, qPCR is a useful tool in the study of the epidemiology of viral diseases (He et al., 2016), which makes it necessary for MiCV detection. In this study, a pair of primers targeting the capsid protein gene segment of MiCV was designed and the reaction conditions for qPCR were optimized through repeated experiments. At first, we chose rep gene to develop the qPCR assay, but failed to construct recombinant rep gene plasmid. For some unknown reason, rep gene or part of the rep gene fragment can't be cloned into competent cells using the pMD18-T vector. We speculated that the rep gene may be toxic and damaging cells. So we selected a well-conserved region within the Cap gene to design the primers. Taking into account its possible variation of the cap gene in the future, we should note to pay attention to that gene changes may affect the detection results when using this method.

According to previous study, when Ct is plotted against a template DNA concentration, a regression analysis of the data should give an optimal R2-value close to 1, while the efficiency of PCR should be between 90 and 110% (Rasmussen, 2001; Tichopad et al., 2003; Hughes et al., 2007). Figure 1A demonstrated the fair correlation between copy number and Ct-value (a slope of −3.155, an efficiency of 107.447%, and the Y intercept 39.202), in which it indicated that this method is highly efficient, and may prove a suitable approach for MiCV diagnosis.

The results of the specificity tests indicated that the qPCR assay can successfully detect the MiCV in infected minks, and showed no cross-reaction with other viral pathogens, thereby ensuring high accuracy and reliability of the assay in MiCV detection. With the developed qPCR assay, we compared the performance of this novel technique with conventional PCR in detecting MiCV. Based on serially diluted DNA standards, the detection limit of the MiCV qPCR assay was as low as 10 viral DNA copies, which had 105-fold higher sensitivity than that of conventional PCR (Wang et al., 2015a). The qPCR assay has been applied to detect clinic samples, where 32 infected samples were identified, while only 23 samples were detected by the conventional PCR and control group were all negative (Table 4). qPCR not only offered a higher sensitivity to qPCR assay, but also avoided the post PCR processing. In addition, the qPCR assay permitted the simultaneous detection and quantification of DNA, and it also provided a more objective final analysis. The reproducibility of the qPCR method was determined by calculating the CV for each set of triplicate replicas based on copy number (between runs) (Bustin et al., 2009; León et al., 2017). In this study, the CV for replicates between runs ranged from 0.73 to 2.18%, which showed high reproducibility with intra-assay and inter-assay variabilities.


Table 4. Comparison of the results obtained from 35 selected samples using conventional PCR and qPCR.
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The total positive rate of MiCV in different farms 49.38% had some differences in the prevalence of the MiCV infection in different provinces. According to Wang et al. they obtained the positive rate was 54.6% (Wang et al., 2015a).

The qPCR method was able to quantify the level of viral DNA in different tissues of the MiCV infected minks. In the present study, viral DNA loads of MiCV infected minks were found to be widely distributed in various tissues of artificial infection and naturally infection samples. The naturally infected minks mean viral loads of skeletal muscle, heart, kidney and brain was present at higher levels, 5.31 × 108 copies/g, 5.02 × 108 copies/g, 2.94 × 108 copies/g, and 2.45 × 108 copies/g, respectively. Among artificial infection minks, the order of tissues with higher mean viral loads is heart (6.93 × 108 copies/g), skeletal muscle (4.75 × 108 copies/g), brain (1.36 × 108 copies/g), then duodenum (1.36 × 108 copies/g). However, the viral DNA loads in lymphoid tissues are not very high. The heart has a higher mean viral loads in both naturally infected minks and experimentally infected minks. We also found that the heart can be tested positive for MiCV easily, due to its relatively high testing rate in infected minks. However, other tissues can't satisfy these two requirements simultaneous. Based on these reasons, the heart can be considered the first choice of tissue for detecting MiCV in infected minks and might be a key index for MiCV detection.

Furthermore, the pathogenic role of MiCV is still unclear, though the virus distribution in tissues may be related with the pathogenicity. Hence, the result of the viral loads in different tissue samples of MiCV-infected minks may be conducive to MiCV pathogenicity-related research in the future.

The qPCR assays for PCV2 and DogCV detection have been previously reported (Wei et al., 2008; Hsu et al., 2016), but the sequence of these viruses was different. According to these references, we try to explore an qPCR assay to detect MiCV. To our knowledge, this is the first study to apply the use of qPCR technology in a diagnostic test for the distribution of MiCV in the tissues of infected minks. To sum up, heart tissues in MiCV-infected minks showed a higher viral loads, compared with other tissues examined. qPCR method, which is rapid, specific, sensitive, repeatable, and quantitative, made this finding possible. This finding but also provides further insights into detection of MiCV for clinically infected minks and for the diagnosis of viruses where heart tissues are the primary source of test material.

A highly sensitive, specific, repeatable and quantitative MiCV qPCR method for the detection of infected mink samples has been developed and established in this study. Our result also showed that the heart is maybe a priority source of test material. This technique has the potential to be applied in the experimental infections and clinic samples, which may help to control the spread of the disease.
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