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Editorial on the Research Topic
 Diagnostic Procedures in Veterinary Microbiology and Infectious Diseases



The authors are pleased to have been invited to serve as Guest Editors for the Research Topic entitled: “Diagnostic Procedures in Veterinary Microbiology and Infectious Diseases.” This Research Topic is a collection of 19 manuscripts (14 original research papers, four brief research reports, and one mini-review article) published from 130 authors, which, so far, have received thousands of views. The geographical areas represented include Europe (n = 6), North America (n = 5), South America (n = 1), Australia (n = 1), and Asia (n = 6).

Infectious diseases are relevant to veterinary medicine, both in companion animals and in livestock, due to their ability to induce clinical illness and/or economic losses. Additionally, infectious diseases of animals are relevant to public health in that the causative organisms can be carried by animals and be spread to humans to cause zoonotic disease. Knowledge of the pathological mechanisms that microorganisms have developed is a critical issue for a correct and prompt diagnosis, which can be life-saving for animals. Inspired by the recent SARS-CoV-2 pandemic, we thought about the importance of working from the One-Health perspective and about how timely diagnosis of infectious diseases represents a significant challenge.

Diagnosticians use two primary methods to detect infectious diseases: confirming the presence of the microorganism or detecting antibodies against the organism. Despite the availability of an array of techniques, among the last-generation assays, no single test is usually considered the definitive golden standard, and that is the reason why there is still an urgent need for research on infectious disease diagnosis.

Therefore, out of the various research questions proposed by manuscripts submitted in this Research Topic section, the large majority of contributing studies describe new advances, i.e., novel assays or improvement of pre-existing tests for diagnostic purposes, in veterinary microbiology for several animal species.

Pig production is one of the fastest growing livestock sectors in the world. That is probably the reason why several contributions in our Research Topic are related to the main infectious diseases, which represent a significant threat for the swine industry worldwide. Of note, African swine fever (ASF) has caused great economic losses in the pork industry, and the current lack of commercially available vaccines makes the prevention and control of ASF worldwide even more challenging. Yu et al., described the production and characterization of p30 monoclonal antibodies and the subsequent development of an ELISA kit for early detection of ASF virus (ASFV). This kit has high diagnostic specificity and sensitivity and is able to detect seroconversion in infected pigs as early as 10 days post-infection (dpi). Therefore, this assay is a very useful tool for early detection of ASFV. Jia et al., described another method for ASFV DNA quantification, which utilizes a next-generation PCR platform, nanofluidic chip digital PCR. Due to its high sensitivity, this assay appears to be very useful, especially for the recognition of early ASFV infection. Velazques-Salinas et al., in an attempt to find a potential vaccine to protect pigs against ASFV, developed attenuated vaccine candidates by deleting critical viral genes associated to virulence. In their paper, they describe how they developed three new quantitative PCR (qPCR) assays for differentiation between infected and vaccinated animals (DIVA). Collectively, the results of this study demonstrate the potential of qPCR assays as tests supporting ASFV vaccination.

Among other porcine viruses explored in our collection, Mai et al., investigated the high coinfection status of novel porcine parvovirus 7 (PPV7). Sows with porcine circovirus 3 (PCV3) experience reproductive failure, suggesting that PPV7 may play a role in infection as cofactor by enhancing PCV3 replication. More analyses of the exact PPV7 pathogenesis mechanism are warranted, and there is an urgent need to further investigate coinfections in the porcine field. Liu et al., studied porcine astroviruses (PAstVs), which are prevalent in pigs and of which five genotypes have been reported worldwide. Multiple PAstV genotypes and coinfection and genetic recombination events have often been reported. However, there is still no diagnostic method available for PAstV genotype detection. In this study, a multiplex reverse-transcription PCR (RT-PCR) method, which is efficient and convenient for the diagnosis of five known PAstV genotypes, was established. This method is a valuable tool for the differential diagnosis of PAstVs circulating in pig herds and will facilitate the surveillance of PAstV coinfection.

The emergence of new viruses or variants due to spillover or mutation or recombination events makes monitoring of porcine enteric coronavirus (CoV) of utmost importance in order to curtail their spread and allow for updated diagnostic tools. The emergence of new CoVs and the re-emergence of porcine epidemic diarrhea virus (PEDV) worldwide require studies characterizing these CoVs on pig farms in order to allow an accurate differential diagnosis of viral diarrhea. Although Puente et al., demonstrated that PEDV is the only CoV currently circulating in Spain, they highlighted the need for constantly monitoring porcine enteric CoVs in order to prevent their spread and allow for updated diagnostic tools. So, gastrointestinal infectious diseases affect pigs worldwide and are one of the major concerns in many countries. The disease occurs usually at the post-weaning stage and impairs pig performance, weakens welfare, and causes economic losses to farmers due to medication costs as well as slow growth. One of the main challenges to investigate the health status of pigs is to find a less stressful and non-invasive sampling method. Sali et al., explored the dynamics of salivary biomarkers such as adenosine deaminase (ADA), haptoglobin (Hp), and cortisol from saliva samples of growing pigs exposed to LPS challenge. Their study suggests that ADA and Hp can be used as inflammatory biomarkers in pigs.

Infectious diseases of livestock are a major threat to global animal health and welfare and their effective diagnosis is crucial also for human health. Okda et al., developed diagnostic tools to differentiate between influenza D virus (IDV), a novel orthomyxovirus emerging in cattle worldwide, and the human influenza C virus (ICV), through an ELISA test. It is critical to develop diagnostic tools and assays to differentiate between ICV and IDV due to their similar genomic structures. These authors successfully developed a blocking ELISA assay able to differentiate between these two closely related viruses.

Bovine respiratory disease (BRD) is one of the major causes of losses for the cattle industry worldwide, and the efforts to improve diagnostic procedures to identify pathogens caused BRD are remarkably increasing, also to provide some indication for veterinarians. Klompmaker et al., used high-throughput real-time PCR to detect some bovine respiratory pathogens and quantified the cut-off values for pathogens associated with BRD in an effort to analyze the association between these findings and clinical observations. The authors found that it is possible to suggest clinically relevant cut-off values with statistically significant associations with clinical scores indicating respiratory disease for P. multocida, M. bovis, and H. somni. This study thereby presented an interesting approach for objective and veterinary field-relevant diagnostic test interpretation. The same research group, in the wider project of Goecke et al., aimed to design and develop a high-throughput real-time PCR system for the detection of significant respiratory and enteric viral and bacterial bovine pathogens. Nowadays, detection of these pathogens is costly and time consuming due to the methodology used and due to the fact that several different PCR assays are needed to cover the wide range of circulating pathogens. Their study shows that the high-throughput real-time PCR method allows simultaneous analysis of a large number of samples and contributes to more detailed diagnostics.

Another biomolecular assay was developed by Hole et al., for the diagnosis of vesicular stomatitis virus (VSV). Vesicular stomatitis virus causes a disease in susceptible livestock that is clinically indistinguishable from foot-and-mouth disease (FMD). Rapid testing is therefore critical to identify VSV and rule out FMD. The authors improved a previously published multiplex real-time RT-PCR (mRRT-PCR) assay. In this paper they highlight the challenges that the large genetic variability of VSV poses for virus detection by mRRT-PCR and show the importance of frequent re-evaluation and validation of diagnostic assays for VSV to ensure high sensitivity and specificity. Similarly, Subbiah et al., focused on the emerging field of next-generation sequencing and metagenomics to address the problem of detecting disease conditions in veterinary science with a metagenomic shotgun sequencing approach for unbiased detection of the microbiome. The authors used horses that were suspected to have tick-borne diseases and demonstrated the detection of A. phagocytophilum, suggesting that this approach can be used to detect blood-borne pathogens.

In recent years, the incidence of brucellosis has increased annually, causing economic losses in various countries. Therefore, the development of rapid, sensitive, and specific diagnostic techniques for brucellosis has become critical. Yin et al., used “immunoinformatic” technology to predict the B cell epitopes in the major outer membrane proteins of Brucella, establishing an ELISA method for brucellosis diagnosis based on a multi-epitope fusion protein that can be used to assess the serum of bovine, goats, and other livestock.

One of the aims of our Research Topic section was to find new diagnostic approaches to replace the so-called golden standard tests. Dall'Ara et al., demonstrated the utility of an in-clinic ELISA test in detecting protective antibodies against canine parvovirus (CPV) in adult dogs and compared it with the golden standard, the hemagglutination inhibition (HI) test, both after vaccination and/or infection. Moreover, in unvaccinated puppies, specific CPV maternally derived antibody titers can be measured more easily by an in-clinics ELISA test, allowing the prediction of the best time of vaccination, thus reducing the rate of vaccination failures.

Silvestri et al., investigated the methicillin resistance of S. pseudintermedius (SP) through a new approach. The resistance is mediated by the mecA gene, which encodes the PBP2a protein and conveys resistance to β-lactams. The authors showed that immunofluorescence is a promising technique, with a good capability of correctly identifying resistant and sensitive SP. Immunofluorescence has the potential to be applied as a screening method, independent from the golden standard, bacterial culture. Therefore, it represents a new interesting tool for both research and diagnostics.

Guedes et al., investigated the usefulness of the ranking technique to predict the most likely infecting serogroup of Leptospira. The microscopic agglutination test (MAT) used for the serological diagnosis of leptospirosis, as a robust and inexpensive method, is still the reality in many laboratories worldwide. However, both the performance and the interpretation of the MAT vary from region to region, making standardization difficult. Of course, MAT replacement may be difficult, but the authors proposed the ranking technique as another way of interpreting the results obtained by MAT, in order to refine the data and reduce the occurrence of cross-reactions between the serogroups, thus demonstrating that this technique can be useful in the MAT for predicting the most likely infecting serogroup of Leptospira and can be applied in epidemiological studies involving herds.

Hwang et al., performed an interesting study on chronic wasting disease (CWD), which is a transmissible spongiform encephalopathy in free-ranging and captive cervid species. The disease process is ultimately fatal and occurs through the misfolding of a normally occurring protein. Detection of this misfolded protein is the only known means by which a prion disease can be diagnosed, and it is typically performed after death. The authors developed an approach for the detection of this misfolded protein using a technique known as real-time quaking-induced conversion (RT-QuIC) from secretions and excretions. Real-time quaking-induced conversion is a powerful tool to detect infectious fecal prions from CWD-infected white-tailed deer, well before the onset of clinical disease.

Interestingly, Peng et al., developed an intelligent genotyping platform, PmGT, for P. multocida strains according to their whole genome sequences using web 2.0 technology. Using PmGT, the authors determined capsular genotypes, LPS genotypes, and MLST genotypes as well as the main virulence factor genes of P. multocida isolates from different host species based on their whole genome sequences published on NCBI. The results revealed a close association between the genotypes and pasteurellosis rather than between genotypes and host species. With the advent of high-quality, inexpensive DNA sequencing platforms, PmGT represents a more efficient tool for P. multocida diagnosis in both epidemiological studies and clinical settings.

Finally, a review article by Cameron et al., was included in our Research Topic section, covering the current knowledge and limitations of the use of field-based nucleic acid amplification technology termed loop-mediated isothermal amplification (LAMP) for the diagnosis of honey bee pathogens and pests. Loop-mediated isothermal amplification assays have become an important tool in the last few years in the detection of both exotic and endemic pathogens in the livestock industry.

Taken together, all the published papers in this Research Topic contribute to the development and improvement of techniques and strategies to control animal infectious diseases, exploring novel diagnostic tests, and new technologies that have the potential both to advance our understanding of bacterial/viral animal infections and to improve current diagnostic and control strategies.
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Influenza D virus (IDV), a novel orthomyxovirus, is currently emerging in cattle worldwide. It shares >50% sequence similarity with the human influenza C virus (HICV). Two clades of IDV are currently co-circulating in cattle herds in the U.S. New assays specific for each lineage are needed for accurate surveillance. Also, differential diagnosis between zoonotic human influenza C virus and the two clades of IDV are important to assess the zoonotic potential of IDV. We developed an enzyme-linked immunosorbent assay (ELISA) based on two different epitopes HEF and NP and four peptides, and fluorescent focus neutralization assay to differentiate between IDV bovine and swine clades. Calf sera were obtained, and bovine samples underwent surveillance. Our results highlight the importance of position 215 with 212 in determining the heterogeneity between the two lineages. We needed IFA and FFN for tissue culture–based analysis and a BSL2 facility for analyzing virus interactions. Unfortunately, these are not available in many veterinary centers. Hence, our second aim was to develop an iELISA using specific epitopes to detect two lineages of IDVs simultaneously. Epitope-iELISA accurately detects neutralizing and non-neutralizing antibodies against the IDV in non-BSL2 laboratories and veterinary clinics and is cost-effective and sensitive. To differentiate between IDVs and HICVs, whole antigen blocking, polypeptides, and single-peptide ELISAs were developed. A panel of ferret sera against both viruses was used. Results suggested that both IDV and ICV had a common ancestor, and IDV poses a zoonotic risk to individuals with prior or current exposure to cattle. IDV peptides IANAGVK (286–292 aa), KTDSGR (423–428 aa), and RTLTPAT (448–455 aa) could differentiate between the two viruses, whereas peptide AESSVNPGAKPQV (203–215 aa) detected the presence of IDV in human sera but could not deny that it could be ICV, because the only two conserved influenza C peptides shared 52% sequence similarity with IDV and cross-reacted with IDV. However, blocking ELISAs differentiated between the two viruses. Diagnostic tools and assays to differentiate between ICV and IDV are required for serological and epidemiological analysis to clarify the complexity and evolution and eliminate misdiagnosis between ICV and IDV in human samples.

Keywords: influenza D viruses, influenza C viruses, differential diagnosis, peptide ELISAs, blocking ELISA, diagnostic assay
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GRAPHICAL ABSTRACT. Graphical Abstract represents schematic flowchart for differential diagnosis between the two clades of IDV in bovine samples and between IDV and HICV in human samples using new diagnostic assays:

*NP-iELISA and HEF-iELISA for detection of IDV in non-BSL2 laboratories in bovine samples.

*Immunofluorescence and neutralization assays for detection of IDV in bovine samples.

*Peptide ELISA for differentiation between the swine and bovine lineage of IDV in bovine samples.

*Blocking ELISA and a panel of peptide ELISAs for differentiation between IDV and human ICV in human samples.


INTRODUCTION

Influenza viruses (IVs) are a public health threat, as they are associated with a high rate of morbidity and mortality every year (1). Although both influenza A viruses (IAVs) and influenza B viruses (IBVs) cause annual epidemics in human populations, IAVs have been associated with several pandemics in past decades due to their wide host range and cross-species transmission (2, 3). As the host range of IBVs and influenza C viruses (ICVs) is limited, their mutational capacity is also limited, so they do not cause pandemics (1). IDV is a novel IV detected in cattle and swine and is antigenically and biologically distinct from the human ICV [2]. Several studies suggest that bovine species is the natural host reservoir, and IDV is possibly involved in the bovine respiratory disease complex (4).

Serological studies show the presence of IDV in beef cattle at least since 2004 (5). Bovine species are the main reservoir for IDV. However, young weaned and immunologically naive calves are very susceptible to IDV, as there is a reduction in maternal antibodies from birth to 6 months (6). IDV seroprevalence is ~62% in cattle, alone or with other respiratory viruses, that could influence the severity of respiratory syndrome disease in cattle (7). Moreover, serological studies on small ruminants in different US states report that 13.5 and 13.3% of sheep and goat farms, respectively, have IDV exposure (8). Calves weaned and co-mingled play a critical role in circulation and transmission of IDV, and neonatal calves acquire maternal immunity against IDV within the first 24 h through colostrum. However, this declines within 6 months (9, 10), as the passively acquired IgG has a half-life of 21.2–35.9 days (11). Enzyme-linked immunosorbent assays (ELISAs) and virus neutralization assays are considered accurate and rapid serological and diagnostic assays in veterinary and human medicine (12).

Common diagnostic tests for IVs include direct detection of virus attachment to sialic acid–linked receptors on red blood cells by the hemagglutinin assay (HA), or by detecting virus-specific neutralizing antibodies that inhibit virus binding to RBCs by using hemagglutination inhibition (HI), an agar gel precipitation test (AGP), or the micro-neutralization (MN) assay, an ELISA-based virus neutralization test (13, 14). Both the HA and HI are commonly used, but different IVs show variations in the avidity to RBCs (15). In a recent study, several IVs showed low binding to RBCs, and low avidity of some recent IVs has caused major issues due to inconsistent HI tests, especially for evidence relating to antigenic drift or determining changes related to the IV vaccine (16). Also, the HI test is labor intensive and requires many standardizations (17). Disadvantages of the agar gel precipitation test are low sensitivity and high time consumption (18, 19). The MN assay is considered more sensitive than the HI or agar gel precipitation tests, but it requires further standardization for routine evaluation of vaccine efficacy (20). HI requires reference sera specific for each virus for each test performed (14). HI can detect antibodies that can block the binding of viral hemagglutinin to receptors on RBCs, However, the MN test is a tissue culture–based assay to identify functional antibodies for hemagglutinin to prevent infection of cells (13, 21).

Reverse-transcription PCR detects viral nucleic acids and is commonly used to diagnose IDV (4). It is a highly sensitive assay for virus identification, but has low efficacy in large-scale surveillance, due to early clearance of viral nucleic acids (22). Given that two lineages of IDV are not cross-reacted using the HI test but they showed low or no HI titer to each other (4), an accurate ELISA test based on conserved antigen specificity for IDV, along with a fluorescence-based neutralization assay, is required for effective IDV surveillance. Moreover, new diagnostic assays specific for each IDV lineage are needed to obtain critical information about viral evolution and vaccine efficacy (12). Highly conserved proteins in the genus of IVs include nucleoproteins (NPs), with only 20–30% of intergenic homologies (4). Therefore, we aimed to develop a highly sensitive and specific ELISA based on two different epitopes NP and HEF for serological studies and four different peptides to differentiate between the two circulating lineages of IDV. We also planned to optimize a quick and accurate fluorescent focus neutralization (FFN) assay using a high-avidity-binding polyclonal antibody specific for the whole viral antigen.

Influenza D virus (IDV) can cause respiratory disease in pigs and cattle and is closely related to human ICV (23). IDV shares 50% amino acid sequence identity with ICV, lacks the neuraminidase gene, and has seven genes instead of eight seen in IAV and IBV (4). Based on the National Center for Biotechnology Information analysis, Sequence similarity between ICV and IDV is as follows: PB2 gene, 58.5%; PB1 gene, 66.7%; P3 gene: 57.29%; HEF gene: 55.7%; NP gene: 51.4%; NS gene: 47.5%; and P42 gene; 52.4% (Table 3 and Figure 5). ICV infection is characterized by mild clinical respiratory illness with a low frequency of infection, commonly in young and elderly individuals (24). IDV can infect ferrets, but has not transmitted from human to humans to date (4, 5). ICV has a global distribution in children (25), and is reported in pigs (26), dogs (27), and camels (28). In contrast, IDV has been reported in swine (23), cattle (4), goat (8), and equine (29) species. IDV has shown serological reactivity with plasma collected from human exposed to cattle (30). In 2017, IDV was detected in rectal swabs, raising the concern that it could replicate in the intestinal tract as IAV and IBV do (31). ICV lacks an open channel due to a salt bridge interaction. However, IDV has an open channel that can accommodate a diverse range of glycans, which can contribute to broad cell tropism. Some genetic and antigenic IDV lineages do not reassort with ICV or IDV or cross-react with antibodies against some human ICVs (32). In our study, we optimized IDV and ICV blocking and peptide ELISAs with known antibody panels specific to each virus, which can be used to detect and distinguish between ICVs and IDVs in human serum samples.



MATERIALS AND METHODS


Cell Culture and Virus Production

Madin-Darby canine kidney (MDCK) cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. Influenza D/bovine/Oklahoma/660/2013 (D/660 or bovine clade) and D/swine/ Oklahoma/1334/2011 (D/OK or swine clade) were previously isolated from bovine or swine showing symptoms of respiratory disease (23). Influenza C/Human/Johannesburg-1/1966 were obtained from St. Jude Children Research Hospital. Viruses were propagated by infecting confluent MDCK cells at a multiplicity of infection of 0.01, and then incubated at 33°C with ~5% CO2 for 5 days, using virus growth/maintenance media and DMEM with 0.1 μg/mL TPCK-treated trypsin. After 5 days, infected cell cultures were frozen and thawed thrice, and the supernatant was centrifuged at 500 × g for 15 min at 4 degree to remove cellular debris. Virus titer was determined by using MDCK cells according to the Reed and Meunch method (33).



Serum Samples

Approximately 500 randomly selected bovine serum samples were collected (South Dakota State Animal Disease Research and Veterinary Diagnostic Laboratory) mostly 6-month-old calves. Sample from 1 year to 2 years old bovine, bovine sera from different seasons, and ferret sera (from previous experiments) were supplied by St. Jude Children's Research Hospital.



Hemagglutination Inhibition Assay

The HI assay was run in bovine serum samples as per World Health Organization standard manual (5). Samples were pre-treated with receptor-destroying enzyme (Denka 261 Seiken, Chuo-ku, Tokyo, Japan). The HI assay was performed using 1% turkey RBCs (Lampire Biological Laboratories, PA, USA). Serial 2-fold dilutions of serum samples were tested in duplicate. Titers were expressed as reciprocal of the highest serum dilution of serum yielding complete hemagglutination. All samples were assayed in three separate experiments, and mean antibody titers were calculated.



Indirect Immunofluorescence Assay

All bovine samples were tested by immunofluorescence analysis (IFA) developed and previously optimized (12) and classified as positive or negative.



Preparation of Antigens Used for ELISA
 
Bacterial Expression and Purification of the IDV Nucleocapsid Protein (NP)

A full-length IDV NP gene sequence of the IDV strain D/bovine/Ok/660/2013 (GenBank: KF425663.1) was previously synthesized and used (12). Purified proteins were run on a western blot (WB) using anti-rabbit IDV polyclonal antisera previously generated in our laboratories.



Bacterial and Mammalian Expression and Purification of IDV Hemagglutinin Esterase

A recombinant plasmid with the synthetic truncated sequence of the region from 400 to 1,665 of the HE sequence of the IDV strain D/bovine/Ok/660/2013 (GenBank: KF425662.1) with the addition of a 3′ 6 × -His tag by GeneArt® Gene Synthesis (GeneScript, Piscataway, NJ, USA) was subcloned in the Pet28 system for bacterial expression as reported previously (34). Plasmid DNA of the HEF-truncated sequence (60-400) and the mutation at amino acid site 212 were linearized by digestion with restriction enzymes BamH1 and Xho1 and then cloned into the pcDNA3.1 mammalian expression vector.



Whole-Virus Antigen

Sucrose-purified/ultraviolet-inactivated IDV strain D/660, C/OK, and HICV strains were used as a whole virus purified control antigen for IFA, WB, and ELISA. Trypsin-treated cleavage viruses were used as a control for HE cross-reactivity.



Preparation of Antibody Panels

The panel of antibodies included ferret α-C/VICTORIA/1/2011, ferret α-Johannesburg-1/1966, ferret α-D/OK/1334/2011, and ferret α-D/OK/660/2013, which were generated at St. Jude Children's Research Hospital (5). Experimental bovine α-D/OK/660/2013 and Experimental D/bovine/Mississippi/C00046N/2014 and D/bovine/Mississippi/C00013N/2014 were kindly provided by Dr. Xiufeng Wan and Dr. Lucas Ferguson, Mississippi State University. Convalescence-positive bovine D, rabbit α-D/OK/1334/2011, rabbit Dα-D/OK/660/2013, and negative control were prepared in South Dakota State University.



Peptide Design to Determine Heterogeneity Between the Two Lineages of IDV in Antibody Recognition

We designed four different peptide covers for amino acids K212 and R212 in both lineages. Four peptides were synthesized by Genscript. Four different peptides, SVNPGARPQACGTEQ (206-220aa), SVNPGAKPQACGTEQ (206-220aa), SVNPGAKPQVCGTEQ (206-220aa), and SVNPGARPQVCGTEQ (206-220aa), covering the region of position 212, were used. In the D/OK lineage, the K is in position 212 and the V in position 215, whereas in the D/660 lineage only R is in position 212 and A in position 215.



Preparation of Polypeptides and Single Peptides to Differentiate Between ICV and IDV

Based on the alignment between the HEF of ICV and IDV, we selected four different conserved peptides for each virus that were different in amino acid sequences. Amino acid sequences ranged from 7 to 16 amino acids (Figure 5). A combination of equal concentration of each peptide was used as a polypeptide antigen. For optimization, a panel of antibodies specific for ICV and IDV was used. The ICV sequence was used as antigen (which did not include the influenza D sequence) to reflect the antigenicity of ICV. Then, using the ICV sequence as antigen and IDV sequence as negative control, synthetic peptides were purchased (GenScript). Peptides were chosen based on conserved amino acid differences in the HEF protein. RTDKSNSAFPRSAD (74–87 aa), in which its conserved but like IDV 58%. GSRKESGGGVTKES (484–497 aa). We did not find conserved peptides specific to ICV, and they did not share any amino acids with IDV. For IDV, we found four conserved peptides different from those in ICV: AESSVNPGAKPQV (203–215 aa), IANAGVK (286–292 aa), KTDSGR (423–428 aa), and RTLTPAT (448–455 aa) (Figures 4A, 5).



Cross-Reactivity Between the Two IDV Lineages

Rabbit polyclonal primary antibodies (IgG) against IDV D/660 and D/OK were used as controls to study the cross-reactivity between clades D/660 and D/OK, which are antigenically different. Monoclonal antibodies generated in our laboratories against D/660 were also used. Cross-reactivity between the two lineages was evaluated by WB and IFA of the mammalian expression system of the HE protein.



Western Blot

WB was performed using sucrose-purified viruses and recombinant NP and HE proteins. First, 50 μg of protein was resolved by SDS-PAGE in 7% acrylamide gels and transferred to nitrocellulose membranes. After blocking blots with 5% non-fat dry milk in TBS-Tween 20 (0.1%; TBS-T 20) solution for 2 hr at RT, they were probed with hyperimmune polyclonal antibodies, monoclonal antibodies, and selected bovine antibodies diluted overnight in 5% non-fat dry milk TBS-T 20 were incubated at 4°C. Blots were washed thrice with TBS-T 20 for 10 min at RT and incubated with a goat anti-bovine IgG-HRP (Jackson ImmunoResearch Laboratories, INC, USA) conjugate secondary antibody for bovine sera, a goat anti-rabbit IgG-HRP conjugate secondary antibody for rabbit-polysera, and a goat anti-mouse IgM-HRP conjugate secondary antibody for mAbs for 2 h at RT. Commercial anti-HIS antibody (Invitrogen, Carlsbad, CA) at 1:10,000 was used as primary antibody to confirm expression of the recombinant protein. FBS was used as a negative control. Blots were washed thrice with TBS-T 20 for 10 min, and bands were visualized by staining with 4-chloro-1-naphthol (ThermoFisher, Grand Island, NY).



Assay Development and Validation

Positive bovine samples from HI, IFA, and WB were collected to prepare strong positive bovine sera specific for IDV and used for assay development.



Indirect ELISA Development and Optimization

Ultraviolet radiation–inactivated, sucrose purified viruses, NP and HE recombinant proteins expressed in E. coli were used in indirect ELISA (iELISA). Polysorb microtiter plates (Immunolon Polysorb, 96 well, Thermo Scientific, Waltham, MA) were coated with the appropriate antigen 50 ng/well of ultraviolet radiation–inactivated sucrose-purified whole virus antigen, HE, 100 ng/well; and NP, 25 ng/well (35). Optimal assay conditions (concentration of antigen, serum, anti-bovine biotinylated antibodies, and secondary antibody dilutions) were determined by a checkerboard titration, which gave the highest signal-to-noise ratio. In addition, FBS was used as negative control and a single lot of pooled convalescent IDV serum positive by IFA, HI, and WB was used to establish quality control standards that gave high and low optical density (high OD = 2.0–2.5, low OD = 0.5–1.0, and negative OD = <0.2). The ELISA was performed as previously reported (12, 34).



Blocking ELISA Antigen

Using ICV protein as the antigen to generate antibodies, we performed two rounds of purification for the anti-serum: affinity purification using ICV to obtain antibodies that recognize ICV, and perform cross-absorption using IDV to remove the portion of the antibody that could also recognize IDV; hence, the portion left would recognize ICV but not IDV. Blocking ELISA was performed as described previously (34).



Blocking Polypeptide ELISA

A combination of equal concentration of each peptide was used as a polypeptide antigen. For optimization, a panel of antibodies specific for ICV and IDV were used to block each alternatively.



Fluorescent Focus Neutralization Test

An IDV virus neutralization assay using an FFN format was developed and evaluated using specific, highly neutralized bovine serum samples as described previously (12).



Seroconversion of IDV in Experimentally Infected Calves

Calf sera for the study was provided by the Department of Basic Sciences, College of Veterinary Medicine, Mississippi State University, and Mississippi State, Mississippi, USA.



Measurement of Statistical Testing Agreement and Correlation

Multiple-comparison inter-rater agreement (kappa measure of association) and Pearson's correlation tests were calculated for all four tests (HI, iELISA [iELISA], FFN, and IFA), using the IBM SPSS version 20 software (SPSS Inc., Chicago, IL).



3D Structure for the ICV, PIC1, PIC2, IDV, PID1, PID2, PID3, and PID4

Are done sing the Phyre2 web portal for protein modeling, prediction and analysis using Kelley LA et al. Nature Protocols 10, 845-858 (2015). In intensive mode it was able to generate a theoretical model covering this region. The images were generated in Pymol (The PyMOL Molecular Graphics System, Version 2.3.5 Schrödinger, LLC).



Alignment Between the Selective IDV Peptides Represented in USA Selected Strain and the Non-american IDV Strains

Multiple-sequence alignment of the influenza D virus HEF protein including the four different peptides in comparison to ICV. The HEF protein (NCBI Reference Sequence: NC_036618.1) used in this study were blasted using the NCBI Influenza Virus Resource and the sequences with 97% or more were aligned using muscle v3.8.31, and the aligned sequences of representative viruses at each peptide site are shown along with the consensus sequence (Figure 4, Supplementary Materials 1, 3). Alignment between the NP protein of the two clades of IDV to the non-American strains are shown in Supplementary Material 2.





RESULTS


HI Assay

All randomly collected serum samples from different states were tested by HI, using D/660 after RDE treatment. About 317 samples were positive from 400 cows and bulls, and 100 serum samples were negative from 7- to 8-month old young cattle and calves. However, the HI test using D/OK showed only 166 positive cases from 400 cows and bulls and 100 serum samples negative out of 100. Remaining samples with known HI titers were from St. Jude Children's Research Hospital.



Expression of Recombinant IDV-NP and IDV-HE Antigens by the Bacterial System

Protein yield by the IPTG-induced E. coli culture was approximately 25 mg IDV-NP/liter of 2XYT medium, with a purity of >95%. Purity of the recombinant protein was assessed by SDS-PAGE, and the expected band of 64 kDa for NP and 65 kDa for HE migrated in Coomassie brilliant blue staining. Specificity of recombinant proteins was confirmed by WB, using convalescent IDV-positive serum, FBS as negative control, and anti-His mAb and anti-rabbit-IDV polysera (Figure 1A).
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FIGURE 1. Specificity of recombinant proteins vs. that for the whole virus at the IDV convalescent stage. (A) Specificity of recombinant proteins vs. that for the whole virus at the IDV convalescent stage. (B) IFA of IDV-infected MDCK cells using positive and negative bovine serum samples and anti-bovine fluorescein isothiocyanate (FITC) including positive convalescent bovine anti-IDV sera showing strong fluorescent staining of virus-infected cells and Negative serum sample showing no specific fluorescent staining. (C) Mapping of the IDV mAb.




Immunofluorescence Assay

About 166 of 400 field samples tested by the IFA were classified as positive and 100 of 100 as negative. The IDV-positive control serum showed clear cytoplasmic fluorescence starting at a 1:40 dilution, whereas the IDV-negative serum did not (Figure 1B). We developed an accurate and sensitive IFA specific for both lineages of IDV (Figure 1B) by using control-positive and control-negative serum samples evaluated by WB to avoid non-specific binding (Figure 1A).



Western Blot

WB was done for three purposes. First, WB was used to investigate some selective serum samples against the whole virus, NP, and HE, using the anti-bovine HRP antibody to confirm seroconversion status (Figure 1A). Second, WB was used to map the monoclonal antibody generated in our laboratory. To map the mAb of isotype IgM, sucrose-purified whole virus D/660 and D/OK were treated with trypsin for 1 h at a concentration of 10 μg/ml before running the gel. Non-treated viruses were used as a control along with NP and HE proteins. Our mAb cross-reacted with the HE recombinant protein and did not cross-react with NP. It also cross-reacted with both D/660 and D/OK under trypsin treatment and did not react with the whole virus (Figure 1C) compared to non-cleaved virus with anti-rabbit sera. To map whether IDV produced mAbs that could be used in competitive ELISA, we used WB. We blotted the whole virus of both IDV clades in two forms: cleaved or not cleaved by trypsin. Our IDV-mAb did not recognize the non-cleaved whole virus but reacted strongly with the cleaved version (Figure 1C). Blotting this mAb with the two recombinant NP and HE bacterial expressed proteins showed no recognition with NP but a strong signal with HEF (Figure 1C).



Indirect ELISA

Receiver operating characteristic analysis of the indirect ELISA with the IFA was used to determine sensitivity and specificity values and cutoffs. Optimal cutoff values and corresponding sensitivity and specificity of NP- and HEF-based tests are shown in Figures 2A,B, respectively. Receiver operating characteristic analysis for the NP-iELISA showed 94.4% sensitivity and 91.9% specificity with a cutoff of 0.357. Receiver operating characteristic analysis for the HEF-iELISA showed an estimated sensitivity and specificity of 96.6 and 96.2%, respectively, with a cutoff of 0.321. We detected 332 positive samples out of 350 expected positive samples and 120 negative samples from 150 archived samples (1984–1999), since IDV did not circulate before 2003 (5). We found an ~90% preliminary prevalence of IDV in dairy cattle and 4–7% prevalence in healthy 7-month-old calves. We optimized and validated the HEF- iELISA, and our results showed high specificity and sensitivity (Figure 2B) as well as high correlation with the two neutralizing tests HI and FFN. These results not only confirm the specificity of HI and FFN directed toward protective antibodies against HEF, but also indicate that neutralizing tissue culture-based assays that require BSL2 facilities and a highly prepared lab to perform ELISA to determine neutralizing antibodies can be easily performed in a traditional lab, clinical lab, and veterinary clinics (Table 1). Based on the blast and alignment analysis, both Np and HEF ElISA developed here can be used for the non-American IDV strains (Figure 5 and Supplementary Material 2).


Table 1. Pearson correlation coefficients for diagnostic assays between HI results after log-2 transformation and FFN.
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FIGURE 2. Indirect ELISA specific for IDV (iELISA). (A) Receiver operator characteristics (ROC) and diagnostic sensitivity and specificity of IDV-NP. (B) ROC analysis and diagnostic sensitivity and specificity of IDV-HE (MedCalc version 11.1.1.0, MedCalc software, Mariakerke, Belgium) In each panel, dot plot on the left and right denote negative and positive testing populations, respectively. The horizontal line bisecting the dot plots denotes the cutoff value for optimal diagnostic sensitivity and specificity. (C) Seroconversion of IDV in infected calves using ELISA-based NP, HE, and FFN in calves experimentally infected with IDV.




Seroconversion of Influenza D Virus in Experimentally Infected Calves

Calf sera showed seropositivity at day 9 post infection with Np and HEF-iELISA, with high titers of neutralization seen with FFN at 21 DPI (Figure 2C).



FFN

The FFN assay was initially run by using well-recognized positive convalescent serum samples by WB, IFA, HI, and ELISA. Essentially, the 100 negative samples showed serum FFN endpoint titers of <1:20 and included calves 6–7 months old. Of the 350 positive sample set of cows and bulls, 349 had endpoint titers from 1:80 to 1:1280. We optimized and developed FFN by using high-throughput methods specific for IDVs.



Statistical Correlation Among HI, FFN, and HEF-iELISA

Pearson's correlation test among all diagnostic platforms showed high correlation values among assays. There was a good correlation between HI results after transformation to log 2: FFN value was 0.732 between HEF-iELISA and FFN-log 2 was 0.556, and that of iELISA based on HEF and HI log 2 was 0.532 (Table 1). The HI results using both clades D/660 and D/OK were different in seropositive status but the FFN results were able to cover both. Our IFA, iELISAs and FFN tests specific for IDV will detect both the protective and non-protective antibodies against the two IDV antigenically different clades that co-circulating in the U.S. Indirect HE ELISA and FNN showed a high correlation with HI results, which confirm that the HI test can be replaced by HEF- iELISA and FFN. The HI results from clades D/660 and D/OK revealed differences in seropositive status, but FFN results were consistent.



Cross-Reactivity Between the Two Lineages of IDV

Cross-reactivity between IDV-D/660 and IDV-D/OK was determined using rabbit antisera specific for both IDV lineages generated in our laboratories. We used WB with different epitopes from whole-virus D/660, D/OK, trypsin and no trypsin treated D/660, trypsin and no trypsin treated D/OK, and recombinant N and HE proteins against rabbit antisera specific for both lineages alternatively. Figure 3A shows that both anti-rabbit sera reacted with both viruses treated or not treated with trypsin, demonstrating cross-reactivity between the two clades when using our rabbit antisera. Therefore, our rabbit antisera will serve as an accurate tool for general diagnosis of IDV in the US. Moreover, to investigate whether the amino acid 212, located in the apex of the HE receptor binding domain, has a critical role in antibody recognition, we introduced a deletion mutation in this region and cloned the mutant in the PcDNA3.1 mammalian expression vector and then transfected MDCK cells with the construct. Transfected cells were stained by both rabbit polyclonal antisera specific to the two IDV clades and cross-reacted with mutant HEF. The mutation introduced by deleting the amino acid site 212 of the HE protein and transfection in MDCK cells using lipofectamine 3000 did not affect the antigenic recognition of the epitope against mAb and rabbit antisera for both lineages using IFA (Figure 3B).
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FIGURE 3. Cross-reactivity between two IDV different clades of D/660 and C/OK. (A) Cross-reactivity between the two IDV different clades of D/660 and C/OK using specific polyclonal rabbit anti-IDV sera against each clade and using polyclonal rabbit anti-IDV/D/660 and polyclonal rabbit anti-IDV/C/OK sera against cleaved and non-cleaved viruses. (B) Cross reactivity of the mutant HE protein at the site 212 amino acid. MDCK cells were stained with both IDV lineages of anti-rabbit-sera and mAb after transfection in MDCK cells. (C) List of peptides used and recognition of both D/OK and D/660 antibodies.




Peptide ELISA to Assess the Heterogeneity of Recognition Between the Two Lineages

Despite the genetic differences between the two lineages, mutation in position 212 did not show differences in the recognition of antibodies. Therefore, we investigated the importance of K, R, A, and V amino acids in the heterogeneity of the IDV-circulated lineage and found that positions 215 play an important role in heterogeneity (Figure 3). We treated both sucrose-purified viruses with TPCK-treated trypsin to cleave the HE protein and used both rabbit polyclonal antisera against both clades alternatively (Figure 3A). Both cleaved and non-cleaved viruses reacted to both rabbit antisera. Also, both polyclonal antisera specific to both clades reacted with the D/OK HE recombinant protein. Therefore, we developed peptide ELISA using a panel of four different peptides. Each peptide had 14 amino acids covering the region from positions 206 to 220 (Figure 3C). Both positions 212 and 215 are important for the heterogeneity between the two lineages (Figure 3, graphical abstract and Table 2). Peptide ELISA with the anti-IDV ferret serum was positive with D/OK and D/660 m in position 215 (A to V), with no cross reaction with D/660. The list of peptides and recognition of both D/OK and D/660 antibodies are given in (Figure 3C and Table 2). These results highlight the importance of position 215 with 212 in the zoonotic importance of IDV. Using the peptides ELISA with anti-IDV from ferret showed only positive with the D/OK lineage and D/660 mutant in position 215 (A to V).


Table 2. Summary for the representative assays in this study compared to the shaded standard assay used for influenza viruses.
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Table 3. IDV similarities to ICV IDV shares 50% amino acid sequence identity with ICV, lacks the neuraminidase gene, and has seven genes instead of eight seen in IAV and IBV (4).
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Structural Representation of the Haemagglutinin Esterase Fusion Glycoprotein From the Influenza C Virus and the Influenza D Virus

Structural representation of the haemagglutinin esterase fusion glycoprotein from the influenza C virus in green [PDB:1FLC (32, 36)] and the influenza D virus in blue [PDB:5E64 (32)]. ICV peptide one (PIC1) is found in esterase domain one and has the sequence RTDKSNSAFPRSAD. ICV peptide two (PIC2) is found in fusion domain two and has the sequence GSRKESGGGVTKES (Figure 4A). IDV peptide one (PID1) is found in the receptor domain and has the sequence AESSVNPGAKPQVCGT. IDV peptide two (PID2) is also found in the receptor domain and has the sequence IANAGVK. IDV peptide three (PID3) is found in the fusion domain and has the sequence KTDSGR. An enzymatic cleavage site was noted adjacent to IDV peptide three. IDV peptide four (PID4) falls within a 17 amino acid region not represented in structural data. Its location is highlighted with a dashed circle. IDV peptide four has the sequence RTLTPAT and occupies the fusion domain (Figure 4A).
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FIGURE 4. Differentiation between IDV and ICV. (A) Structural representation of the haemagglutinin esterase fusion glycoprotein from the influenza C virus in green (PDB:1FLC) and the influenza D virus in blue (PDB:5E64). Peptides of interest are represented in red. ICV peptide one is found in esterase domain one and has the sequence RTDKSNSAFPRSAD. ICV peptide two is found in fusion domain two and has the sequence GSRKESGGGVTKES. IDV peptide one is found in the receptor domain and has the sequence AESSVNPGAKPQVCGT. IDV peptide two is also found in the receptor domain and has the sequence IANAGVK. IDV peptide three is found in the fusion domain and has the sequence KTDSGR. An enzymatic cleavage site was noted adjacent to IDV peptide three. IDV peptide four falls within a 17 amino acid region not represented in structural data. Its location is highlighted with a dashed circle. IDV peptide four has the sequence RTLTPAT and occupies the fusion domain. (B) NP, HEF, and IDV antigens were blocked by anti-ICV antibodies. ICV was blocked by anti-IDV antibodies. Compared to blocking ELISA, polypeptides and single peptide ELISA had higher sensitivity and specificity of peptides to differentiate between IDV and ICV.




Blocking Polypeptide ELISA and Single-Peptide ELISA to Differentiate Between ICV and IDV

On the basis of the alignment between the HEF of ICV and IDV, we selected four different conserved peptides for each virus that have different amino acid sequences. The amino acid sequences had seven to 16 amino acids. A combination of equal concentration of each peptide was used as a polypeptide antigen. For optimization, a panel of antibodies specific for ICV and IDV were used (Figure 4B). To establish a serological test to differentiate between two closely related viruses, we developed peptides, blocking polypeptides, and blocking whole antigen ELISAs. Our IDV blocking and peptide 2–4 ELISAs can be used to detect and distinguish between ICV and IDV. IDV was more conserved and had three different peptides that did not cross-react with ICV, whereas the only two conserved ICV peptides were positive for IDV (Figure 4B). This indicates that ICV can cross-react with IDV and vice versa.



Representation of the IDV HEF Protein and Peptides Among Non-american IVD

Representation of the IDV HEF protein including the four IDV peptides of the strain in our study. The IDV Peptides showed more similarities to the European strains than of the Asian. The two clades IDV virus led sequence are cataloged with other virus sequences from the blast then an alignment using Bio edit program has been done. As part of this process, we compared the ICV sequence with the other virus sequences and looks for differences among them to visually represent how genetically different the Peptides are from each virus strain to other (Figure 5 and Supplementary Materials 1, 3). PID1 showed a 100% similar to (D/bovine/Guangdong/SQ/2018), (D/swine/Guangdong/LX-2/2018), (D/bovine/Guangdong/YC/2017), (D/bovine/Shandong/Y125/2014), (D/bovine/Shandong/Y217/2014), (D/bovine/Guangdong/SQ/2018) (D/bovine/France/5920/2014), (D/bovine/Italy/108524/2018), (D/swine/Italy/173287-4/2016), (D/swine/Italy/268344-2/2015), (D/bovine/Italy/46484/2015) and (D/swine/Italy/254578/2015) (Figure 5 and Supplementary Material 3), while PID2 showed 100 % similarities to (D/bovine/Guangdong/SQ/2018), (D/swine/Guangdong/LX-2/2018), (D/bovine/Guangdong/YC/2017), (D/bovine/Shandong/Y125/2014), (D/bovine/Shandong/Y217/2014), (D/bovine/Guangdong/SQ/2018), and (D/swine/Italy/354017/2015) (Figure 5 and Supplementary Material 3). PID3 showed 100 % similarities with (D/bovine/Quebec/3E-H/2018), (D/bovine/Quebec/3M-B/2020), (D/bovine/Mexico/S56/2015), (D/bovine/France/5920/2014), (D/bovine/France/2986/2012), (D/bovine/Italy/108524/2018), (D/swine/Italy/173287-4/2016), (D/bovine/Italy/46484/2015), (D/swine/Italy/254578/2015), (D/swine/Italy/354017/2015), (D/bovine/Italy/28300/2019), (D/bovine/Italy/28145/2019), (D/bovine/Italy/19RS176-11/2018), (D/swine/Italy/199724-3/2015), and (D/bovine/Italy/1/2014), while it showed 90% to (D/bovine/Yamagata/1/2019).
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FIGURE 5. Alignment between the selective IDV peptides represented in USA and the non-American IDV strains. Representation of the IDV HEF protein including the four IDV peptides of the strain in our study. Multiple-sequence alignment of the influenza D virus HEF protein and four different peptides in comparison to ICV. The HEF protein used in this study were blasted using the NCBI Influenza Virus Resource and the sequences with 97% or more were aligned using muscle v3.8.31, and the aligned sequences of representative viruses at each peptide site are shown along with the consensus sequence. Dots represent identical residues, PID1, PID2, PID3, and PID4 are outlined, and the location of the fusion peptide is shown.


PID 4 showed 100% similarities to all the European and Eurasian strains except a 90 % to (D/bovine/Italy/108524/2018). (Figure 5 and Supplementary Materials 1, 3).





DISCUSSION

Although the HI test is commonly used for IVs, it cannot be used to detect the antibodies against the two genetic lineages IDV, D/OK-like virus (swine clade) and D/660-like virus (bovine clade), which are antigenically distinct (37). Therefore, each lineage requires a specific standard test. For better diagnosis of IDV, our aim was to develop general, sensitive antibody-based tissue culture assays that can detect both lineages of IDV. Neutralization assays (e.g., MN) cannot detect cross-reactive antibodies in the highly conserved stem region of different IVs, especially in the elderly (38). Also, they identify protective antibodies against specific epitopes, but not non-neutralizing antibodies produced by the immune system against other epitopes (e.g., PB1, PB2, M, and other IV proteins), which can reflect the serostatus of the animal but are missing in MN or HI tests. There are different formats of the MN assay worldwide, such as a 2-day ELISA protocol (39), a 3-day HA protocol, and a 7-day HA protocol (18). Because time is critical for sero-epidemiology and early diagnosis, an accurate and shorter protocol of 2 days is optimal (12).

Our proposed diagnostic assays can be a sensitive and accurate diagnostic tool for high-throughput surveillance and detection of both D/OK-like and D/660-like IDVs co-circulating in the same herds in both research and clinical labs. We needed IFA and FFN for tissue culture–based analysis for analyzing virus interactions. The IFA is the gold standard of infectious disease serology, rapid, accurate, highly sensitive and highly specific technique that can be used for viral identification (40, 41). IFA has been used efficiently for the management and surveillance of several IVs (42, 43). However, the IFA assay is very expensive to use in surveillance and cannot differentiate between neutralizing and non-neutralizing antibodies (12). FFN is a neutralization test based on high avidity binding of rabbit polyclonal antisera prepared in our lab against IDV as a detection antibody. The FFN assay can detect neutralizing antibodies against both IDV clusters, using either type of IDV as the virus indicator. The biggest advantage of FFN over iELISA is that iELISA requires species-specific enzyme-conjugated antibodies but FFN does not (34). Furthermore, FFN detects only neutralizing antibodies (35), so it can be used for further optimization by using milk and colostrum samples from cow herds that experienced an acute IDV outbreak. Serum samples can be used to quantify maternal and acquired immunity transferred to calves (44). Unfortunately, IFA and FFN require BSL2 facilities that are not available in many veterinary centers. Hence, our second aim was to develop an iELISA using specific epitopes to detect two lineages of IDVs simultaneously.

Epitope-iELISA accurately detects neutralizing and non-neutralizing antibodies against the IDV in non-BSL2 laboratories and veterinary clinics (12) and is cost-effective and sensitive (12, 22). The IDV NP is considered a genus-specific antigen that can distinguish among different genera of IVs. NP is responsible for the loss of cross-recognition of viral antigens between different IVs (4). NP is a conserved domain with 94% similarities between IDV swine and bovine clades (Supplementary Material 2). Therefore, it represents the best epitope target for general seroprevalence of IDV in clinical labs and veterinary clinics. We established two separate and optimized iELISAs based on NP and HEF. The HEF epitope is specific for ICV and IDV but not IAV and IBV (32). The sensitivity and specificity of our NP- iELISA were very good (Figure 2A), However, the specificity was higher than the sensitivity, which may be related to fewer negative samples than positive samples in our study. Therefore, further analysis of known negative samples are next steps in optimizing the test. NP-iELISA can detect antibodies that target common viral proteins (34) and can be effective for large-scale surveillance of IDV in herds. The HEF protein of IDV recognizes and binds the specific receptor, and consequently mediates viral entrance and virus infection (23). Our HEF- iELISA showed high sensitivity and specificity (Figure 2B). Furthermore, comparison of seroprevalence of 6- to 7-month-old calves and adult cattle revealed a significant increase of 10% in 8-month-old calves compared to 89% in adult cattle (8). Our results highlight the high spread rate of IDV among cattle in the US, in contrast to a study reporting a spread rate of 11.3% in calves and 66.5% in adult cows (9). The variation seen between calves and adult cows could be due to passive immunity against IDV transferred from positive adult cattle to calves, which may aid temporary protection (9). Calf sera showed seropositivity at 9 days post infection and high titers of neutralization by FFN at 21 days post infection (Figure 2C).

The above assays can determine whether the status of tested samples is positive or negative against IDV in general but cannot determine the specific lineage (graphical abstract). Therefore, our third aim was to develop another diagnostic assay to differentiate between the two IDV lineages. The IDV/D/660 clade has a K replacing R of the D/OK clade at position 212. HI results and molecular models of the two clades revealed that amino acid 212 plays an important role in IDV antigenicity and antibody recognition (37). For understanding the two IDVs lineages at the molecular level, we developed an assay to serologically differentiate between the two viral clades. First, we tested cross-reactivity between the two clades using our rabbit polyclonal antisera against both D/OK and D/660. A strong cross-reactivity was found when using the alternative rabbit polyclonal antisera (Figures 3A,B). A deletional mutation at the amino acid site 212 in only the HEF protein did not affect antigenic recognition of the epitope against mAb and rabbit antisera for both lineages (Figure 3B), which suggested that the amino acid 212 region alone does not cause a difference in HI titers between the two clades. Another region such as V115I or D372G in the esterase domain (37) may also play a critical role in antigenic differences in recognizing the receptor.

Peptide ELISA with anti-IDV antibodies from ferret were only positive with the synthetized peptide with a mutation in position 215 (A to V) in both the swine lineage D/OK and the bovine lineage D/660 (Figure 3C). This indicates that IDV is a zoonotic hazard, and more samples of individual coworkers handling swine and bovine lineages need to be screened. Our results from peptide ELISA can be an important tool to differentiate between the zoonotic ability of both lineages and determine drifts in HEF protein between swine and bovine lineages after transmission.

To date, viral zoonotic diseases maintain to cause pandemic in human (45). Although the zoonotic potential of IDV remains unclear, it can efficiently replicate and transmit in ferrets which considered a good model for human IVs (46). In contrast to a recent study in Scotland showing that no evidence of seroprevalence of IDV but a seroprevalence of ICV in human respiratory samples (47), another study revealed high seroprevalence of IDV in sera from humans exposed to calves, indicating the zoonotic potential of IDV (30). Importantly, the frequent mutations in IVs necessitate measures to prepare for the potential threat to human and public health. Therefore, it is critical to develop diagnostic tools and assays to differentiate between ICV and IDV due to their similar genomic structures. Such accurate assays are required for serological and epidemiological analysis to clarify the complexity and evolution and eliminate misdiagnosis between ICV and IDV. Here, we developed a new diagnostic and serological-based assay, which will serve as an excellent tool for veterinarians and researchers in IDV surveillance and vaccine evaluation, along with diagnostic assays to serologically differentiate between ICV and IDV (Figure 4 and Table 2). Our results agree with those from a previous study showing that IDV clusters most closely with and is derived from human ICV (48), which indicates that ICV can cross-react with IDV and vice versa (Figure 4B). Blocking ELISAs and IDV peptides IANAGVK (286–292 aa), KTDSGR (423–428 aa), and RTLTPAT (448–455 aa). Our blocking ELISA, PID3 and PID4 will be an excellent approach to differentiate between IDV and ICV in human samples in USA and Europe based on the alignment and blast results from the NCBI and Uniport (Figure 5, Supplementary Materials 1, 3).

In conclusion, our study and the assays we have developed will play key roles in seroprevalence studies, surveillance, diagnosis of IDV, and vaccine evaluation (graphical abstract and Table 2). Also, our new diagnostic tests will play a critical role in vaccine evaluation. The indirect HE ELISA and FNN showed the possible replacement of the HI test by HE based iELISA and FFN. Our IDV tissue culture–based assays IFA and FFN are important for research labs and vaccine evaluation, and our NP-iELISA and/or HEF-iELISA can be used in clinical laboratories lacking BSL2 facilities. Peptide-iELISA of the two IDV lineages highlighted the importance of position 215 with 212 in the zoonotic importance of IDV and the heterogeneity between the two lineages. Blocking ELISAs and IDV peptides IANAGVK (286-292aa), KTDSGR (423-428aa), and RTLTPAT (448-455aa) will be a great tool to differentiate between IDV and ICV in human samples. The two IDV's lineage peptides-iELISA highlighted the importance of position 215 with 212 in the zoonotic importance of IDV and the heterogeneity between the two lineages.
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African swine fever virus (ASFV) gives rise to a grievous transboundary and infectious disease, African swine fever (ASF), which has caused a great economic loss in the swine industry. To prevent and control ASF, once suspicious symptoms have presented, the movement of animal and pork products should be stopped, and then, laboratory testing should be adopted to diagnose ASF. A method for ASFV DNA quantification is presented in this research, which utilizes the next-generation PCR platform, nanofluidic chip digital PCR (cdPCR). The cdPCR detection showed good linearity and repeatability. The limit of detection for cdPCR is 30.1995 copies per reaction, whereas no non-specific amplification curve was found with other swine viruses. In the detection of 69 clinical samples, the cdPCR showed significant consistency [91.30% (63/69)] to the Office International des Epizooties-approved quantitative PCR. Compared with the commercial quantitative PCR kit, the sensitivity of the cdPCR assay was 86.27% (44/50), and the specificity was 94.44% (17/18). The positive coincidence rate of the cdPCR assay was 88% (44/50). The total coincidence rate of the cdPCR and kit was 89.86% (62/69), and the kappa value reached 0.800 (P < 0.0001). This is the first time that cdPCR has been applied to detecting ASFV successfully.

Keywords: African swine fever virus, chip digital PCR, sensitive detection, application, nanofluidic


INTRODUCTION

African swine fever (ASF) was first reported in Kenya, Eastern Africa, in 1921 and then gradually swept across the globe to this day (1, 2). With the death rate of the swine approaching 100%, ASF is putting downward pressure on the global economy and is a disaster for the pig industry (3, 4). African swine fever virus (ASFV), the pathogen causing ASF, is a large double-stranded DNA virus with an envelope and is the only member of the Asfivirus genus in the Asfarviridae family (5). The genome size of ASFV is from 170 to 190 kb, so it belongs to the nucleocytoplasmic large DNA viruses (6, 7).

Domestic pigs with ASFV infections have serious clinical manifestations such as acute hemorrhagic fever, dyspnea, serous or mucopurulent conjunctivitis, bloody dysentery, vomiting, among others (8). Currently, there are no effective treatments, and vaccine research is progressing slowly. Once suspicious symptoms of ASF presented, the most valid measurements are to firstly stop all circulation of animals and pork products, for example, via animal isolation and traffic restriction (9–11). ASF can then be confirmed by a laboratory test (12).

The laboratory diagnostic approaches of ASF are mainly divided into two groups: one includes isolating the virus, detecting virus antigens and genomic DNA, whereas the other aims at detecting an antibody (12, 13). Polymerase chain reaction (PCR) technique is the most mature molecular method for determining virus genomic DNA/RNA. Conventional PCR (14) and fluorescent quantitative PCR (qPCR) (15) have been applied in testing ASFV. Several PCR technologies have been established to achieve quantitative analysis for the concentration of virus DNA during amplification. Real-time fluorogenic qPCR is the most frequently used form of qPCR, in which concentrations of samples are calculated from initial concentrations of standard sample templates. Currently, although qPCR has been used in ASFV detection studies to measure the virus genomic DNA (16–21), digital PCR is getting increasingly popular because it realizes absolute quantification without reliance on external standards, standard curves, and the cycle within the amplification process that the reporter dye signal exceeds a threshold [cycle threshold (CT) value] (22).

Nanofluidic chip digital PCR (cdPCR), a type of digital PCR supported by QuantStudio 3D (Applied Biosystems, US), adopts a sealed chip that partitions samples into thousands of reaction wells to run independent PCR amplifications. When amplifications are finished, the concentration of the target gene in the original sample is calculated by counting and converting positive wells, which have positive amplification of the viral target gene using the Poisson model correction coefficient (22, 23). Another superiority of cdPCR is the high sensitivity, which makes it a dream platform for studying (24, 25) low-level pathogen detection (26, 27) as well as absolute quantification of viral load (28).

This study focuses on the application of cdPCR, in which ASFV is detected by designing a pair of primers and the minor groove binder (MGB) probe in the portion sequence of the ASFV B646L gene. Applicability of this new ASFV diagnosis methods is evaluated in terms of sensitivity, specificity, and coincidence rate with qPCR approved by the Office International des Epizooties (OIE) and commercial qPCR kits.



MATERIALS AND METHODS


Probe and Primers

We designed a set of the MGB probe [5′-(FAM)-ACTGGGACAACCAAAC-3′-(MGB)], upstream primer (ASFV-For: 5′-ACGTTTCCTCGCAACGGATA-3′) and downstream primer (ASFV-Back: 5′-CGTGTAAACGGCGCCCTCTAA-3′), which aimed at the B646L gene (Genebank: MK128995.1) using PRIMER EXPRESS software (version 1.5, Applied Biosystems, USA). The size of the target gene was approximately 63 bp. Primers and the probe sequences were compared with genes of some various ASFV strains sequences in the GenBank database (Table 1).


Table 1. The primers and MGB probe were aligned with 53 ASFV epidemic strains and 5 other swine pathogenes.

[image: Table 1]



Construction of Standard Plasmid

A 1,941 bp complete fragment of ASFV B646L gene-encoded p72 protein and the ASFV B646L gene with EcoRI/XbaI restriction enzyme cutting site were obtained from the pUC57-p72 plasmid (synthesized by Sangon, Shanghai) by PCR using primers p72-Fwd: 5′-CGGAATTCATGGCATCAGGAGGAGC-3′ and p72-Rev: 5′-GCTCTAGATTAATGATGATGATGATGATGGGTACTG TAACG-3′. Then, the B646L gene was recombined with pFastBacI vector (Promega, USA) and transformed into DH5α (Takara, Dalian, China). The recombinant plasmid, pFastBacI-p72 plasmid, was extracted using Omega Plasmid mini kit (Omega, US). Restriction enzyme digestion and sequencing were used to determine whether the target fragment could be inserted correctly.



Samples Preparation

The protocols of standard templates and clinical sample preparations were as follows. The concentration of the standard plasmid constructed in Section Construction of Standard Plasmid was detected using the NanoDrop One (ThermoFisher, US, AZY1812131) and diluted to the appropriate copy number, which began with 1010 copies/ml to 10-fold dilution. Copy number calculating formulas was shown as below.

[image: image]

where C (g/ml) means the concentration of standard templates, and n (bp) means the genome size in base pairs.

Plasmids ranged from 1010 to 100 copies/ml were as templates and positive controls for subsequent experiments. Inactivated clinical serum samples were obtained from the Henan Animal Husbandry Bureau and pig farms in Henan province, China. ASFV genomic DNA of clinical samples was extracted from swine serum samples by DNA Extraction Kit (Takara MiniBEST Viral DNA/RNA Extraction Kit, Takara, Dalian, China).



Optimal Conditions of Quantitative PCR

An ABI 7500 Real-time PCR system (Applied Biosystems, USA) was used as a fluorescence quantification platform in this study. The reaction system was 10 μl, including 5 μl TaqMan Universal Master Mix II with uracil-N-glycosylase (purchased from Applied Biosystems, USA), 0.4 μl sense primer (ASFV-For), 0.4 μl anti-sense primer (ASFV-Back), 0.4 μl of probe, 1.8-μl nuclease-free water (Promega, USA), and 2 μl of template. The optimal concentrations of primers and the probe were then measured when the ASFV pFastBacI-p72 plasmid was 1 × 108 copies/ml. Primers with optimal concentration were determined by 12.5, 25, 50, and 100 μM; meanwhile, the probe with optimal concentration was selected by 1.25, 2.5, 5, and 10 μM. The qPCR program was carried out as follows: initial denaturation at 95°C for 10 min, and at 95°C for 15 s, cycling 40 times, and at 60°C holding for 45 s. Negative and positive controls were set at the same time in a run.



Digital PCR

QuantSudioTM 3D Digital PCR System (ThermoScientific, US) was used as a cdPCR amplification platform. The volume of the reaction mixture was 20 μl, containing 10 μl 2× QuantSudioTM 3D Digital PCR Master Mix (v2), 1.8 μl of each primer with optimal concentration determined by qPCR, 1.8 μl of the probe with optimal concentration determined by qPCR, 2.6 μl nuclease-free water (ThermoScientific, US), and 2 μl of DNA template. After sufficient mixed and briefly centrifuged, the 14.5 μl cdPCR reaction mixture was immediately loaded to the chips. Negative control and positive control were set for each test. Three replicates of the standard plasmid template were performed in each run. The program was in operation at 96°C for 10 min as a predenaturation step, at 60°C for 2 min, and at 98°C for 30 s, cycling 39 times, and finally, at 60°C for 2 min as a final elongation step.



Limit of Detection for Chip Digital PCR

The limit of detection (LOD) for cdPCR was determined by the continuous dilution method. At the same time, the same templates were used for qPCR, approved by OIE (12) to compare the LOD between the two methods. The two amplification methods were repeated three times, and the data were analyzed statistically by logistic regression (Statistica 64, USA) (29).



Specificity Analysis

In this analysis, the classical swine fever virus strain Shimen (AF092448), the porcine circovirus 2 strain HN-LB-16 (MK604485), the porcine reproductive and respiratory syndrome virus strain NADC30 (MH500776.1), and the porcine parvovirus strain China (AY583318.1) were kindly provided by Henan Agricultural University (Zhengzhou, Henan, China), and the porcine epidemic diarrhea virus strain CH/hubei/2016 (KY496315.1) was kindly provided by Jilin University (Changchun, Jilin, China). All these pathogens were detected by the nanofluidic cdPCR assay as nucleic acid templates.



Repeatability Evaluation

The repeatability of cdPCR was evaluated by using the continuous dilution of ASFV standard plasmid containing 100, 101, 102, 103, and 104 copies/ml as templates. On different days, three experiments were carried out, and each template in each experiment was repeated three times. The coefficient of variation (CV) was measured to analyze repeatability.



Comparison of Chip Digital PCR With Quantitative PCR Approved by Office International des Epizooties and Commercial Kits

Comprehensive comparisons of cdPCR with qPCR approved by OIE and commercial kit (VetMAX™ African Swine Fever Virus Detection Kit, Thermofisher, US) were carried on by detecting 69 clinical samples. SPSS (version 21.0, IBM, USA) software and GraphPad Prism software (version 7.04; LA Jolla, California, USA) were used for statistical analysis, including the compliance rate, Bland and Altman analyses, and linear regression with the confidence limit of 95% (P < 0.05).




RESULTS


Construction of Standard Plasmid and Identification of Target Gene

The standard plasmid, pFastBacI-p72, was successfully constructed and identified by PCR and sequencing (Figure 1). The recombination process of objective gene ASFV p72 (B646L) and vector pFastBacI is shown in Figure 1A. The target gene, ASFV B646L, was amplified by PCR with 1,941 bp (Figure 1B) and spliced into two cleavage sites of restriction enzyme EcoRI and XbaI of vector pFastBacI. As shown in Figure 2A, double-stranded DNA sequences of the MGB probe and primers were marked in different colors within the conserved region of ASFV B646L. The size of the target gene amplified by cdPCR was ~63 bp. A single band of approximately 63 bp was obtained from PCR amplification products via 1% agarose gel electrophoresis (Figure 2B).


[image: Figure 1]
FIGURE 1. The strategy for the standard plasmid construction. (A) The recombination process of objective gene ASFV VP72 (B646L) and vector pFastBacI. (B) The size of target gene, ASFV B646L, was 1,941 bp on 1% agarose gel electrophoresis. (C) The cleavage sites of the recombination process is EcoR I/Xba I.



[image: Figure 2]
FIGURE 2. Identification of target gene. (A) Target nucleotide sequences of MGB probe and primers for cdPCR within the conserved region of ASFV B646L gene. Forward primer was marked in orange, reverse primer was marked in red and the probe was marked in purple. (B) Amplification products were analyzed by agarose gel electrophoresis.




Reaction Conditions of Quantitative PCR

The optimum reaction condition for qPCR was detected via using a series of different concentrations of primers and the probe. The optimal concentration of primers was 12.5 μM, and the optimal concentration of the probe was 10 μM, at that time the CT value was minimum (Figure 3A). The optimum reaction system and the program are shown in Figures 3B,C.


[image: Figure 3]
FIGURE 3. The optimum reaction condition for qPCR. (A) Influence of different concentrations PCR primers and probe with use of 108 copies/μl ASFV standard plasmid. (B) The optimum reaction system of qPCR. (C) The operational procedure of qPCR.




Linear Standard Curve of Chip Digital PCR Assay

Using 10-fold diluted ASFV standard plasmid of 104-10−1 copies/ml as templates, the standard curve of cdPCR was established. At the same time, the standard curve of qPCR confirmed by OIE was created by the same standard plasmid of 109-100 copies/ml. The trend line was highly linear with the assumed concentration for both cdPCR (Figure 4A) and qPCR (Figure 4B). The cdPCR assay proved greater linearity with an R2 of 0.9985 than the qPCR assay with an R2 of 0.9881 (Figure 4).


[image: Figure 4]
FIGURE 4. The standard curve of cdPCR and qPCR. (A) The standard curve of cdPCR. The slope of this linear fitting equation is 1.029 and the Y-intercept is 0.1048. (B) The standard curve of qPCR. The slope of this linear fitting equation is 0.9944 and the Y-intercept is 0.03865.




Limit of Detection of Curve of Chip PCR Assay

The LODs for both cdPCR and qPCR approved by OIE were determined using the same set of primers and the probe with ASFV standard plasmid diluted 10 times as templates. The results are shown in Figure 5. Using the least-squares modeling approach and logistic regression analysis, the LOD95% of the cdPCR assay was 1.48 Log10 copies per reaction, that is, 30.1995 copies per reaction (Figures 5A,C), and the LOD95% of the qPCR assay was estimated as three Log10 copies per reaction, that is, 1,000 copies per reaction (Figures 5B,D). Hence, the LOD95% of cdPCR assay was approximately 33 times higher than that of the qPCR assay. The cdPCR assay was more sensitive than the qPCR assay.


[image: Figure 5]
FIGURE 5. The LOD95% of cdPCR and qPCR assay. Logit analysis plots of the cdPCR (A) and qPCR (B) used in the study show the LOD95%, which are the minimum amounts of DNA detectable with a 95% probably. The amplification curve of cdPCR (C) and qPCR (D) is obtained with 10-fold diluted standard plasmids.




Specificity Analysis

To analyze the specificity of cdPCR, DNA and complementary DNA, extracted from other swine viruses containing classical swine fever virus, porcine parvovirus, porcine circovirus 2, porcine reproductive and respiratory syndrome virus, and porcine epidemic diarrhea virus, were used as templates, and ASFV pFastBacI-p72 standard plasmid was used as a positive control in specificity assay. The standard plasmid was positive, but nucleic acid templates of the other five pathogens were negative (Figure 6 and Table 2). The result was strongly in line with our theorized expectations that the sequences of primers and probe for the ASFV cdPCR did not match with the nucleic acid sequences of any other swine pathogens (Table 1). All results mentioned earlier demonstrated that the ASFV cdPCR detection method had good specificity.


[image: Figure 6]
FIGURE 6. The specificity of cdPCR assay. Only the ASFV pFastBacI-p72 standard plasmid was positive, i.e., nucleic acid templates of other pathogens were negative.



Table 2. Concentration of CSFV, PPV, PCV2, PRRSV, and PEDV, and ASFV standard plasmid by cdPCR assay.

[image: Table 2]



Repeatability Analysis

Using serially diluted standard plasmids as templates for cdPCR amplification, three independent experiments were performed by different operators at different times. The cdPCR assay displayed good repeatability and a low coefficient of variation between most dilution points (Figure 7). The cdPCR assay had an average CV% of 9.56%, which was lower than the average CV of 12.67% of qPCR approved by OIE, resulting in an average decrease in CV% of 26.99% (Figure 7).


[image: Figure 7]
FIGURE 7. Repeatability analysis. (A) Trend line comparing coefficient of variation (CV%) for cdPCR and qPCR at different concentration points. The square with the full line stands for CV % of cdPCR and the triangle with the dotted line indicated as the CV% of qPCR. (B) Table shows that average CV% value of cdPCR (9.25%) is lower than that of qPCR (12.67%).




Analysis With Clinical Samples

To calculate the coincidence rate of the cdPCR method to detect ASFV, we compared, respectively, the cdPCR method established in this study with the qPCR approved by OIE and commercial qPCR kit (VetMAX™ African Swine Fever Virus Detection Kit, Thermofisher, US), by testing 69 swine serum samples.

As shown in Table 3A, the cdPCR and qPCR approved by OIE have, respectively, detected 50 and 48 positive samples in the clinical diagnosis of 69 domestic pigs. The sensitivity of the cdPCR assay was 95.83% (46/48), and the specificity was 94.44% (17/21). The positive coincidence rate of the cdPCR assay was 92% (46/50). The total coincidence rate of the two methods was 91.30% (63/69), and the kappa value reached 0.789 (P < 0.0001). There was significant consistency between the two from the results. Furthermore, quantitation of the correlation between the two was analyzed by Pearson correlation and linear regression analysis on 46 positive samples (Figure 8). The quantitative analysis of the correlation between the two showed that they had a good correlation because the R2 value of linear regression was 0.984 (P < 0.0001) (Figure 8A). The standard deviation of cdPCR was lower than that of qPCR by Mann–Whitney U test (Figure 8B). Bland and Altman analyses plots (Figure 8C) demonstrated that 5.797% (4/69) dots were outside the region between 95% lower limit of agreement and 95% upper limit of agreement, and the bias value for this agreement's range was 1,381 copies/ml (P < 0.05) by Graphpad Prism 7.04.


Table 3A. Testing of clinical samples by cdPCR and qPCR assay approved by OIE.
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FIGURE 8. Statistical analysis for cdPCR in testing clinical blood samples. Pearson correlation and linear regression analysis showed well-consistency between qPCR approved by OIE (R2 = 0.864) (A) as well as between cdPCR and commercial qPCR kit (R2 = 0.864) (D). The standard deviation of cdPCR is lower than that of qPCR approved by OIE (B) and that of commercial qPCR kit (E). (C) Bland and Altman analyses plots for cdPCR and qPCR approved by OIE demonstrated that 5.797% (4/69) dots were outside the region between 95% lower limit of agreement and 95% upper limit of agreement, and the bias value for this agreement's range was 1,381 copies/ml (P < 0.05) by Graphpad Prism 7.04. (F) Bland and Altman analyses plots for cdPCR and the kit demonstrated that 1.449% (1/69) dots were outside the region between 95% lower limit of agreement and 95% upper limit of agreement with that of the bias value.


The data in Table 3B show that 45 of 69 samples were judged to be positive by VetMAX™ African Swine Fever Virus Detection Kit. The sensitivity of the cdPCR assay was 86.27% (44/50), and the specificity was 94.44% (17/18). Furthermore, the positive coincidence rate and the overall coincidence rate of the cdPCR assay were 88% (44/50) and 89.86% (62/69), respectively, and the kappa value was 0.800 (P < 0.0001). Those seven samples with inconsistent results between two assays were tested with cdPCR three times to exclude false-positive events, and negative and positive controls were included in all trials. All seven samples were declared as positive samples by cdPCR tests. In addition, the quantitative agreements were evaluated using Pearson correlation and linear regression analysis on 44 positive samples. The quantitative analysis of the correlation between the two showed that they had a good correlation because the R2 value of linear regression was 0.864 (P < 0.0001) (Figure 8D). The standard deviation of cdPCR was lower than that of the kit (Figure 8E). Bland and Altman analyses plots (Figure 8F) demonstrated that 1.449% (1/69) dots were outside the region between 95% lower limit of agreement and 95% upper limit of agreement with that of the bias value. Within the consistency limit, the absolute value of the difference between the concentration of the sample to be measured by cdPCR and qPCR was 1,762.59 copies/ml (the top point in Figure 8F), and the average value of the difference was 54.85 copies/ml determined by Graphpad Prism 7.04.


Table 3B. Testing of clinical samples by cdPCR and commercial kit.
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Above all, the cdPCR technology developed in this study had comparable performances with the qPCR approved by OIE as well as VetMAX™ African Swine Fever Virus Detection Kit in terms of detecting ASFV clinical samples.




DISCUSSION

ASFV has been widely spreading outside Africa to Europe (30, 31) and most recently to Georgia (32), China (33), Cambodia (12), South America (21, 34, 35), and so on, even to reach almost every corner of the world, which is a significant transboundary and emerging virus (36, 37). ASF is a serious and highly contagious disease with high mortality, causing acute hemorrhagic fever in domestic pigs and wild boars (38–40). Hence, ASF was the biggest threat to the world pork industry (41). Although vaccination is the preferred method for controlling the disease, the development of safe vaccines to protect pigs from ASFV has not achieved significant success since the first isolation of ASFV (42). Because there are no safe and efficacious vaccines, the key of current surveillance and control measures against ASF is firstly to cut off the transmission of the pathogen once ASFV clinical symptoms are observed. Then, diagnosis and confirmation of ASFV require laboratory testing. The traditional method of diagnosing ASFV is using qPCR to measure the ASFV genomic DNA. However, the quality of the standard curve affects the accuracy quantification of qPCR. If the standard curve is unstable, ASFV DNA quantification will be inexact (43). Additionally, CT values in qPCR related to amplification efficiencies are obtained from the amplification of standards and the samples. Also, several factors, such as inhibitors, amount of total DNA, and variations between the primers and the probe, may cause the false amplification of the templates, resulting in the CT values going up. Digital PCR as a novel approach to nucleic acid quantification has been used in several aspects with equal or superior performance to qPCR.

Digital PCR can realize an absolute target quantification without standards and the standard curve. Nanofluidic cdPCR running on QuantStudio 3D digital PCR platform (Applied Biosystems) has been applied as a useful tool for sensitive and accurate detection of norovirus low-copy targets (28), quantification of bacterial pathogens (44), quantifying microRNAs in infarction patients (45), and detection of enterotoxigenic Bacteroides fragilis (46). Although droplet digital PCR has been reported being applied to detecting ASFV (47), in this paper, we applied nanofluidic cdPCR on QuantStudio 3D digital PCR platform to diagnose ASF for the first time and assess the applicability of detection ASFV by using cdPCR on aspects such as sensitivity, specificity, reproducibility, among others.

The 53 complete ASFV genome sequences in the GenBank database were aligned, and a suite of primers and an MGB probe were designed based on a highly conserved fragment of the B646L gene coded p72 protein. Various properties of cdPCR assays, such as sensitivity, repeatability, and coincidence rate, were evaluated after optimizing reaction conditions. The linearity analysis of cdPCR detection was performed using 10-fold diluted ASFV standard plasmid as templates, with initial concentration of 104 to 10−1 copies/ml. The results showed that the limit detection of cdPCR [30.1995 copies per reaction (n = 3)] was approximately 33 times higher than that of qPCR approved by OIE (1,000 copies per reaction) (12). Also, the limit detection of cdPCR did correlate well with that of an improved new real-time PCR assay established by Tignon et al. (5.7–57 copies per reaction) (21). The sensitivity of the cdPCR detection method has been significantly improved.

The statistics offer further support in that cdPCR is a perfect tool to detect ASFV. Detecting 69 inactivated clinical serum samples by cdPCR and other techniques showed good consistency with cdPCR and qPCR approved by OIE as well as VetMAX™ African Swine Fever Virus Detection Kit (Thermofisher, US). The positive detection rate of the cdPCR method established in this study was 72.46% (50/69), which had a better performance than both qPCR approved by OIE [69.57% (48/69)] and VetMAX™ African Swine Fever Virus Detection Kit [65.22% (45/69)]. Additionally, the cdPCR assay did not react with other swine viruses. Both Bland and Altman analyses and line regression analysis exhibited that cdPCR carried out comparably better than the other two methods.

There are some limitations of the novel cdPCR. That specific equipment is required for nanofluidic cdPCR, which makes it hard to popularize and be widely applied. A specialized nanofluidic chip that accompanies QuantStudio 3D digital PCR platform is a little bit expensive. So, qPCR assay is more economical than cdPCR. Also, cdPCR can only amplify a maximum of 24 samples in a single run, 72 samples fewer than qPCR for a single run. Although this shortcoming of cdPCR can be overcome by adding the number of the ProFlex™ 2× Flat PCR System or Dual Flat Block GeneAmp™ PCR System (Applied Biosystem, US), the cost is too high. Therefore, qPCR is more applicable in detecting large numbers of clinical samples than cdPCR. However, cdPCR is suitable for the quantification of low copy numbers, especially when the laboratory standard of quantification qPCR for virus genomic DNA/RNA is limited (44). Taken together, the method of using cdPCR to detect ASFV in serum samples has been established and feasible. The cdPCR, as a good tool, can be applied to the absolute quantification of ASFV.
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Porcine enteric coronaviruses include some of the most relevant viral pathogens to the swine industry such as porcine epidemic diarrhea virus (PEDV) or porcine transmissible gastroenteritis virus (TGEV) as well as several recently identified virus such as swine enteric coronavirus (SeCoV), porcine deltacoronavirus (PDCoV) or swine enteric alphacoronavirus (SeACoV). The aim of this study is the identification and characterization of enteric coronaviruses on Spanish pig farms between 2017 and 2019. The study was carried out on 106 swine farms with diarrhea outbreaks where a viral etiology was suspected by using two duplex RT-PCRs developed for the detection of porcine enteric coronaviruses. PEDV was the only coronavirus detected in our research (38.7% positive outbreaks, 41 out of 106) and neither TGEV, SeCoV, PDCoV nor SeACoV were detected in any of the samples. The complete S-gene of all the PEDV isolates recovered were obtained and compared to PEDV and SeCoV sequences available in GenBank. The phylogenetic tree showed that only PEDV of the INDEL 2 or G1b genogroup has circulated in Spain between 2017 and 2019. Three different variants were detected, the recombinant PEDV-SeCoV being the most widespread. These results show that PEDV is a relevant cause of enteric disorders in pigs in Spain while new emerging coronavirus have not been detected so far. However, the monitoring of these virus is advisable to curtail their emergence and spread.

Keywords: swine coronavirus, pig, PEDV, S or Spike gene, INDEL strain


INTRODUCTION

Coronaviruses (CoVs) are found in a wide variety of animals including both mammals and birds in which they cause a variety of respiratory, enteric or even hepatic and neurological disorders (1). They belong to the Coronaviridae family which recognizes four genera based on phylogenetic clustering: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. The CoVs are enveloped viruses, and their genome is composed of a non-segmented, positive sense and single-stranded RNA with a size of ~30 kb. From the 5′ end to the 3′ end, their genomic structure is made up of at least six open reading frames (ORFs) named ORF1a, ORF1b, spike (S), envelope (E), membrane (M), and nucleocapsid (N). ORF1a and ORF1b encode non-structural polyproteins, whereas S, E, M, and N genes encode the corresponding structural proteins (2).

Two species of the Alphacoronavirus genus, transmissible gastroenteritis virus (TGEV) and the porcine epidemic diarrhea virus (PEDV) have long been recognized as the cause of acute diarrhea outbreaks on swine farms affecting pigs of all ages and causing high mortality in lactating piglets. The relevance of TGEV on farms is scarce (1), mainly due to the widespread distribution of a respiratory mutant of TGEV, the porcine respiratory coronavirus (PRCV), which partially protects animals against the enteric disease. PEDV was recognized for the first time in Europe and Asia during the seventies and the eighties, respectively (3). In Europe its incidence markedly decreases in the nineties and subsequent years while in Asia PEDV has remained as a major cause of diarrhea outbreaks until now. Moreover, highly pathogenic variants of PEDV have been described in Asia since 2010. This virus emerged in America in 2013–2014 causing substantial economic losses (4). PEDV also re-emerged in Europe soon after its first description in the USA and PEDV outbreaks have been reported in several European countries since 2014 (5–7). Two main PEDV genogroups, named INDEL or G1 and non-INDEL or G2 have been described and differentiated by insertions-deletions in the S1 subunit of the S-gene (8, 9). Non-INDEL isolates have been associated with a higher virulence and better horizontal transmission (10). Both genotypes are reported on infected farms in Asia and America, while in Europe there is no evidence of the presence of the non-INDEL genogroup with the only exception of an Ukrainian isolate (11).

New coronaviruses affecting pigs have been unveiled in recent years. A chimeric virus produced by the recombination of TGEV/PRCV (backbone sequence) with PEDV (S gene), called swine enteric coronavirus (SeCoV), was reported in several European countries including Spain (12–15). A porcine deltacoronavirus (PDCoV) was detected in 2012 in Hong Kong (16) and subsequently on pig farms from the USA, Canada and several Asian countries (17). And finally, a new Alphacoronavirus named swine enteric alphacoronavirus (SeACoV), also known as swine acute diarrhea syndrome coronavirus (SADS-CoV) or porcine enteric alphacoronavirus (PEAV), was identified as the cause of severe diarrhea in neonatal piglets in China (18–22).

The emergence of these new CoVs and re-emergence of PEDV in Europe, immediately after its disruptive appearance in America, requires studies characterizing these CoVs on pig farms so as to allow for an accurate differential diagnosis of viral diarrhea. This study aims at disclosing the current situation of enteric CoVs in Spain, the largest pig producer in Europe, through the identification and characterization of CoVs in diarrhea outbreaks on Spanish pig farms between 2017 and 2019.



MATERIALS AND METHODS


Samples Collection and Preparation

The study was conducted between January 2017 and March 2019 on 106 swine farms (105 from Spain and one from Portugal) with diarrhea outbreaks in which a viral etiology was suspected. The outbreaks affected nursing piglets (<21 days) (28 farms), postweaning-growing pigs (21–70 days) (17 farms), or fattening pigs (>70 days) (61 farms). Location of the farms include 22 provinces in the northeast, center and northwest of Spain (Figure 1). Fecal samples were submitted for diagnostic purposes to the Infectious Diseases Unit of the Animal Health Department of the University of León (Spain). From each farm, two to six individual fecal samples were submitted. Individual fecal samples were mixed to prepare one pooled sample per farm.


[image: Figure 1]
FIGURE 1. Map showing the distribution of the viral suspected diarrhea outbreaks investigated in this research (shaded area). The number of farms sampled (blue circle) and PEDV positive farms per province (orange circle) are given.


Pooled samples were diluted 1:2 (v/v) in sterile phosphate buffered saline (PBS), homogenized by vortex mixing and centrifuged for 10 min at 20,000 g. The RNA was extracted from 140 μl of the supernatant using QIAMP Viral RNA Mini Kit (QIAGEN), following the manufacturer's instructions.



Molecular Diagnosis of Porcine Enteric Coronaviruses

Two duplex RT-PCRs were developed for the detection of SeACoV (ORF1ab), TGEV/SeCoV (N gene), PEDV/SeCoV (S gene) and PDCoV (N gene) (Table 1). Two conventional RT-PCRs were also developed to confirm SeCoV by excluding a potential PEDV-TGEV co-infection, by detecting the M gene of PEDV and the S gene of TGEV. The RT-PCR was carried out with Verso 1-Step RT-PCR ReddyMix kit (Thermo Scientific). The reaction was conducted under the following conditions: 50°C for 30 min, 95°C for 2 min, 40 cycles at 95°C for 20 s, 50°C for 30 s, and 72°C for 1 min, followed by a final extension step at 72°C for 10 min.


Table 1. Primer sets used for the detection of porcine enteric coronaviruses by multiplex RT-PCR and for the amplification of the S gene of PEDV.
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The RT-PCR products were visualized on a 1.5% agarose gel containing RedSafe Nucleic Acid Staining Solution (iNtRON Biotechnology, Inc.). The length of the PCR fragment generated for each CoV is shown in Table 1.



PEDV S-gene Sequencing

The S-gene of PEDV positive samples was amplified using four overlapping fragments with the primers described in Table 1 and the Verso 1-Step RT-PCR ReddyMix kit (Thermo Scientific). The reaction was conducted under the following conditions: 50°C for 30 min, 95°C for 2 min, 45 cycles at 95°C for 20 s, 50°C for 30 s, and 72°C for 2 min, followed by a final extension step at 72°C for 10 min. The RT-PCR products were purified using the GeneMATRIX Basic DNA Purification Kit (EurX). The complete sequences of the S-gene were obtained by using forward and reverse Sanger sequencing. The complete sequence of the S gene of 36 PEDV isolates from different farms can be accessed at the NCBI GenBank with the accession numbers MW251343-MW251378 (Table 2). The remaining five PEDV isolates included in this research were previously sequenced by using a RNA virus-specific tailor-made NGS protocol (15).


Table 2. List of porcine epidemic diarrhea virus (PEDV) isolates recovered in this study.
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Phylogenetic Analysis

PEDV and SeCoV genome sequences available in the GenBank database were aligned together with S-gene sequences obtained in this study using CLUSTALW. After the alignment, the evolutionary relationships among sequences were analyzed with a phylogenetic analysis, using the neighbor joining method and the maximum composite likelihood method with MEGAX software (28).



Statistical Analysis

The Fisher exact test was used to compare the frequency of occurrence of PEDV positive outbreaks among age groups and provinces (only those with five or more submitted samples were included in the analysis). ANOVA test was used to compare the number of investigated outbreaks as well as the percentage of PEDV positive outbreaks among the different trimesters of the year. Epi Info™ was used for data analysis at α = 0.05.




RESULTS


Prevalence of Enteric Coronaviruses in Porcine Diarrhea Outbreaks

Neither TGEV, SeCoV, PDCoV nor SeACoV were detected in any of the samples, while PEDV was the only coronavirus detected in 41 out of the 106 investigated outbreaks (38.7%). Most of these outbreaks occurred in fattening pigs (24 positive farms out of 61, 39.3%) or postweaning-growing pigs (nine positive farms out of 17, 52.9%). PEDV was involved to a lesser extent in diarrhea outbreaks affecting nursing piglets (eight positive farms out of 28, 28.6%), although no significant differences in the number of PEDV confirmed outbreaks between age groups arose when compared using the Fisher exact test (p = 0.094).

PEDV positive farms were detected throughout the sampled area in northeast, center, and northwest of the country with at least one positive outbreak in 10 out of 22 sampled provinces (Figure 1). No significant differences were found in the number of PEDV confirmed outbreaks between provinces (p = 0.286).

In addition, it was evidenced that most of the investigated outbreaks occurred during the first trimester of the year (p = 0.041) (Figure 2). Although most of the PEDV positive outbreaks also occurred during the first 3 months of the year, no significant differences arose when compared using ANOVA test (p = 0.097).


[image: Figure 2]
FIGURE 2. Distribution of the viral suspected diarrhea outbreaks and PEDV positive outbreaks from January, 2017 to March, 2019. The number of sampled farms and PEDV-positive farms is shown above the columns. The percentage of PEDV-positive outbreaks in each trimester studied. The percentage of PEDV-positive outbreaks in each trimester studied is showed.




Phylogenetic Analysis Based on the Nucleotide and Amino Acid Sequences of PEDV S Gene

The full-length S-gene sequences of all PEDV positive samples (41) were compared to previous and recent sequences of PEDV and SeCoV available in GenBank (Figure 3, Supplementary Data 1). The phylogenetic tree showed that all PEDV isolates recovered in Spain between 2017 and 2019 were allocated within the INDEL 2 or G1b genogroup together with several recent European PEDV isolates and isolates from the USA and Asia. They clustered in a branch clearly separate from the non-INDEL or G2 genogroup as well as from the original European or Asian PEDV isolates included in the INDEL 1 or G1a genogroup and SeCoV isolates.


[image: Figure 3]
FIGURE 3. Phylogenetic tree based on the complete S-gene sequences including enteric porcine coronaviruses available in GenBank. Numbers along the tree represent the confidence value for a given internal branch based on 500 Bootstrap replicates (only values >70 are shown). The symbols above the strains highlight the Spanish PEDV isolates of this study. The filled circles identified the isolates sequenced in this research while the filled triangles identified isolates previously sequenced by de Nova et al. (15). GenBank accession number, country and year of the outbreak are also shown below the strains. The genogroups and subgroups referred in the text are included on the right of the tree. Scale bars indicate nucleotide substitutions per site.


Three subgroups or clusters were identified from Spanish PEDV isolates identified as INDEL 2.1, 2.2, and 2.3 (Figures 3, 4). The first was formed using two Spanish isolates recovered in 2018 and 2019 together with other Spanish and European PEDV isolates from 2014 to 2016. The INDEL 2.2 cluster included Spanish isolates from 2014 to 2019 and several Asian and American PEDV strains from the same time period. It is worth mentioning that all the isolates identified in this research included in the INDEL 2.2 subgroup correspond to isolates recovered from farms located within the same region and belong to the same pig producing company. Finally, the INDEL 2.3 cluster include recent Spanish isolates from 2017 to 2019 distributed throughout the sampling area together with Hungarian, Slovenian, Dutch, German, and French coetaneous strains. This clade corresponds to a PEDV-SeCoV recombinant variant previously described in Hungary and Slovenia (29, 30) as well as in Spain (15).


[image: Figure 4]
FIGURE 4. Phylogenetic tree based on the complete S-gene sequences including all Spanish enteric porcine coronaviruses available in GenBank. Numbers along the tree represents the confidence value for a given internal branch based on 500 Bootstrap replicates (only values >70 are shown). The symbols above the strains stand out the Spanish PEDV isolates of this study. The filled circles identified the isolates sequenced in this research and the filled triangles identified the isolates previously sequenced by de Nova et al. (15). GenBank accession number, province and year of the outbreak are also shown below the strains. The genogroups and subgroups referred in the text are included on the right of the tree. Scale bars indicate nucleotide substitutions per site. Black, pre-2000 isolates; Red, 2014 isolates; Gray, 2015 isolates; Purple, 2016 isolates; Yellow, 2017 isolates; Green, 2018 isolates; Blue, 2019 isolates.


Three major regions of the S1 gene were further analyzed and characterized at the amino acid level. Compared with three different strains of PEDV (CV777 accession no. AF353511, OH851 accession no. KJ399978 and SLOreBAS-1 accession no. KY019623), four amino acid mutations were found in four out of 41 Spanish PEDV isolates (Supplementary Data 1).




DISCUSSION

The recent emergence of several novel porcine enteric coronaviruses such as PDCoV or SeACoV together with the re-emergence of PEDV, a classical coronavirus, and their spread throughout the main pig producing countries over the last years have highlight porcine enteric coronavirus. They have caused significant losses to the pig-farming industry associated to high morbidity acute diarrhea in pigs of all ages and high mortality in neonatal pigs in naive farms. Enteric diseases caused by porcine enteric CoVs are clinically indistinguishable thus making differential diagnosis in the laboratory an essential tool.

A hundred and six viral suspected diarrhea outbreaks were investigated between 2017 and 2019 and confirmed that PEDV was the only enteric coronavirus detected in swine farms in Spain. PEDV was identified in about a 40% of the investigated outbreaks, confirming the re-emergence of PEDV in the Iberian Peninsula as it has been described in several European countries (31) after its emergence in 2013 in the United States. The difference in the percentage of PEDV positive outbreaks among the different trimesters of the year was near to statistical significance, with most of the PEDV positive outbreaks occurring in winter (68.3%, 28 out of 41 PEDV positive outbreaks), when low temperatures favor the environmental resistance of the virus facilitating its indirect transmission. This results confirms the seasonal distribution of the disease (3, 32). Besides, although no significant differences were shown in the proportion of PEDV outbreaks between age groups, most of the outbreaks were observed among postweaning-growing or fattening pigs. The fact that few PEDV outbreaks were detected in suckling piglets (28.6%, eight PEDV outbreaks out of 28 investigated) could be a consequence of maternal immunity in the sows or high biosecurity level in farrowing facilities. Clearance of maternal antibodies together with the mix of piglets after weaning could explain a higher percentage of positive outbreaks (52.9%, nine PEDV positive outbreaks out of 17 investigated) in postweaning pigs (21–70 days) (1).

Neither TGEV, SeCoV, PDCoV nor SeACoV were detected in any of the investigated diarrhea outbreaks. To our knowledge, this is the first study in Europe actively researching PDCoV or SeACoV on swine farms. While SeACoV has a limited geographic distribution and has only been detected in swine farms in China (18, 19), PDCoV has been reported in the USA, South Korea, Thailand and mainland China (33). Although the country of origin and transmission routes of this virus have not been elucidated, available sequence data suggests that PDCoV identified in South Korea was introduced from the USA (33) indicating its international spread. The ability of porcine CoVs to emerge and re-emerge showed in recent years together with the probable naive status of European pig population for these emerging CoVs allows us to conclude the need of monitoring programmes which allow for a prompt detection and alert to establish strict biosecurity measures which would curtail their spread between countries or continents.

In order to identify PEDV variants currently circulating in Spain, we obtained the complete sequences of the S-gene of all the isolates and compared them to a representative selection of 44 PEDV genome sequences from Europe, Asia and America available in the GenBank (Figure 3). Like in other European countries (5–7, 32), only PEDV isolates included in the INDEL 2 or G1b genogroup were identified in Spain between 2017 and 2019. This genogroup has been described as causing a less severe disease than the non-INDEL or G2 genogroup (3, 8) which could explained the limited economic impact of PEDV re-emergence in Europe as compared to its dramatic consequences in the United States or Asia (34).

Phylogenetic analysis allows us to classify recent Spanish PEDV isolates into three clusters with some geographical relationships. The INDEL 2.1 and 2.2 clusters have a limited geographical spread, with the first restricted to two isolates recovered from two farms from Catalonia in the northeast of the country and the second including a number of isolates from farms located in a single province in the northwest and belonging to the same pig-producing company. Nevertheless, the INDEL 2.3 cluster included isolates recovered throughout the country together with recombinant PEDV-SeCoV isolates described in Hungary, Slovenia, Italy, or Spain (14, 15, 29) as well as Dutch, German, and French PEDV recent isolates. These isolates harbor a recombinant fragment of ~400 nt in the 5′ end of S-gene with PEDV and SeCoV being the major and minor parents, respectively. Since S protein is a key target for PEDV neutralizing antibodies, it has been proposed that this recombination event might provide some advantages (35, 36). Our results confirm this recombinant PEDV-SeCoV variant as the most widespread in Spain between 2017 and 2019 as previously suggested by de Nova et al. (15) in a research with a limited number of recent PEDV isolates. A similar displacement of other PEDV subgroups by the PEDV-SeCoV cluster has also been reported in Italy (35).

To sum up, this research confirms that PEDV has become endemic in Spain being detected in almost 40% of the viral suspected diarrhea outbreaks between 2017 and 2019 with most of the outbreaks occurring in postweaning-growing or fattening pigs, which limits the severity of the disease. Only the PEDV INDEL 2 or G1b genogroup is circulating and the recombinant PEDV-SeCoV variant is the most widespread strain. In contrast, neither PEDV non-INDEL or G2 genogroup, nor TGEV, SeCoV, PDCoV or SeACoV were detected. The emergence of new virus or variants due to spillover or through mutation or recombination events makes monitoring of porcine enteric CoVs of outmost importance in order to prevent their spread and allow for updated diagnostic tools.
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Canine parvovirus (CPV) is one of the most common causes of mortality in puppies worldwide. Protection against CPV infection is based on vaccination, but maternally-derived antibodies (MDA) can interfere with vaccination. The aim of this study was to evaluate the applicability of an in-clinic ELISA test to assess the CPV MDA in unvaccinated puppies and CPV antibodies in bitches, comparing the results with the gold standard haemagglutination inhibition (HI) test. Serum samples of 136 unvaccinated puppies were tested, along with sera of 16 vaccinated bitches. Five unvaccinated puppies were retested after vaccination. Both assays showed that the 16 vaccinated bitches had protective antibody levels against CPV. Conversely, significant discrepancies were observed for the MDA titers in unvaccinated puppies. Protective MDA titers were observed in 91.9% puppies using HI and in 40.4% by the in-clinic ELISA test, and only the latter one showed a decrease of MDA titers and percentages of protected puppies after the first weeks of age. Vaccination of five puppies with high HI and low in-clinic ELISA MDA titers resulted in seroconversion. Our results confirm the reliability of the in-clinic ELISA test in determining protective antibodies against CPV in adult dogs. Our findings also suggest that the in-clinic ELISA test kit may also be a useful tool to detect and quantify CPV MDA, thus allowing prediction of the best time to vaccinate puppies and reduction of the rate of vaccination failures due to interference by maternally-derived antibodies.

Keywords: canine parvovirus, dog, haemagglutination inhibition test, in-clinic ELISA test, maternally-derived antibodies, vaccination


INTRODUCTION

Canine parvovirus (CPV) is one of the most common causes of mortality in puppies (1). The virus is highly contagious and relatively stable in the environment, causing high morbidity in dogs worldwide. Dogs can be infected at any age, but puppies between 6 weeks and 6 months of age are more commonly infected, showing a more severe disease (1). In puppies, maternally-derived antibody (MDA) titers ≥1:80 are considered protective against CPV infection in the first weeks of life (2–4). After the first weeks of age, vaccination is the main method to control the disease worldwide (5).

The World Small Animal Veterinary Association (WSAVA) “Guidelines for vaccination of dogs and cats” recommend that all dogs should be vaccinated, whenever possible, not only to prevent individual infections but also to assure herd immunity and to reduce the prevalence of the disease (6). However, several factors can interfere with an adequate immune response and result in vaccination failure. In puppies, MDA are one of the major factors that can interfere with an immune response to vaccination. According to previous studies, MDA titers ≥1:20 are reported to cause a vaccination failure against CPV (2, 7–9).

CPV MDA vanish with a linear decrease during the post-birth period and their half-life is about 9–10 days (2, 10, 11). In most puppies, MDA decline by 8–12 weeks of age to a level that allows vaccination. Absence of MDA is reported by 10–14 weeks of age (2, 12).

It is not possible to accurately predict the first vaccination time because different MDA titers and kinetics have been reported in puppies, depending on vaccination status of bitches, magnitude of colostrum intake and environmental infective pressure (11, 13). To overcome MDA vaccination interference, administration of initial core vaccination in puppies at 6–8 weeks of age, then every 3–4 weeks until 16 weeks of age or older is recommended by WSAVA guidelines (6). Optimization of vaccination protocols in puppies is recommended and should rely on each puppy's individual needs (11, 14).

It would be important to know MDA titers in puppies in order to reduce interference with vaccination and consequently vaccination failures or, on the other hand, avoid unnecessary vaccinations. Serological testing has been introduced in veterinary practices to determine CPV seroprotection in dogs to assess revaccination requirements (3, 15). The gold standard test for detection and titration of CPV post-infection and/or post-vaccination antibodies in adult dogs is the haemagglutination inhibition (HI) test that has to be performed in specialist diagnostic laboratories (16). Recently, the WSAVA guidelines also support the use of simple in-practice tests for determination of seroprotection in dogs (6). These kits are quick and easy to use in clinics for the determination of immunity duration in vaccinated and/or infected dogs (17–19) but are not licensed to quantify MDA in unvaccinated puppies.

Given the usefulness of testing CPV MDA titers in unvaccinated puppies and the availability of in-practice test kits, the aim of this study was to evaluate the applicability of an in-clinic ELISA test to determine CPV MDA titers in unvaccinated puppies during their first weeks of life and CPV antibody titers in bitches, comparing the results with the gold standard HI test.



MATERIALS AND METHODS


Animals and Sample Collection

Unvaccinated puppies and vaccinated bitches were included after owner's consent to participate in the study, which was approved by Ethics Committee of the Department of Veterinary Medicine, University of Bari (approval number 10/17).

One-hundred and thirty-six puppies and 16 bitches (8 were mothers of the tested puppies) were analyzed in this study, for a total of 152 dogs. Puppies were from 40 litters, ranging from 1 to 11 puppies per litter. Sixty puppies were females and 76 were males. Sixteen animals were <40 days of age, 76 were between 40 and 50 days of age and 44 were >50 days of age. The median age was 47 days. Puppies were from 21 different breeds. Puppies were from small (n = 19), medium (n = 51), and large (n = 66) breed sizes. All the 136 puppies had never been vaccinated. Moreover, 5 unvaccinated puppies were retested after being vaccinated with a trivalent MLV vaccine (Nobivac CEP, MSD) (against CPV, CDV, and CAdV-1 infections). Vaccine was administered to the puppies on the first day of sample collection.

Bitches (n = 16) were between 1 and 8 years of age. The median age was 3 years. They were from 12 different breeds and from small (n = 3), medium (n = 5), and large (n = 8) breed sizes. Fourteen bitches were tested between 40 and 50 days of gestation while the other two were tested during the post-partum period with their puppies. All 15 bitches were repeatedly vaccinated starting from 5 months (end of the initial puppy vaccination) till 4 years of age, generally once a year. One cross-breed bitch from a kennel had never been vaccinated and was infected by CPV one week post-partum. Her puppies (n = 6), were promptly taken away and remained healthy. Their sera (mother and puppies) were collected 45 days post-partum.

When possible, puppies were retested after the first vaccination. Animals were sampled during 2017 by veterinarians in different Italian clinics, breeding kennels, and animal shelters. Data pertaining to vaccination history and other relevant clinical details were recorded for each dog. Puppies were classified in three age categories: <40 days of age, 40–50 days of age, and >50 days of age. Breeds were classified in small (<10 kg), medium (10–25 kg), and large (>25 kg) size.

Blood samples (1 mL) were collected by cephalic venepuncture from each animal. Samples were immediately centrifuged (1,000 × g for 10 min) and sera were separated and stored at −20°C until analysis.



In-clinic ELISA Test

Each serum sample was tested using an in-clinic ELISA test (Canine VacciCheck Antibody Test Kit, Biogal, supplied in Italy by Agrolabo), following the manufacturer's instruction. The kit is a rapid dot-ELISA-based system licensed to determine the titer of antibodies against canine adenovirus type 1 (CAdV-1), canine parvovirus (CPV), and canine distemper virus (CDV) antigens. The test kit has been approved by some official agencies and has been used in UK, Israel, and India to evaluate CPV antibodies in dogs (18–21).

The concentration of CPV antibodies in serum samples was defined by the color intensity of the spots measured in “S” units, on a scale from 0 to 6. An S value of 3 (S3) was standardized by the manufacturer to be the equivalence of a 1:80 CPV serum antibody titer by the HI test. As per the information provided by the manufacturer, S units from 0 to 6 corresponds to <1:20, 1:20, 1:40, 1:80, 1:160, 1:320, and 1:640 titer, respectively. Antibody titers ≥1:80 were indicative of protective levels of antibodies to CPV.



Haemagglutination Inhibition (HI) Test

Serum samples were also subjected to the HI test. Antibody testing was carried out as previously described, with minor modifications (16). The tests were performed at +4°C in 96-well V-plates, using 6–8 haemagglutination units of CPV-2b antigen (22) and 1% porcine erythrocytes. Serial 2-fold serum dilutions were made in phosphate-buffered saline, starting from a 1:10 dilution. Results were read after about 2–4 h at +4°C. The HI titer was indicated as the highest serum dilution completely inhibiting viral haemagglutination. Antibody titers ≥1:80 were indicative of protective levels of antibodies to CPV. As positive controls sera we used known sera from another work already published (23).



Data Analysis

Statistical analysis was performed using Graph Pad Prism 6, GraphPad Software (La Jolla, CA, USA), and EpiTools Epidemiological Calculators1 (24). To compare the validity of in-clinic ELISA with that of haemagglutination inhibition a Spearman correlation test (for not normally distributed data; Shapiro-Wilk test) was used, considering statistically significant value of p < 0.05, and a linear regression analyses was also performed. A Pearson's Chi-square test was used to assess the relationship between the presence of protective MDA titers (obtained by in-clinic ELISA or by HI tests) and independent variables such as gender, age, and breed size. A p < 0.05 was considered as statistically significant. The relative sensitivity and specificity of in-clinic ELISA were determined with Epitools epidemiological calculators software (epitools.ausvet.com.au) by comparison with the results of HI test (gold standard).

Results of the gold standard (HI) assays were compared with results of the in-clinic ELISA to determine measures of the diagnostic performance of the assay.




RESULTS


CPV Antibody Titers and Comparison Between In-clinic ELISA and HI Tests

Considering a MDA titer ≥1:80 as indicative of protection against CPV infection in both tests, the overall percentage of puppies with protective MDA was 40.4% (55/136) using in-clinic ELISA test and 91.9% (125/136) using HI test. Comparison of protective results (MDA titer ≥1:80) obtained in unvaccinated puppies by in-clinic ELISA and HI testing are reported in Table 1.


Table 1. Comparison of in-clinic ELISA test and HI test in detecting MDA (titer ≥1:80) in unvaccinated puppies.
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The results of HI and in-clinic ELISA are given in Table 2 and relationship exist between these two tests analyzed by ROC is depicted in Figure 1.


Table 2. Relative sensitivity and specificity of in-clinic ELISA in comparison to HI test.

[image: Table 2]
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FIGURE 1. ROC curve between in-clinic ELISA test and HI titers of samples.


MDA titers displayed large variability among puppies and between the two tests. MDA titers ranged from <1:20 to 1:320 using in-clinic ELISA test and from 1:10 to 1:2,560 using HI test (Figure 2). However, the two tests appear to be strictly correlated (p < 0.0001).


[image: Figure 2]
FIGURE 2. CPV MDA titers in 136 unvaccinated puppies according to the in-clinic ELISA and HI tests results.


The results of protected puppies (MDA titer ≥1:80) and antibody titers according to gender, age, and breed size are reported in Table 3.


Table 3. Puppies with protective CPV MDA titer (≥1:80) and mean CPV MDA titer detected using in-clinic ELISA test and HI test according to gender, age, and breed size.
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Different MDA titers in puppies from the same litter were observed in majority of the litters. In 11 and 9 litters, puppies from the same litter had the same MDA titer as detected by both HI and in-clinic ELISA test. Both tests always reported different MDA titers between bitches and their offspring.

HI test revealed significant differences in the presence of protective MDA between male and female puppies, with male puppies being significantly more protected than female puppies (p = 0.021). Presence of HI protective MDA were significantly lower in 40–50 days old puppies compared with older (>50 days old) puppies (p = 0.02). Presence of HI protective MDA were significantly lower in puppies from medium size breeds compared with large size breed (p = 0.032). No other significant differences were observed for HI test results. No significant differences were observed between the result of the in-clinic ELISA test and the variables analyzed (gender, age, and breed size) (Table 3).

The MDA and active antibody titers obtained by both tests in 5 puppies tested before and after their first vaccination are shown in Table 4. Before the first vaccination, no puppy had protective titers (all of them presented titers ≤ 1:20) by the in-clinic ELISA test, and this result was in contrast with HI test, which estimated a percentage of 100% of protected puppies. After the first vaccination all puppies seroconverted and became protected as assessed by both tests.


Table 4. CPV MDA and active antibody titers detected using in-clinic ELISA test and HI test before and after administration of the first vaccination in 5 puppies.
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All the 16 bitches in the study resulted highly protected by both assays. Antibody titers ranged from 1:80 to 1:640 using in-clinic ELISA test and from 1:160 to 1:5,120 using HI test.

The antibody titers of the unvaccinated kennel bitch that was infected with CPV one week post-partum and the MDA titers of her offspring obtained by both tests are shown in Table 5. Forty-five days post-partum, the bitch presented a protective CPV antibody titer due to the previous CPV infection, as detected by both tests; conversely, no puppy was positive using the in-clinic-ELISA test, while 5 of 6 puppies resulted protected by HI.


Table 5. Antibody titers against CPV of 6 puppies and their unvaccinated mother.
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DISCUSSION

MDA are known to be a two-edged sword in puppies. MDA are essential for protection against CPV infection but in high concentrations it may cause vaccination failures in puppies. In this study, we evaluated the applicability of an in-clinic ELISA test to assess MDA level in puppies under field conditions in comparison with the gold standard HI test.

Both VacciCheck and HI titers are considered protective if ≥1:80. As stated by Taguchi et al. (25), it is possible to consider a protective titer ≥1:40 using CPV-2b in HI test, as demonstrated in a challenge infection study using a Japanese CPV-2b-based vaccine (Rescamune). In our study, only 10 out of 136 puppies displayed HI MDA titers of 1:40, and according to Taguchi et al. (25) even these puppies could be considered protected against infection by a CPV field strain, thus resulting in a total of 135/136 animals with protective levels of MDA as assessed by HI test (the last one had a titer of 1:10 and then was surely unprotected). However, in the recent review of Chastant and Mila (26) regarding passive immune transfer (PIT) in puppies, adequate PIT was defined as IgG concentration >2.3 g/L for general immunity and CPV-2-antibody titer >1:80 for specific immunity evaluation, independently of CPV-2 strain (26).

The in-clinic ELISA test is commonly used to detect specific CPV post-vaccination/infection antibodies in dogs. In the analyzed bitches, the 100% overall accuracy of the in-clinic ELISA test compared to the HI test to detect protective titers in all the vaccinated adult dogs was expected, since the dogs had been vaccinated within a maximum 4 year-period prior sampling. Vaccination administered within 3-years is considered protective in adult dogs and protective antibody titers have been reported in dogs even after longer periods (19, 27). The results of this study confirm previous findings that indicate the reliability of the in-clinic ELISA test for detection of protective antibodies against CPV in adult dogs (18). Even if antibody titers were not perfectly the same, the higher antibody titers detected using HI test compared to in-clinic ELISA test were previously reported for the HI titers >1:1,280 (17). The in-clinic ELISA test was not able to determine antibody titers in the HI range ≥1:640, indicating that the gold standard test is more reliable in detecting very high antibody titers in dogs after vaccination and/or infection. This limitation is not considered important because titers in the high range indicate protective levels of immunity (17). As reported by Thomas et al. (28), quite low and high HI titers may not have good correlations with any other serological test for the quantification of CPV specific antibodies. This was taken into account while analyzing our results, but in our case no differences were found when those values were eliminated.

Although HI internal control was used, a possible incorrect control titration could have been a bias in the subsequent antibody titration. In fact, as suggested by Senda et al. (29) also small changes in the technique could strongly affect results. Consequently, our HI test might be overestimating puppy antibody titers and be the main cause of the observed discrepancy. Only using true negative sera, it would be possible to increase HI accuracy.

The high percentage (91.9%) of protection and the high MDA titers (1:2,560) by HI test were not expected in puppies, considering the linear decrease of MDA in the first weeks of age (11, 30). Moreover, results obtained by HI test showed a constantly and unexpected highly significant protection of puppies in older age groups (100% puppies >50 days of age with protective MDA titers). According to the expected decline of MDA in the first weeks after birth (2, 10, 11), only the in-clinic ELISA test showed a decrease of MDA titers and percentages of protected puppies starting from 40 days of age (corresponding to ≥6 weeks old puppies).

Compared to older puppies, higher protective MDA titers and prevalence of protected puppies were expected in younger ones (<40 days of age, corresponding to ≤ 6 weeks old puppies). HI test identified 100% of puppies <40 days old as MDA protected. However, protection of all the puppies after 6 weeks from birth is not likely, as demonstrated by lower prevalence previously reported in 6 weeks old puppies (11). The lower protection in puppies ≤ 6 weeks old (<40 days) compared to older ones, as observed by the in-clinic ELISA test, may be due to puppies' features. Anamnestic data revealed that the 16 puppies <40 days old were Dobermanns, Rottweilers and Bull Terriers. These breeds are suspected to be genetically low-responder breeds, thus failing to develop an antibody response after repeated revaccination (6, 31). It is possible that these puppies did not receive adequate MDA because of the low quality of colostrum produced by the bitches due to the inability to develop an adequate antibody response after vaccination. Unfortunately, comparison with puppies <40 days old of other breeds and/or with older Dobermanns, Rottweilers and Bull Terriers puppies was not possible because they were not sampled in this work and further investigations are needed.

The significantly higher percentage of male puppies with protective HI MDA compared to females was not expected and gender being a factor linked to differences in maternal colostrum ingestion in the first day of life has not been reported. The significantly higher percentage of large size breed puppies with protective HI MDA compared to medium size breed was unexpected. An in direct correlation between the duration of MDA and the growth rate of the animal was previously observed, with slow-growth breeds (small and medium size breeds) eliminating their MDA more slowly than rapid growth-breeds (large and giant size breeds) (7).

Differences in MDA titers in bitches and puppies from the same litter were previously reported (17), probably linked to differences in colostrum intake among puppies (7).

CPV antibody titers of the puppies of the unvaccinated bitch infected by CPV one week after delivery also showed discrepancies between the two tests. Puppies were promptly separated from their mother and remained healthy. As expected, by in-clinic ELISA test all puppies presented MDA titers below the protective titer, whereas the HI test showed that 5 of the 6 puppies had protective MDA titers against CPV. Regarding the dam, as a consequence of the CPV infection, specific antibodies protective titers were detected by both tests at 45 days post-partum. The results of the in-clinic-ELISA test seem to be more reliable because these puppies, promptly taken away from the infected mother, remained healthy and did not shed CPV, so that they could not have neither MDA from their unvaccinated mother nor protective antibody titers due to an active immunization.

Discrepancies in results of the two tests in the 5 puppies tested before and after vaccination were also observed. Before the first vaccination the in-clinic ELISA test showed the absence of protective MDA titers in puppies, whereas HI estimated a 100% of puppies having protective MDA. After the first vaccination, all puppies seroconverted and protective antibodies were observed by both tests. Post-vaccination titers seem to support the reliability of the in-clinic ELISA test: in fact, according to previous studies, only puppies with low MDA titers (<1:20) are supposed to develop an appropriate immunity after the first vaccination (2, 7). However, in some circumstances, CPV seroconversion has been observed even in the presence of higher MDA levels (32). Even though the sample is too small, the final result gives a clear indication of the importance of both tests, and further studies are needed.

Overall, our results are indicative of the reliability of the in-clinic ELISA test to detect MDA in puppies and at the same time account for a lower specificity of HI test in determining MDA levels.

Regardless the serological test used, a practical approach may be suggested to overcome the difficulties and expensiveness related to the theoretical possibility to repeatedly sample and test young puppies in order to monitor the decline of MDA and decide the first vaccination time. Instead of repeated sampling, puppies might be tested once for MDA titers, at an age of 6 weeks. Decline of MDA may be subsequently estimated considering a CPV antibody half-life of 9–10 days and vaccination may therefore be scheduled when MDA estimated titers are <1:20 (33).



CONCLUSIONS

The present study reveals the utility of an in-clinic ELISA test in detecting protective antibodies against CPV in adult dogs in comparison with the gold standard HI test. However, discrepancy could be observed between the tests in determining the CPV MDA antibodies in puppies. Only the in-clinic ELISA test showed a decline in MDA titers in older puppies as compared with HI, thus suggesting that this in-clinic ELISA test can be used as a specific and sensitive tool to determine MDA in unvaccinated puppies. This allows the prediction of the best time of vaccination, thus reducing the rate of vaccination failures.
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The microscopic agglutination test (MAT) used for the serological diagnosis of leptospirosis, as a robust and inexpensive method, is still the reality in many laboratories worldwide. Both the performance and the interpretation of the MAT vary from region to region, making standardization difficult. The prediction of the probable infecting serogroup using this test is indispensable for elucidating the epidemiology of the disease; however, in veterinary medicine, many studies consider any reaction detected with a titer of 100, which may ultimately overestimate some serogroups. Thus, the aim of this study was to evaluate the usefulness of the ranking technique for predicting the probable infecting serogroup identified by the MAT, eliminating cross reactions with other serogroups. Leptospira strains (12 samples) were inoculated in hamsters, and after 30 days, serology was performed by the MAT for these animals to confirm the infecting serogroup. Using the ranking technique, the probable infectious serogroup found with the MAT was the same as that in which the strains of inoculated leptospires belonged; additionally, the technique can be applied in epidemiological studies involving herds.

Keywords: leptospirosis, serology, MAT, diagnostic, epidemiology


INTRODUCTION

Leptospirosis is an emerging disease that affects various species of mammals, including humans. The disease is caused by pathogenic bacteria of the genus Leptospira, which encompass several serogroups that comprise a variety of serovars (1, 2). The great importance in knowing the predominant Leptospira serogroups circulating in a population is the contribution to elucidating the epidemiological chain of the disease, which influences the adoption of effective control measures (3).

The microscopic agglutination test (MAT) is considered a reference in the serological diagnosis of leptospirosis, mainly for epidemiological studies, as it is able to test for several serovars that represent different serogroups at once. The principle of the technique is based on the antigen-antibody reaction and detects both IgM and IgG classes of antibodies. The MAT is carried out in two stages. First is screening, in which only the reactive sera in the initial dilution (commonly 1:100) are considered positive and subjected to a second step for titration; in this case; the serum is diluted consecutively in a two-fold ratio and analyzed until the dilution where the serum stops reacting (between 50 and 100% leptospires free under dark field microscopy). In interpreting the results, many laboratories end up determining the positive limit of the test with a titer of 100 (1, 4).

Using the ranking technique, initially named the most likely serotype, only the reaction for a single serogroup with the highest titer is considered per animal, while other reactions with lower titers for other serogroups are disregarded, as well as samples in which a tie occurs for two or more serogroups with predominant titers (5). A general scheme for how the ranking technique can be used in MAT for a herd is shown in Figure 1. This technique can be very useful for epidemiological studies, as it seems to reduce paradoxical reactions, being used both for herds (5–8) and for humans (9); however, the ability of this technique to identify the presumptive infecting serogroup, namely, the most likely, has not been examined. Thus, the aim of this study was to evaluate the usefulness of the ranking technique for predicting the most likely infecting serogroup with the MAT carried out with serum from experimentally infected hamsters.


[image: Figure 1]
FIGURE 1. Application of the ranking technique in the interpretation of the results by MAT for a herd.




MATERIALS AND METHODS

This study was carried out from August to October 2020 and approved by the Ethics Committee on Animal Use of the School of Veterinary Medicine and Animal Science (Universidade de São Paulo) – CEUA/FMVZ no. 5724220920. Twelve strains of Leptospira, isolated from cattle raised in the Brazilian Amazon (Table 1), were grown in the EMJH medium (Ellinghausen-McCullough-Johnson-Harris) until they reached a concentration of ~2 × 108 leptospires/mL. These samples were chosen because they were isolated from cattle, and most of the laboratory routine tested by us is focused on this species, further considering that it is a species in which cross reactions in serology are observed. In addition, since bovine leptospirosis is a herd disease, the diagnosis of this disease must always be performed at the herd level.


Table 1. Strains of leptospires used in this study (10).

[image: Table 1]

Before inoculation of the strains in hamsters (Mesocricetus auratus), blood was collected from the animals and subjected to serology using the MAT according to Faine et al. (1) to verify the absence of anti-Leptospira spp. antibodies. Then, 0.5 mL of each strain was inoculated intraperitoneally into hamsters weighing between 60 and 100 g for a total of 24 adult animals (2 animals per strain).

The animals were kept under observation for a period of 30 days or until the manifestation of clinical signs of leptospirosis (bristly hair, prostration, photophobia, jaundice, and weight loss), and the presence of these symptoms was the determining factor for carrying out euthanasia, thus avoiding natural death and prolonged stress. In this way, the hamsters were anesthetized, and blood collection was carried out through cardiac puncture. Immediately after, euthanasia and necropsy of the animals were performed, and fragments of the kidneys (1 × 1 cm) were obtained and macerated in sterile Sorensen buffered saline (1:10) and observed directly under dark field microscopy for detection of leptospires. Thus, tissue colonization and renal carriage were confirmed.

The serum samples from the animals were subjected to the MAT by applying a panel with 24 serovars of Leptospira spp. used in the routine serological diagnosis of leptospirosis by the laboratory (Supplementary Material 1); moreover, the serum was also tested against the respective strain with which the animal was inoculated (challenge strains). The results were tabulated and analyzed using the ranking technique, considering only the predominant titers found in the MAT for each serum sample, and in this way, stipulating which serogroup was the most likely that infected the animal, discarding the cross reactions with the antigens of the standard MAT panel.



RESULTS

All animals used in this study, before the inoculation of the Leptospira strains, were negative in the MAT, ensuring that after the inoculation, the detected antibodies were obtained only due to the immune response against the inoculated strains. Furthermore, leptospires were detected in the kidneys of all post inoculation animals, demonstrating the ability of the strains to colonize renal tissue and consequently make the animal a carrier. No clinical signs suggestive of leptospirosis or macroscopic lesions on the organs of the animals were observed.

Regarding serology, the ranking technique did not alter the execution of the MAT in any way; it was only applied in the interpretations of MAT results, which were grouped into cases (Table 2). These cases represented possible situations that are commonly observed in the performance of serological studies. It is important to emphasize that the highest titers (800–6,400) were detected against the inoculated strains themselves (challenge strains), meaning there was an immune response from the animals, and any reaction to another serogroup other than that which the inoculated strain belonged was considered a cross reaction.


Table 2. Results obtained by serology performed with the serum of animals inoculated with Leptospira spp.
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DISCUSSION

Despite in the literature there are no reports of evaluate the effectiveness of the ranking technique in a controlled way, when the infectious serogroup is known (experimental inoculation), this technique were used in MAT serology for random herds of cattle, buffaloes, sheep, horses and other species (5–8).

First, it is worth noting that the ranking technique, when used, does not negate any sample that was reactive for at least one antigen of the MAT panel, regardless of the titer found, and if there was a tie between antigens from different serogroups, the sample remains positive for leptospirosis and can be considered for calculating the general prevalence of the disease within a herd; however, it is not possible to predict the most likely infecting serogroup for this sample, so it is disregarded only to stipulate the serogroups prevalent in a herd (5–8).

In case 1, the predominant serogroup was the only serogroup detected in the MAT, and no cross reactions were detected since the only serogroups found were the same serogroups to which the challenge strains belonged.

In case 2, reactions were found for more than one antigen, but the antigens belonged to the same serogroup, and even though there was a tie between two antigens with the highest titer (Hard/Hbov), both are in the Sejroe serogroup; in this situation, the predominant serogroup was Sejroe. This phenomenon happens due to the cross reaction that normally occurs between serovars that belong to the same serogroup (1, 2).

In case 3, the animals were reactive for more than a single serogroup, and there was a variation in the titers, with the predominant titer attributed to the most likely serogroup, and the other reactions for the other serogroups disregarded. In addition, the most likely serogroup indicated by the ranking technique was compatible with the serogroup of the Leptospira strains inoculated in the respective animal. This seems to be the greatest utility of the ranking technique applied in the MAT for a herd because, if case 3 represented a herd, we would have identified the serogroups Autumnalis, Cynopteri, Canicola, Panama, Grippotyphosa, Icterohaemorrhagiae, Bratislava and Pomona, when in fact the real serogroups circulating in the herd would be Autumnalis, Canicola and Icterohaemorrhagiae; the other serogroups would be overestimated. In this case it is also common occurs a tie for two or more serogroups with predominant titers in a same sample, which would result in the disregard of this sample for the definition of the prevalent serogroups within the herd, however it would continue to be considered reactive for leptospirosis. This situation was not observed in this study.

During the organization and serological classification of leptospires, some serovars that belonged to a serogroup were removed and grouped into other serogroups due to serological affinity, such as what happened with the serovar Butembo, which previously belonged to the serogroup Cynopteri and was later added to the serogroup Autumnalis, remaining today in this serogroup (11). This indicates that antigens from different serogroups can be serologically related, which does not exclude the possibility of cross reaction between them.

Cross reactions between different serogroups usually occur in the MAT during acute cases of the disease since there is an increase in the production of IgM, a circumstance that makes it difficult to interpret the test (1, 12). Nevertheless, in this study, the serology of the animals was performed 30 days after inoculation, when the disease was in the chronic phase (13), and cross reactions were also found. This situation is frequently observed in epidemiological studies, wherein random sampling, it is not possible to establish which phase of the disease the animal is in (5–8).

The identification of acute cases occurs mainly in the presence of clinical signs of the disease (1); however, clinical signs may not be so easily detected, as occurs in cattle infected with strains adapted to them, such as those belonging to the Sejroe serogroup, which silently compromises the reproductive system of these animals (14). Further, different Leptospira strains (non-Sejroe) recovered from bovines without observation of clinical signs demonstrates the adaptability that these bacteria may have in the host (15).

We found it interesting to include a Leptospira strain in which the serogroup had not been determined, which was represented in case 4, and as a result, the animals were not reactive in the MAT and thus considered negative for leptospirosis; nonetheless, the animals were reactive for the strain that was inoculated and showed renal colonization. Apparently, strain M02/20-114 belongs to a serogroup that is not represented in the MAT panel that was used, which reinforces the importance of adapting the panel of antigens utilized in the MAT, inserting locally isolated strains to increase the sensitivity of the test (2, 7). It should be emphasized that, in cattle, leptospires can be recovered from the urine of negative animals in serology (16), which would be important for an efficient diagnosis the association with other techniques such as PCR, for example.

In conclusion, MAT is a traditional test and are provides a richness of information, therefore its replacement may be difficult to happen. The ranking technique is another way of interpreting the results obtained by MAT, in order to refine the data reducing the occurrence of cross reactions between the serogroups. Thus, we demonstrate how this technique can be useful in the MAT for predicting the most likely infecting serogroup of Leptospira and can be applied, especially in epidemiological studies involving herds.
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Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE) that is fatal to free-range and captive cervids. CWD has been reported in the United States, Canada, South Korea, Norway, Finland, and Sweden, and the case numbers in both wild and farmed cervids are increasing rapidly. Studies indicate that lateral transmission of cervids likely occurs through the shedding of infectious prions in saliva, feces, urine, and blood into the environment. Therefore, the detection of CWD early in the incubation time is advantageous for disease management. In this study, we adapt real-time quacking-induced conversion (RT-QuIC) assays to detect the seeding activity of CWD prions in feces samples from clinical and preclinical white-tailed deer. By optimizing reaction conditions for temperature as well as the salt and salt concentration, prion seeding activity from both clinical and preclinical animals were detected by RT-QuIC. More specifically, all fecal samples collected from 6 to 30 months post inoculation showed seeding activity under the conditions of study. The combination of a highly sensitive detection tool paired with a sample type that may be collected non-invasively allows a useful tool to support CWD surveillance in wild and captive cervids.

Keywords: CWD, prion disease, RT-QuIC, transmissible spongiform encephalopathy, TSE, feces, white-tailed deer


INTRODUCTION

Chronic wasting disease (CWD) is a form of transmissible spongiform encephalopathy (TSE) or prion disease affecting cervids including deer, elk, reindeer, and moose. Prion diseases result from the misfolding of the cellular prion protein (PrPC) into a pathogenic form (PrPSc). Other prion diseases include scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle, and Creutzfeldt-Jakob disease (CJD), fatal familial insomnia (FFI), Gerstmann-Sträussler-Scheinker syndrome (GSS), and kuru in humans. CWD has been reported across North America including 26 states in the United States and three Canadian provinces. CWD-infected animals have also been reported in South Korea, Norway, Finland, and most recently, Sweden (1–4).

Chronic wasting disease infected cervids have misfolded prion proteins distributed widely, not only in the nervous system but also in lymphoid tissues, muscle, and blood (5–7). These animals are known to shed prions into the environment via saliva, urine, blood, and feces. This environmental contamination is often suggested to be the cause for horizontal CWD transmission among captive and free-ranging wild animals. Despite the awareness of potential sources, rising case numbers in wild cervids highlight the lack of effective CWD management strategies. Lacking treatment or vaccination, any management strategy for CWD will be dependent on sensitive and early detection of CWD prions in CWD infected animals. Early detection in a readily accessible sample that can be collected in a non-invasive procedure will afford producers and regulatory entities the opportunity to test prior to shipment as well as upon receipt to reduce the likelihood that an infected animal would be introduced into an otherwise healthy herd. Samples that are shed from animals, particularly early in the incubation period, have low concentrations of detectable prions, which necessitates highly sensitive prion detection methods. Highly sensitive prion detection tools like real-time quaking induced conversion (RT-QuIC) that amplify the prion in vitro enabled the detection of prions from early stage of the disease and from various sample types in addition to brain and lymphoid tissues. Several reports have indicated that fecal prions as well as those found in saliva, blood, and urine from cervids could be detected using RT-QuIC, in some cases using preclinical samples (8–14).

In the study, we tested the suitability of bank vole prion protein (BV rPrP) as a substrate for CWD detection in feces samples from clinical and preclinical white-tailed deer. To accomplish this, the reaction conditions were optimized using different enrichment methodologies, different salt concentrations, different temperatures, and different salt ions to amplify fecal prions for improved sensitivity and specificity.



MATERIALS AND METHODS


Source of Fecal Samples

All fecal samples used in this manuscript were collected from white-tailed deer that were experimentally inoculated by the oronasal route with the CWD agent from either a white-tailed deer (deer numbers #1548 and #1553) or an experimentally inoculated raccoon (deer numbers #1542 and #1555). Feces was collected from two non-inoculated, non-CWD exposed deer for use as negative controls (deer numbers #831 and #1801). They are summarized in Table 1. All animal experiments were conducted at the National Animal Disease Center under the approval of the Institutional Animal Care and Use Committee (protocol number: ARS-2018-748, date of approval from ethical committee: August 7, 2015). The animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animal (Institute of Laboratory Animal Resources, National Academy of Sciences, Washington DC, USA). Each deer was inoculated oronasally similar to previously described (15) with 1 ml of 10% (wt/vol) brain homogenate from a single animal with clinical signs consistent with prion disease and confirmed positive by immunohistochemistry, enzyme-immunoassay (EIA), and Western blot. Fecal samples were collected at ~6-month intervals until the deer developed clinical signs consistent with CWD. The mean incubation period was 682 days for deer inoculated with the CWD agent from a white-tailed deer. At ~1,700 dpi, the experiment with deer inoculated with the CWD agent from raccoons is ongoing, but deer #1542 was euthanized at 1,035 dpi due to clinical signs consistent with CWD.


Table 1. Animal experimental summary of genotype, inoculum, survival period, and enzyme-immunoassay (EIA) in white-tailed deer inoculated oronasally with the agent of chronic wasting disease from white-tailed deer and racoon.
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Preparation of Cervid Feces Extracts

Cervid feces was prepared as described by Cheng et al. (9). Briefly, 1 g of previously collected fecal pellets was weighed and added into the feces extract buffer (20 mM sodium phosphate (pH 7.1), 130 mM NaCl, 0.05% Tween 20, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1X complete protease inhibitors (Roche) giving a final concentration of 10% (w/v). Then, the fecal pellets were homogenized in M tubes (GentleMACS M tubes) using a dissociator (GentleMACS, Miltenyi Biotec) for a minute with two to three repeats to ensure complete pellet disruption. The tubes were then placed onto an orbital shaker for 1 h at room temperature. After centrifugation at 18,000 × g for 5 min, supernatants were collected and stored at −80°C for further use.



Sodium Phosphotungstic Acid Precipitation

To each 1 ml volume of 10% (w/v) fecal supernatant, 250 μl of 10% N-lauryl sarcosine was added. Samples were then incubated at 37°C for 30 min at 1,400 rpm in a thermomixer. Using a stock solution of 10% sodium phosphotungstic acid (NaPTA), 170 mM of magnesium chloride (pH 7.4) was added to each sample to give a final concentration of 0.3% NaPTA in the samples. Samples were incubated at 37°C for 2 h with shaking at 400 rpm. Supernatants were removed following centrifugation at 15,800 × g for 30 min. Pellets were washed with wash buffer [10 mM Tris-Cl, pH 7.5, 100 mM NaCl, 0.5% Triton-X 100, 10 mM ethylenediamine tetraacetic acid (EDTA), 0.5% sodium deoxycholate (w/v), and 0.1% sarkosyl (w/v)], and centrifuged again for 15 min at 15,800 g. Pellets were resuspended in 100 μl of Dulbecco's phosphate-buffered saline (DPBS) with 0.05% Sodium dodecyl sulfate (SDS).



PAD-Beads Enrichment

PAD-Beads and all buffers were provided as a kit from (Microsens, London, UK). Standard PAD-Beads enrichment was followed as described by Hwang et al. (16). Briefly, 200 μl of 10% (w/v) fecal samples was mixed with 500 μl of distilled water by gently tapping the tubes, and then 200 μl of capture buffer and 100 μl of beads were added to the tube. The tubes were then shaken for 30 min at room temperature on a rocker. After the incubation, beads were captured on a magnet and the liquid was removed. Then, the samples were washed with wash buffer 1 and wash buffer 2. For elution, 25 μl of elution buffer (0.1 M NaOH, 0.1% Triton X-100) was added to the beads, and the tubes were shaken for 5 min. The tubes were placed on a magnet to capture the beads. While the tubes were on the magnet, the same volume, 25 μl of 0.1 M HCl was added to the tubes to neutralize the NaOH and mixed gently. Finally, the liquid was removed and analyzed by RT-QuIC.

For large scale sample preparation, 1 ml of fecal samples was used instead of 200 μl, and all other buffers were used at five times the previously indicated volume except the elution buffer and HCl neutralization which were both 50 μl.



Recombinant Prion Protein Production and Purification

Escherichia coli [BL21 (λDE3)] was transformed with the pET28a vector containing the bank vole PrP gene (amino acids 23–231; GenBank accession number AF367624), and the recombinant bank vole prion proteins were expressed and purified as described by Vrentas et al. (17). The concentration of pooled protein eluent was measured by UV and calculated from the absorbance at 280 nm using an extinction coefficient of 62,005 M−1cm−1 as calculated for the bank vole prion protein (18).



Real-Time Quaking-Induced Conversion Protocol

Real-time quaking-induced conversion reactions were performed as previously described (19–25). The reaction mix was composed of 10 mM phosphate buffer (pH 7.0), either 100, 200, 300, 400, and 500 mM NaCl or 100, 200, 300, 400, and 500 mM sodium iodide (NaI), 0.1 mg/ml recombinant bank vole prion protein, 10 μM thioflavin T (ThT), and 1 mM EDTA tetrasodium salt. Aliquots of the reaction mix (98 μL) were loaded into each well of a black 96-well plate with a clear bottom (Nunc, Thermo Fisher Scientific, USA) and seeded with 2 μL of fecal homogenate dilutions with 0.05% SDS. The plate was then sealed with plate sealer film and incubated at 37, 42, or 48°C in a BMG FLUOstar Omega plate reader with cycles of 1 min shaking (700 rpm double orbital) and 1 min rest for 100 h. ThT fluorescence measurements (excitation 460 nm, emission 480 nm, bottom read, 20 flashes per well, and manual gain 1,400) were taken every 45 min.

All RT-QuIC assays for each dilution of each sample were performed as two repeats of four replicates for a total of eight replicates. ThT fluorescence data are displayed as the average ThT fluorescence of four technical replicates for each time point and, to be considered positive, the ThT fluorescence of at least two replicates out of four reactions must be positive. Positive threshold was calculated as the mean value of non-inoculated control sheep brain homogenates plus 10 SDs, and lag time is defined as the time to reach the positive threshold (20, 26, 27).




RESULTS


Real-Time Quaking-Induced Conversion Detection of PrPSc in Non-enriched Fecal Samples From White-Tailed Deer Clinically Affected With CWD

To test whether CWD prions from fecal samples, without enrichment or substrate replacement, could be detected by RT-QuIC using BV rPrP, reactions were seeded with different dilutions of fecal samples collected from clinically affected white-tailed deer at the time of necropsy. Different concentrations of NaCl were tested to find the optimal reaction conditions with BV rPrP and CWD infected deer fecal samples (Figure 1). All tested conditions showed an increase in ThT fluorescence typical for the detection of TSE within 30 h except 300 mM NaCl. Using higher salt concentrations (400 and 500 mM NaCl) improved the seeding activity with shorter lag time for assays seeded with feces from positive animal samples while assays seeded with feces from negative control samples remain below the threshold to be considered positive (Figures 1D,E).
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FIGURE 1. Real-time quacking-induced conversion (RT-QuIC) reactions containing different NaCl concentrations (A) 100 mM, (B) 200 mM, (C) 300 mM, (D) 400 mM, and (E) 500 mM seeded with fecal dilutions from chronic wasting disease (CWD) infected white-tailed deer brains using BV rPrP as a substrate. RT-QuIC reactions were seeded with 100, 10−1, or 10−2 dilutions of 10% fecal homogenate. All reactions were seeded with fecal homogenate of white-tailed deer with the addition of 0.001% of SDS. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).




Real-Time Quaking-Induced Conversion Detection of PrPSc in Enriched Fecal Samples by NaPTA Precipitation From White-Tailed Deer Clinically Affected With CWD

To evaluate the efficacy of NaPTA precipitation in detection CWD prions in fecal samples from clinical CWD infected white-tailed deer, reactions containing recombinant BV rPrP were seeded with different dilutions of NaPTA enriched fecal samples. Again, different concentrations of NaCl were tested to find the optimal condition for the detection of PrPSc in the fecal samples with RT-QuIC following NaPTA precipitation. Similar to the results observed for non-enriched samples, all tested NaCl concentrations, except 300 mM NaCl, result in fibril seeding based on an observed increase in ThT fluorescence (Figure 2). Assays with higher NaCl concentrations (400 and 500 mM) showed shorter lag times with spontaneous conversion with low intensity and extended lag time at 70 h. It is clear that NaPTA precipitation improved the RT-QuIC detection in fecal samples by shortening lag time of seeding activity.
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FIGURE 2. Real-time quacking-induced conversion (RT-QuIC) reactions containing different NaCl concentrations (A) 100 mM, (B) 200 mM, (C) 300 mM, (D) 400 mM, and (E) 500 mM seeded with sodium phosphotungstic acid (NaPTA) enriched fecal dilutions from CWD infected white-tailed deer brains using BV rPrP as a substrate. RT-QuIC reactions were seeded with 100, 10−1, or 10−2 dilutions of 10% fecal homogenate. All reactions were seeded with fecal homogenate of white-tailed deer with the addition of 0.001% of SDS. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).




Real-Time Quaking-Induced Conversion Detection of CWD Prions in Fecal Samples of White-Tailed Deer With Clinical Signs of CWD Following PAD-Bead Enrichment

PAD-Beads, a commercially available kit, has been used to successfully enrich brain homogenate samples prior to RT-QuIC (16). To evaluate the efficacy of PAD-Beads enrichment for CWD prion detection from fecal samples, reactions containing BV rPrP were seeded with different dilutions of PAD-Beads eluate in the presence of different NaCl concentrations. Most assays did not show any increase of ThT. However, assays containing 100 mM NaCl showed the increase of ThT fluorescence for the assays seeded with fecal sample of animal #1553 (Figure 3). Given the presumably lower concentration of PrPSc in fecal samples relative to brain homogenate, we also assessed a higher starting volume of fecal sample homogenate. The standard PAD-Bead protocol uses 200 μl of 10% fecal homogenates. Therefore, instead of using 200 μl of 10% fecal homogenates (standard protocol), 1 ml of 10% fecal homogenate was used for PAD-Beads enrichment. All other reagents in the protocol were also increased by five times. At the end, 100 μl of eluate was collected to make the final 1/10 volume of original fecal sample, a volume equivalent to that used in NaPTA enrichment. When assays were seeded with fecal eluate of large scale PAD-Beads enrichment, every assay showed rapid (within 20 h) conversion. However, assays seeded the equivalently treated negative control fecal samples showed seeding activity with only a marginally longer lag time. Specifically, assays seeded with negative control in the presence of 400 mM NaCl had a lag time ~5 h longer than from positive animals, and all reactions containing 500 mM NaCl showed the increase of ThT fluorescence in a similar lag time albeit lower intensity (Figures 4A,B). ThT fluorescence comparing reactions seeded with unenriched feces, enriched by large scale PAD-Beads, and NaPTA is shown in Figure 4. Based on these results, PAD-Bead enrichment was not further pursued for fecal samples, and NaPTA enrichment was used for all further experiments.
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FIGURE 3. Real-time quacking-induced conversion (RT-QuIC) reactions containing different NaCl concentrations (A) 100 mM, (B) 200 mM, (C) 300 mM, (D) 400 mM, and (E) 500 mM seeded with PAD-Beads enriched fecal dilutions from CWD infected white-tailed deer brains using BV rPrP as a substrate. RT-QuIC reactions were seeded with 100, 10−1, or 10−2 dilutions of 10% fecal homogenate. All reactions were seeded with fecal homogenate of white-tailed deer with the addition of 0.001% of SDS. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).
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FIGURE 4. Comparison of RT-QuIC reactions seeded with fecal dilutions from different enrichment. (A,B) enriched with PAD-Beads large scale (C,D) enriched with NaPTA (E,F) non-enriched dilutions. All reactions were seeded with fecal homogenate of white-tailed deer with the addition of 0.001% of SDS. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).




Real-Time Quaking-Induced Conversion Detection of CWD Prions in Fecal Samples Collected From White-Tailed Deer in the Preclinical Stage of Prion Disease

To evaluate if RT-QuIC assays can detect prions from fecal samples of preclinical white-tailed deer, fecal samples that were collected at times of routine animal handling were also seeded in RT-QuIC reactions. In total, eight fecal samples from four white tailed deer were collected. Four samples are from animal #1553 and #1548 after 6 and 18 months of inoculation, and another set of four samples received from #1542 and #1555 after 6 and 30 months of inoculation were used to run the assay. All fecal samples were NaPTA enriched and tested for prion detection in RT-QuIC, and assays were measured at 37°C in the presence of 500 mM NaCl (Figure 5). However, most assays did not show any increase of ThT fluorescence except the one seeded with #1542 (30 months post inoculation). With low detection under these conditions, assays were repeated at higher temperatures (42 or 48°C) using both 400 mM and 500 mM NaCl (Figure 6). This increased overall conversion as evidenced by increased ThT fluorescence (Figure 6). Assays run at 42°C in the presence of 500 mM NaCl showed the increase of ThT fluorescence within 60 h of lag time for most fecal sample collected from biopsy, and the reactions were well-separated from the assay seeded with feces of negative control animal (Figure 6B). Assays running at 48°C not only shorten the lag time by ~20 h for most fecal samples but it also shortens the lag time for negative control samples preventing the discrimination of positive samples from negative sample. Figure 7 shows the lag time for all seeding activity with a cutoff line for time to positive threshold such that positive samples are below the line. In terms of specificity, reactions under 42°C with 500 mM NaCl allowed the best results, and increasing temperature to 48°C improved the conversion efficiency but due to conversion in the negative control samples, the ability to discriminate positive from negative samples was not sufficient for use. It is worth noting that ThT fluorescence intensity from assays seeded with negative samples (Figure 6) is lower relative to the assays seeded with positive samples. For example, assays run at 48°C with 500 mM NaCl show higher ThT fluorescence intensity for positive samples compared to the intensity for negative samples.
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FIGURE 5. RT-QuIC reactions seeded with biopsy fecal homogenates from preclinical white- tailed deer. RT-QuIC reactions were seeded with 10−1 dilution of 10% fecal homogenate. All reaction mixtures contain 500 mM NaCl and measured at 37°C. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).
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FIGURE 6. RT-QuIC reactions seeded with biopsy fecal homogenates from preclinical white- tailed deer. Reactions conditions for each sample are followed as (A) 400 mM NaCl at 42°C, (B) 500 mM at 42°C, (C) 400 mM at 48°C, and (D) 500 mM at 48°C. Shown are the average ThT fluorescence readings determined from all replicates (four replicate reactions per each dilution).



[image: Figure 7]
FIGURE 7. Lag time analysis of RT-QuIC reactions seeded with biopsy fecal homogenates from preclinical white-tailed deer. Reaction conditions for each sample are followed as (A) 400 mM NaCl at 42°C, (B) 500 mM NaCl at 42°C, (C) 400 mM NaCl at 48°C, and (D) 500 mM NaCl at 48°C. Circles represent the mean and bars represent SD of four replicate reactions. The horizontal line is the cutoff.




Sodium Iodide Reduces Lag Time in the Detection of CWD Prions in Fecal Samples Collected From White-Tailed Deer in the Preclinical Stage of Prion Disease

We also tested another salt, NaI, in the reaction mixtures for detecting prions from fecal samples that were collected at times of routine animal handling. Instead of using NaCl, 400 or 500 mM of NaI was added in the RT-QuIC reaction mixtures and they were measured either at 42°C or 48°C. Overall, most reaction assays containing NaI showed a shorter lag time compared to the assays containing NaCl (Figure 8). Again, reactions performed at 48°C shorten lag time with NaI but the high temperature stimulated spontaneous reactions for negative control in early lag time. Among the reaction conditions, assays containing 500 mM NaCl measured at 42°C were chosen for optimal conditions to detect prions from biopsy fecal samples when considering both conversion efficiency and specificity. Figure 9 shows comparison between assays run with 500 mM NaCl or 500 mM NaI. In addition, Table 2 shows the lag time analysis for the comparison of all the assays containing NaCl and NaI in different temperatures and concentrations. Overall, the replacement of NaCl with NaI allowed us to detect PrPSc from fecal samples in short lag time but with a reduced separation from the negative control. This is most apparent in Figure 9 where two inoculated animals at six MPI were no longer differentiated from negative. This experiment indicates that NaCl is still the better salt choice for fecal samples using bank vole substrate since all fecal samples from inoculated animals exhibited ThT fluorescence indicative of fibril formation in a shorter time relative to the negative control samples.
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FIGURE 8. Lag time analysis of RT-QuIC reactions seeded with biopsy fecal homogenates from preclinical white-tailed deer in the presence of NaI. Reactions conditions for each sample are followed as (A) 400 mM NaI at 42°C, (B) 500 mM NaI at 42°C, (C) 400 mM NaI at 48°C, and (D) 500 mM NaI at 48 °C. Circles represent the mean and bars represent SD of four replicate reactions. The horizontal line is the cutoff.
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FIGURE 9. Comparison of lag time analysis of RT-QuIC reactions seeded with biopsy fecal homogenates from preclinical white-tailed deer in the presence of 500 mM NaCl (A) or NaI (B). Circles represent the mean and the bars represent SD of four replicate reactions. The horizontal line is the cutoff.



Table 2. Lag time analysis from real-time quacking-induced conversion reactions seeded with preclinical fecal samples in different temperatures, different salt types, and concentrations.
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DISCUSSION

In this study, we have optimized RT-QuIC reaction conditions to enhance the detection of PrPSc from fecal homogenates from clinical and preclinical white-tailed deer. Different factors including salt concentrations and temperature were tested with regard to sensitivity and specificity of detection of infectious prions from fecal samples using bank vole recombinant prion protein as the amplification substrate. For fecal samples collected from clinically affected deer, a reaction temperature of 37°C showed prion detection, as previously reported by Henderson and colleagues where they observed less spontaneous reactions by reducing reaction temperature from 42 to 37°C for fecal prion detection in RT-QuIC (8). In the data presented in this study, the assays seeded with fecal samples from clinically affected animals showed prion seeding activity at 37°C even without any enrichment. However, for fecal samples collected from preclinical deer inoculated with CWD, RT-QuIC conditions had to be further optimized to enhance the prion detection. Using high salt concentration like 500 mM NaCl and increasing temperature from 37 to 42°C enhanced the seeding activity of fecal samples and allowed for discrimination between assays seeded with positive fecal samples and assays seeded with negative controls. We also tested higher temperatures like 48°C for better sensitivity of fecal prions in RT-QuIC. Higher temperatures did shorten the lag time of seeding activity overall, however, assays performed at 48°C also shorten the lag time of assays seeded with negative control, which led to an inability to discriminate positive samples from negative samples. Modified conditions were identified that enhance detection of prions in fecal samples from preclinical animals. Further, it was ultimately determined that for RT-QuIC reactions seeded with fecal samples from preclinical animals, it is desirable to incorporate NaPTA enrichment prior to RT-QuIC for improved detection of seeding activity.

A previously published report that had applied different ions of the Hofmeister series of ions to RT-QuIC reactions showed enhanced sensitivity of seeding activity for assays seeded with ear homogenate from CWD infected deer in the presence of NaI instead of NaCl (28). Here, we compare the seeding activity of fecal samples in the presence of NaI to that of NaCl. As can be seen in Figure 8, similar result was observed for fecal samples as was previously reported for ear homogenate such that assays containing NaI had shorter lag times than assays containing NaCl. Assays seeded with negative sample also showed a shortened lag time for unseeded fibril formation under all reaction temperatures complicating discrimination of positive and negative samples. When we compare the results of RT-QuIC with NaI and NaCl, it is clear that NaI could be useful for quick detection with samples that have relatively high amount of prions. However, NaCl, despite the longer lag time, provided 100% sensitivity with better separation of positive assays from negative assays. This is in contrast to the previous report utilizing NaI where assays seeded with ear homogenate from CWD infected deer in the presence of NaI showed higher sensitivity and better specificity for prion detection than NaCl when used in RT-QuIC assays (28).

It is well-documented that fecal samples from cervids infected with CWD contain detectable prions (8–11). RT-QuIC seems practical to detect infectious prions from fecal samples of CWD infected cervids based on our study and previous reports. John and colleagues published a report that had shown RT-QuIC detection of fecal samples obtained from preclinical white-tailed deer. They tested fecal samples collected 20 and 30 months post inoculation, and they were only able to detect PrPSc from fecal sample collected at 30 months post inoculation possibly due to non-enrichment of the samples (11). Later, Cheng and colleagues showed that fecal prions of CWD infected elk could be detected with a NaPTA enrichment and detection by RT-QuIC using recombinant mouse prion protein (10). Given their choice of substrate and reaction condition, they found it necessary to replace the substrate after 24 h of RT-QuIC reaction in order to see better detection of fecal prions. Henderson and colleagues also published a report indicating that fecal prions could be detected by RT-QuIC using Syrian hamster recombinant prion protein substrate and iron-oxide bead extraction as an enrichment rather than NaPTA precipitation (8). They also evaluated the reaction temperature, 37, 40, or 42°C to reduce the lag time for detection of positive samples and decrease spontaneous fibril formation in negative controls finding 37°C to be optimal for preventing spontaneous reactions while still allowing good sensitivity. In this work, we used recombinant BV substrate which is generally reported as a universal substrate for detecting various prion diseases from both animals and humans by RT-QuIC (19) to detect CWD prions in fecal samples from white-tailed deer intranasal inoculated with CWD sourced from experimentally passaged through either white-tailed deer or racoon. Like Cheng and colleagues, we applied NaPTA precipitation for enrichment of prions in all fecal samples we collected. We also applied another enrichment methodology PAD-Beads, and has been previously reported for successfully enhanced RT-QuIC assays with brain homogenate of TSE inoculated animals (16). However, when PAD-Beads enrichment was applied for fecal samples, reactions with negative fecal samples were also seeded, which suggested that PAD-Beads may not be suitable for fecal sample enrichment coupled with RT-QuIC. Most notable in this work is that by 6 months post-inoculation, prion seeding is identified in both TSE isolates. For the samples included in this study, white-tailed deer CWD showed an incubation time in the 21–24 months range, while CWD passaged through raccoons prior to inoculation in white-tailed deer exhibited an onset of clinical signs in excess of 34 months with one of our samples not showing clinical signs at 56 months post inoculation. This highlights the potential for early clinical detection of TSEs using NaPTA enrichment coupled with RT-QuIC for the detection of CWD. Overall, combination of BV substrate, different salt concentration, and temperature allowed us to detect infectious prions within short lag time with good specificity from clinical or preclinical white-tailed deer.

Altogether, we confirm again that RT-QuIC is a powerful tool to detect infectious fecal prions from CWD infected white-tailed deer. Use of feces is a non-invasive and non-stressing approach to sampling of animals, of particular importance for non-domesticated animals that may be less tolerant to the handling required for sampling by other means. This is of importance to the management of both wild and farmed cervids and is also of use in experimental settings where repeated sampling of an individual animal would be otherwise difficult. Ultimately, fecal sampling may prove useful in the determination of disease prevalence in a geographic region or within a herd.
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Approximately one-third of the typical human Western diet depends upon pollination for production, and honey bees (Apis mellifera) are the primary pollinators of numerous food crops, including fruits, nuts, vegetables, and oilseeds. Regional large scale losses of managed honey bee populations have increased significantly during the last decade. In particular, asymptomatic infection of honey bees with viruses and bacterial pathogens are quite common, and co-pathogenic interaction with other pathogens have led to more severe and frequent colony losses. Other multiple environmental stress factors, including agrochemical exposure, lack of quality forage, and reduced habitat, have all contributed to the considerable negative impact upon bee health. The ability to accurately diagnose diseases early could likely lead to better management and treatment strategies. While many molecular diagnostic tests such as real-time PCR and MALDI-TOF mass spectrometry have been developed to detect honey bee pathogens, they are not field-deployable and thus cannot support local apiary husbandry decision-making for disease control. Here we review the field-deployable technology termed loop-mediated isothermal amplification (LAMP) and its application to diagnose honey bee infections.
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INTRODUCTION

The European honey bee, Apis mellifera, is a significant component of agricultural systems worldwide. The honey bee is classified as a livestock species due to being a food-producing animal specifically related to honey production (1). Honey bees also produce wax, pollen, royal jelly, and propolis which are all commercial products of the apiary industry. However, honey bees' most significant ecological impact is that they are a critical contributor to food production via pollination (2, 3). The majority of crop species depend on pollination, with some crops such as almonds, onions, sunflowers and avocados being 100% reliant on honey bees for pollination (2, 3). Despite the importance of honey bees to agricultural systems, there have been reports of large scale losses in managed honey bee populations in different parts of the world. These mass losses have been due to various environmental stressors such as pathogens, agrochemical exposure, lack of quality forage, climate change and reduced habitat (4–8).

The prevailing view is that the increasing prevalence of pathogens and parasites are a significant driver in honey bee colony losses. Honey bees are infected by a variety of pathogen and pests such as bacteria (Paenibacillus larvae, Melissococcus plutonius) (9), fungi (Nosema spp., Ascosphaerea apis) (10, 11), mites (Varroa destructor, Acarapis woodi, Tropilaelaps spp.) (12) and insect pests such as the greater wax moth (Galleria melonella) and the small hive beetle (Aethina tumidae) (13). In particular, honey bees are known to be infected by several viruses; most of these are positive-strand RNA viruses belonging to the order of Picornavirales (14). They include several important viruses, such as the Israeli acute bee paralysis virus (IAPV) and the black queen cell virus (BQCV), which belong to the Dicistroviridae family. In contrast, the Iflaviridae family contains the deformed wing virus (DWV) and sacbrood virus (SBV). These viral infections result in deformities, paralysis and/or death; however, most of these viral infections remain asymptomatic until external stress is applied (7, 15). Due to honey bees being predominantly asymptomatic when these virus species are present, molecular-based diagnostic techniques are critical for the accurate diagnosis of infection and making informed management decisions.



CURRENT MOLECULAR DETECTION OF HONEY BEE PESTS AND PATHOGENS

The majority of molecular techniques utilize the ability to detect specific pathogen or pest nucleic acids. The most common technique for detecting honey bee pests and pathogens is by quantitative PCR (qPCR), and in the case of a virus, this requires the use of reverse transcriptase to amplify the RNA, which is termed RT-qPCR. There are many individual qPCR assays to detect specific pathogens, such as P. larvae (16), M. plutonis (17), A. woodi (18), Nosema spp. (19). Furthermore, a range of viruses [described within (19)] with many of these qPCR tests being multiplexed to perform rapid detection of several pathogens within a single PCR run (20, 21). In recent years, the use of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) has emerged as a clinical diagnostic method for the identification of bacterial species (22), and this technology has been applied to honey bee pathogen diagnostics in the identification of different strains of P. larvae (23). Despite these techniques' power to identify infected honey bees and hives, they still require specialized labs and trained personnel. The early identification of pests and pathogens in managed honey bees is crucial for the decision-making process regarding disease control, prevention, the strategy of treatment and, therefore, mitigation of the impact of a particular disease. This has been highlighted recently where an integrated management strategy was used to prevent outbreaks and eliminate American foulbrood (P. larvae) in a commercial beekeeping operation (24). Several field-based diagnostic technologies that can amplify nucleic acids have emerged in recent years, such as loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplification (25, 26). These technologies have the potential to revolutionize disease management in livestock industries, including honey bees. Currently, the only field-based diagnostic technologies applied for the detection of honey bee pests and pathogens is LAMP. Here we review the current status of field-based nucleic acid amplification techniques, with a particular focus on LAMP, to detect various honey bee pathogens and discuss the implications with which these new diagnostic techniques can impact and inform apiary management practices.



PRINCIPLES OF LAMP

Loop-mediated isothermal amplification (LAMP) is a novel nucleic acid amplification technology that rapidly amplifies nucleic acids under isothermal conditions (27). LAMP utilizes Bst or Bsm DNA polymerase with a strong strand displacing ability and functions at isothermal conditions between 60 and 65°C, thereby eliminating the need for thermal cycling. LAMP does not require an additional reverse transcription step for the amplification of RNA viral gene products and amplifies DNA with high specificity, sensitivity, and speed (27). Additionally, the LAMP amplification is very robust, which is ideal when using a crude DNA extract purified from a range of environmental sources (25). This allows the use of non-invasive sampling techniques to be implemented, such as swabbing hive entrances rather than sampling honey bees themselves, minimizing stress applied to the hive due to excessive human handling. However, to avoid false-positive (due to contamination) and -negative results, in-hive samples/bees should be recommended. These characteristics allow LAMP assays to be performed in field-based settings with cheap and portable equipment (28). It has been proven to be a suitable molecular diagnostic method for field detection of a range of pathogens (29–31).

LAMP reactions are highly specific, involving four primary primers designed to target six distinct sequences on the target DNA (27) (Supplementary Figure 1). These primers are termed the forward and backward inner primer (FIP and BIP) as well as the forward (F3) and backward outer (B3) primer (Supplementary Figure 1). Both the FIP and BIP primers contain complementary regions that bind to form loop structures, providing more sites for primers to bind, initiating further amplification. Optional loop forward (LF) and loop backward (LB) primers can also be added to increase reaction speed by hybridizing to the loop structure to provide additional amplification initiation sites (32). Overall, LAMP is an ideal method for providing cheap (≈AU$ 5–7 per sample), rapid and robust detection of pathogens in-field with high sensitivity and specificity using minimal, simple equipment.



APPLICATION OF LAMP FOR THE DETECTION OF FUNGAL PATHOGENS OF HONEY BEES

Nosemosis is a worldwide distributed infectious disease and constitutes a severe problem in both managed European (A. mellifera) and Asian honey bee (A. cerana) populations as well as wild bumble bees (11, 33, 34). There are three causative agents of nosemosis; Nosema ceranae and N. apis, which infect both A. mellifera and A. cerana, while N. bombi is a major pathogen of wild bumble bees (34). Nosema spp. belongs to a spore-forming fungal family termed microsporidia. They are obligatory unicellular parasites that infect a range of agricultural important livestock (35, 36). In particular, N. ceranae is the major pathogen of A. mellifera that results in a range of symptoms such as suppressed immune function, lipid synthesis, pheromone and hormone production (37–39). If an infection is severe, it can lead to death and the resulting colonies' collapse (40, 41). Transmission of N. ceranae between hives can occur via honey, pollen, nectar and bee fecal matter. It can be controlled by treatment with fumagillin if the infection has been diagnosed in the field. The application of antibiotics has several problems, such as the potential to lead to resistant strains and honey's residue contamination. In many parts of the world, such as the European Union, antibiotics for Nosemosis treatment are banned. There have been three separate LAMP assays developed to detect N. ceranae and one for the detection of N. apis (Table 1) (42–44). Also, one has been developed for N. bombi infection within wild bumble bee populations (45). All three of the N. ceranae LAMP assays are extremely sensitive for the detection of infection; however, the LAMP assay developed by Lannutti et al. (44) uses primers targeting the polar tube protein 3 (PTP3) gene, a highly specific and conserved gene of N. ceranae. Targeting the PTP3 gene overcomes non-specific amplification that can occur due to polymorphisms in the 16S rRNA gene, which is the other two assays' target gene (55). Furthermore, only the PTP3-LAMP assay has been successfully evaluated using a panel of field samples (44).


Table 1. LAMP assays developed for the detection of pathogens and pests of honey bees.
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Two brood diseases, stonebrood and chalkbrood, are caused by the fungal species Aspergillus flavus and Ascophaera apis, respectively. Diagnosis based on visual symptoms is difficult as both diseases have very similar clinical symptoms (56). Two LAMP assays have been developed to amplify different regions of the 18S rRNA gene to allow detection of an infected hive (46, 47). In laboratory testing, both assays were shown to be highly specific for the target species only, detecting A. flavus with no amplification of A. apis and N. ceranae DNA. To date, neither test has been optimized for field sampling and detection, with in-field validation of these tests required.



APPLICATION OF LAMP FOR THE DETECTION OF VIRAL PATHOGENS OF HONEY BEES

Honey bees can be infected with a range of RNA viruses. However, most of the time, the bees are asymptomatic until external stress is applied, which results in severe loss of honey bees and reduced hive functionality (57). For example, the deformed wing virus (DWV) is often present in low levels in A. mellifera with no impacts on hive health; however, the Varroa destructor mite's introduction causes the virus to become more virulent, which results in massive mortality (58, 59). Current detection for honey bee viruses has mainly focused on molecular techniques in specialized laboratories (19, 20). Currently, LAMP tests have been developed only for the sacbrood virus (SBV) for country-specific outbreaks (Table 1). SBV causes the larvae to die shortly after capping; however, the disease incidence is higher after stress events such as a shortage of nectar or pollen (60). The assays either amplify the SBV polymerase gene or viral protein gene with a range of sensitivities from 1 pg to 1,000 copies per reaction (Table 1). The range of sensitivity of detection is most likely due to sampling processing. Apart from SBV, there is significant scope for developing LAMP assays to detect a range of viruses that affect honey bees, particularly DWV. Currently, Australia is free of DWV (as well as the Varroa mite), thus has not suffered large colony loss due to these pathogens. It would be advantageous to have an assay to detect this virus in honey bees imported into the country to maintain Australia's DWV free status (61).



APPLICATION OF LAMP FOR THE DETECTION OF BACTERIAL PATHOGENS OF HONEY BEES

Of the several pathogenic bacteria species that cause disease of managed honey bees, there are only two economically relevant pathogens, Paenibacillus larvae and Melissococcus plutonius, the causative agents of American Foulbrood (AFB) and European Foulbrood (EFB), respectively (9). P. larvae and M. plutonius are listed by OIE (World Organisation for Animal Health) as category B organisms, which are defined as disease-causing agents considered to be of socio-economic and/or public health importance within countries. There are limited control options against theses pathogens; antibiotics such as Terramycin are effective against M. plutonius though in many parts of the world such European Union antibiotic treatments are strictly prohibited while there are no effective treatment options for P. larvae as antibiotics will not kill the infective spore stage thus burning of infected hives are required to minimize the spread of the pathogen (62). Prevention is better than the cure, and to this aim, there are commercial lateral flow devices that detect AFB and EFB infections; however, they all work only on larval samples. However, there is a demand for highly sensitive field tests from environmental samples to aid in disease control, prevention, monitoring and treatment strategies for bacterial diseases of honey bees. The predominant method utilized to distinguish the two diseases is visual inspection, which requires subjective expertise. Given the differences in treatment of AFB and EFB, more precise diagnostic methods are urgently required for use in the field. Currently, there is only a LAMP test for M. plutonius, which is extremely sensitive (detection limit of 2 fg) on laboratory prepared samples; however, this test has not been used in the field. Future work should be directed toward developing and validating LAMP assays for the causative agents of AFB and EFB in the field. A multiplex assay for the differentiation of these two species would be ideal.



APPLICATION OF LAMP FOR THE DETECTION OF INSECT PESTS AND MITES OF HONEY BEES

Several species of insect pests and mites of A. mellifera can cause significant problems in commercial apiaries worldwide. The Varroa destructor mite is the primary biotic cause of colony collapse syndrome and is found in nearly every continent except Australia (63, 64). Other exotic pests such as the small hive beetle (SHB, Aethina tumida) and various species of hornets that have been introduced into a range of non-native countries can have a devastating effect on honey bees (65, 66). The ability to rapidly and reliably identify invasive species at all life stages, and within the nest and hive debris is crucial in mounting an effective control response. As LAMP technology is well suited to aid biosecurity, there have been two reported LAMP assays for insect pests of honey bees (Table 1). The small hive beetle LAMP assay targets the 28S ribosomal gene and is able to detect the presence of SHB DNA down to 12 pg within 20 min (53). True hornets belong to the Vespa family and are naturally found only in Asia, Europe and Africa. They all prey on other insects, including honey bees; thus, introductions into non-native areas can have severe consequences for honey bee populations in these areas. Only one of the 20 species of true hornets have had a LAMP assay developed for their identification (Table 1). The yellow-legged Asian hornet (Vespa velutina nigrithorax) has been rapidly spreading throughout Europe after being accidentally introduced into France from China (67). The LAMP assay can reliably identify all life stages of V. v. nigrithorax as well as from nest material as low as 5 pg in 10 min. Both assays allow rapid unequivocal identification of insect pests which are normally identified via manual inspection of morphological features. An additional benefit of using LAMP is it can provide identification on decomposing or incomplete insect samples; thus, these assays will be useful in control programs to limit the damage caused by these pests. In the future, an entire suite of LAMP assays should be developed for the rapid identification of insect pests of honey bees to aid effective biosecurity control measures.



APPLICATION OF LAMP FOR IN-FIELD DETECTION OF PESTS AND PATHOGENS OF HONEY BEES

Several LAMP assays have been developed to detect pests and pathogens of honey bees; however, none have been applied in the field. The current sampling methods for detecting pathogens require the use of specialized equipment in a laboratory setting. Further research is required to establish methods for lysing honey bees in the field such as the use of ball bearing and small capped tubes which have been used previously for plant and insect samples (68). The majority of LAMP assays are performed in an 8-strip tube, thus providing a negative and positive control and six tubes for testing. The six sample tubes could contain a single or duplex reaction and have the ability to analyze six different samples or you can have six different individual assays and the ability to use a single sample. What configuration the field-based LAMP test kits are will be determined mainly by consumer demand.



CONCLUSIONS

The increasing awareness about the important roles honey bees play in food production and security has led to many advances in understanding honey bees' health and well-being. Honey bees are under threat from a range of environmental stress and infection from a large variety of pathogens. The ability to identify specifically and rapidly infection at the hive-site will allow for improved management and treatment strategies. LAMP assays in the last few years have become an important tool to aid in the detection of both exotic and endemic pathogens in the livestock industry. Several LAMP assays have been developed for honey bee pathogens, with a number of these still requiring in-field validation to confirm its use as an on-site diagnostic tool. It is important that researchers continue to develop assays against other honey bee pathogen and promote them for use in the field, with consideration given to non-invasive sampling methods to maximize the benefit from LAMP assays and reduce stress on honey bee hives introduced by humans.
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Bovine respiratory disease (BRD) results from interactions between pathogens, environmental stressors, and host factors. Obtaining a diagnosis of the causal pathogens is challenging but the use of high-throughput real-time PCR (rtPCR) may help target preventive and therapeutic interventions. The aim of this study was to improve the interpretation of rtPCR results by analysing their associations with clinical observations. The objective was to develop and illustrate a field-data driven statistical method to guide the selection of relevant quantification cycle cut-off values for pathogens associated with BRD for the high-throughput rtPCR system “Fluidigm BioMark HD” based on nasal swabs from calves. We used data from 36 herds enrolled in a Danish field study where 340 calves within pre-determined age-groups were subject to clinical examination and nasal swabs up to four times. The samples were analysed with the rtPCR system. Each of the 1,025 observation units were classified as sick with BRD or healthy, based on clinical scores. The optimal rtPCR results to predict BRD were investigated for Pasteurella multocida, Mycoplasma bovis, Histophilus somni, Mannheimia haemolytica, and Trueperella pyogenes by interpreting scatterplots and results of mixed effects logistic regression models. The clinically relevant rtPCR cut-off suggested for P. multocida and M. bovis was ≤ 21.3. For H. somni it was ≤ 17.4, while no cut-off could be determined for M. haemolytica and T. pyogenes. The demonstrated approach can provide objective support in the choice of clinically relevant cut-offs. However, for robust performance of the regression model sufficient amounts of suitable data are required.

Keywords: bovine respiratory disease, calf, diagnostics, nasal swab, rtPCR, clinically relevant cut-off


INTRODUCTION

Bovine respiratory disease (BRD) is a multifactorial disease which involves multiple stressors, environmental and host factors, and various infectious agents. The disease is a common health problem and a cause of mortality and welfare issues in calves between 1 and 6 months old (1, 2). Furthermore, BRD is associated with economic losses due to direct costs of treatment and lost calves, but also because of long-term impacts on animal performance e.g., reduced weight gain and thereby age at first calving (3). Costs of treatment for respiratory disease in feedlot cattle in the United States were estimated to ~€20 per case (4), while a Dutch study estimated annual losses per dairy heifer to €31 on average (5). Respiratory disease among calves is also associated with high levels of antimicrobial use. In the year 2015, antibiotics registered for respiratory disease covered 71% of the total amount of antibiotics prescribed for Danish calves (6).

Obtaining a timely and accurate diagnosis of BRD is challenging (7) due to the uncertainty of whether pathogens recovered from the sample are in fact the cause of the respiratory disease or simply a part of the microbiota. Ante-mortem diagnosis of respiratory disease is typically based on clinical examinations (8), where the most common clinical signs are fever, coughing, nasal- and ocular discharge, depression, increased respiratory rate and laboured breathing (9). Clinical respiratory scoring systems to detect calves with respiratory disease have been developed and scientifically validated with moderate sensitivity and relatively high specificity (10). However, the clinically sick animal will rarely display signs which are specific for a single aetiology (7). Diagnostic laboratory testing is therefore necessary for identification of the pathogens associated with BRD (11), allowing correct treatment and prevention to be initiated. A new high-throughput real-time PCR (rtPCR) detection system using the BioMark HD platform (Fluidigm, South San Francisco, USA) established at the Centre for Diagnostics, Technical University of Denmark can detect genetic material from multiple bovine viruses and bacteria in the same setup while running numerous samples at once.

We used this new high-throughput rtPCR system for detection of nine respiratory agents. In this manuscript, we report on analysis of five of these for which we had a presumably sufficient sample of test-positive samples, namely Mycoplasma bovis (M. bovis), Histophilus somni (H. somni), Mannheimia haemolytica (M. haemolytica), Pasteurella multocida (P. multocida), and Trueperella pyogenes (T. pyogenes) in nasal swabs. Several studies in the veterinary and human medical field have shown that clinical presentation and disease severity can be related to (semi-)quantitative PCR results representing the pathogenic load (12–14). On the other hand, several pathogens associated with BRD can also be found in clinically healthy animals showing that merely detecting the pathogen is not sufficient for making a diagnosis (15). To the authors' knowledge, clinically relevant rtPCR cut-off values have not yet been defined for bovine respiratory pathogens. Therefore, there is a need to determine cut-offs for which the test result is associated with respiratory disease and not just presence of the pathogen, thereby improving the interpretation of molecular diagnostics, to assist veterinarians and farmers in making more objective and accurate interventions. The study objective was to develop and provide proof-of-concept of a new data-driven statistical approach, providing evidence to suggest field-relevant rtPCR quantification cycle (Cq) cut-off values, and to test this model on common bovine pathogens associated with respiratory disease tested by the high-throughput rtPCR system (Fluidigm). The study was based on data from a Danish field study providing systematically collected clinical recordings paired with rtPCR results from nasal swab samples.



MATERIALS AND METHODS


Herd and Calf Selection

The data used in this study were collected between September 2018 and March 2020. A total of 36 cattle herds including nine veal herds and 27 dairy herds participated. In Denmark, a veal herd is a rosé veal calf producing unit, where mainly bull calves purchased from dairy herds are slaughtered as veal (8–12 months) or young bulls (>12 months) (16). Selection criteria for veal herds were the use of electronic disease registration and regular dairy calf suppliers. Qualifying herds were selected by convenience to ensure wide geographical coverage in Denmark. For each of the nine selected veal herds, the three dairy farms supplying the highest number of calves on a regular basis were asked to participate. For all 36 herds, participation was voluntary.

At the beginning of the study period for each herd, up to 12 calves between 0 and 10 days old were randomly selected (this age group is referred to as “Age 1w”). On most farms, 12 calves were not yet available for sampling at the first herd visit, so follow-up visits were necessary to increase the number of animals. The lack of calves at initial visits also meant that it was not always possible to select calves at random, but necessary to include all available calves. The selected cohorts of calves were subsequently examined at 3 weeks of age (“Age 3w”), 2 weeks after introduction to the veal herds (“Age 2wai”), and at 3 months of age (“Age 3m”), resulting in four age groups. A total of 340 individual calves were sampled up to four times resulting in 1,025 observation units. In this study, an observation unit refers to a calf in a particular age group.



Clinical Examination and Sample Collection

A clinical examination protocol was developed prior to herd visits, and the participating veterinary researchers underwent a joint training session aiming to harmonise their scoring. Clinical examinations were primarily performed by two veterinarians, and data were registered onsite and synchronised with an online platform and project database. Clinical measures relevant to the study presented in this paper included rectal temperature and coughing as well as nasal and ocular discharge. Each calf was also subject to nasal swab collection using 15 cm unguarded polyester-tipped swabs. A swab was guided into one naris, rotated against the mucosal wall, and withdrawn. The tip of the swab was placed in an Eppendorf tube containing PBS and stored at ~5°C for a maximum of 4 days until sample preparation and extraction.



Sample Analysis

The nasal swab samples were analysed at the Centre for Diagnostics, Technical University of Denmark. Samples were vortexed, after which bacterial DNA were extracted using the extraction robot QIAcube HT (QIAGEN, Hilden, Germany) and the Cador Pathogen 96 QIAcube HT kit (QIAGEN) according to the manufacturer's instructions. The extracted samples were pre-amplified (DNA-targets) as described by Goecke et al. (17). This pre-amplification step prior to the rtPCR, results in distinctly lower Cq values compared to other rtPCR systems. The primer and probe sequences used were either from previously published assays or designed for the project (17). For the high-throughput rtPCR amplification, the BioMark HD (Fluidigm) and the BioMark 192.24 Dynamic Array (DA) Integrated Fluidic Circuit (IFC) chip (Fluidigm) were used. This platform automatically combines 192 pre-amplified samples with 24 assays, thus enabling 4,608 individual rtPCR reactions simultaneously. The chip was placed in the RX IFC controller (Fluidigm) for loading and mixing. After 30 min, the chip was transferred to and run on the rtPCR BioMark HD platform. Known positive and negative control samples were included in each run, and if the Cq values of the positive controls were not within two Cq values of the pre-determined value, the DA IFC chip was run again. The output data, including the Cq values and amplification curves, obtained from the BioMark HD system were analysed using the Fluidigm Real-Time PCR Analysis software 4.1.3 (Fluidigm).



Respiratory Clinical Status

The calves were classified as either sick with respiratory disease or not, using a clinical scoring system. Calves classified as not having respiratory disease are referred to as healthy for the purpose of this study. The scoring system was adapted from two existing scoring systems for BRD (11, 18). The clinical score was based on the four clinical signs: coughing, rectal temperature, nasal discharge, and ocular discharge, where both unilateral and bilateral discharge were considered on equal terms. For each sign, points were given depending on the severity, and the total of these points for each sign equalled the clinical score for the calf. For all signs, a score of zero was given if the sign was not present, or in the case of rectal temperature, if the temperature was <39° C. For nasal discharge, serous discharge equalled one point while mucopurulent discharge equalled four points. For ocular discharge, serous discharge equalled one point while mucopurulent discharge equalled two points. In addition, one point was added to the total score if a calf had both nasal and ocular discharge of any severity. For rectal temperature, 39–39.3°C equalled one point while a temperature ≥ 39.4°C equalled two points. Finally, at least one spontaneous cough equalled three points. A calf with a clinical score equal to or greater than five points was classified as sick with respiratory disease.



Statistical Analyses

Statistical analyses were conducted using the statistical software R (19). All data were extracted from the SQL database located at Aarhus University into an Excel spreadsheet pairing clinical registrations and rtPCR Cq values for each observation unit. The pathogens for which attempts were made to find a clinically relevant Cq value were M. bovis, H. somni, M. haemolytica, P. multocida, and T. pyogenes.

Scatterplots depicting the clinical score for each observation unit plotted against Cq values were created for each of the five tested pathogens. The scatterplots were visually inspected to attempt to identify a plausible Cq cut-off value for each pathogen by considering the distribution of Cq values for observation units defined as either sick with respiratory disease or not. To aid the visualisation of a cut-off, data points were displayed as black dots if the observation units were classified as sick with respiratory disease, or grey triangles if not. Nasal swab samples in which the pathogen in question was not found were given the Cq value 32 (referred to as test-negative), as no samples with a Cq value (referred to as test-positive) reached this value. Both positive and negative test-results were included in the scatter plots.

The following procedure was used to determine the “optimal cut-off value,” i.e., the cut-off value leading to the test-result interpretation with the highest predictive value for respiratory disease being present in the calves. First, an interval of Cq values in which to search for optimal cut-off values was specified for each pathogen. The interval was based on the observed distribution of Cq values and excluded the extreme ends of the distribution with sparse data. Each of the potential cut-off values for rtPCR Cq within this interval were then evaluated based on the predictive ability to determine the observation units' respiratory health status using a mixed-effects logistic regression model fit using the lme4 package (20) within R (19). The outcome variable “sick with respiratory disease” was dichotomised into yes or no, with yes referring to observation units with a clinical score equal to or above five, and no referring to observation units with a clinical score below five. The main explanatory variable of interest was the rtPCR results dichotomised according to the threshold being tested. The explanatory variable “Age Group” had four levels as explained above. Data hierarchies (e.g., data with a nested or clustered structure) were adjusted for in the mixed-effects model at herd- and age-group level by including them as a combined random effect factor (“Group ID”). The model was re-fit using each potential value of rtPCR threshold. Predicted probability plots were then created for each pathogen based on the predictive ability of each mixed-effects model.




RESULTS


Descriptive Analyses

A total of 1,025 observations were available from 340 calves. In each of the nine veal herds between 14 and 36 individual calves were sampled. In the 27 dairy herds between three and 33 individual calves were sampled in each herd. In total, 417 (40.7%) observation units were scored as being sick with respiratory disease (Age 1w: 17.5%, Age 3w: 9.4%, Age 2wai: 29.3%, Age 3m: 43.9%). Hence, the prevalence of BRD was generally higher in older than younger calves. This was taken into account in the model results reported below.

Of these, 296 (71%) were positive (had DNA-material detected as defined by Cq <32) for at least one of the five investigated respiratory pathogens, and 121 (29%) were test-negative. The median clinical score and mean age of the sick observation units were seven points and 57 days (SD 35.7), respectively. The remaining 608 (59.3%) observation units had a clinical score below five and were per definition scored as not being sick with respiratory disease. In 362 (59.5%) of these 608 observation units none of the pathogens were detected, while in 246 (40.5%) observation units, DNA from at least one pathogen was detected. The median clinical score and mean age for the observation units classified as healthy were two points and 29 days (SD 31.5), respectively.

The data for the five investigated pathogens are summarised in Table 1. Generally, the minimum and maximum Cq values for these pathogens did not differ meaningfully. For observation units, which had measurable Cq values for M. bovis, H. somni, M. haemolytica, and P. multocida, ~60–70% were classified as sick with respiratory disease. However, only 36.6% of the observation units with Cq values <32 for T. pyogenes were classified as sick. The mean age for observation units positive for T. pyogenes was lower for both healthy and sick calves, compared to the other four pathogens. H. somni was the pathogen detected the fewest times as the only pathogen detected in a sample. The pathogens were most often found in combination with P. multocida.


Table 1. Summary of the pathogens [M. bovis (MB), H. somni (HS), M. haemolytica (MH), P. multocida (PM), and T. pyogenes (TP)] with the percentage of the observation units, in which the respective pathogen was detected, which were classified as sick and the minimum and maximum Cq value for both healthy (H) and sick (S) observation units.
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Real-Time PCR Cut-Off Analyses
 
P. multocida

Based on the scatterplot in Figure 1, it was not possible to visually estimate a clinically relevant cut-off for P. multocida, because it did not show any clear association between clinical score and the rtPCR results. The interval chosen for the mixed-effects model for P. multocida was 14–25 and the results are given in Table 2. Dichotomised rtPCR results based on a cut-off of Cq ≤ 21.3 was found to be significantly associated with being scored as sick with respiratory disease (p = 0.026). The proportion of observation units with P. multocida Cq values ≤ 21.3 being classified as sick with respiratory disease was 0.61, whereas it was 0.36 for observation units with Cq values > 21.3. In Figure 2, the predicted probability plot illustrates that the probability of being classified as sick with respiratory disease within each age-group for samples with P. multocida Cq ≤ 21.3 was slightly higher than when the Cq was >21.3, and the difference was largest in the 3w age-group.


[image: Figure 1]
FIGURE 1. Distribution of respiratory clinical score against Cq values for P. multocida (A), M. bovis (B), H. somni (C), M. haemolytica (D) and T. pyogenes (E), and additionally grouped by respiratory disease classification with black dots indicating an observation unit sick with respiratory disease and grey triangles indicating a healthy. The vertical dotted lines in (B,C) represent the visually estimated clinically relevant Cq values.



Table 2. Results of the mixed-effects model for analysis of variables associated with respiratory disease in calves including analysis of the best rtPCR Cq cut-off differentiating between sick and healthy calves for P. multocida, M. bovis, H. somni, M. haemolytica and T. pyogenes.
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FIGURE 2. The model predicted probability of calves being classified as sick with respiratory disease using the Cq cut-offs providing the highest predictive value of the Fluidigm rt-PCR for detection of P. multocida (A), M. bovis (B) and H. somni (C) in each age group of calves in 27 dairy and nine veal herds (1w, 1 week old; 3w, 3 weeks old; 2wai, 2 weeks after introduction to veal herds; and 3m, 3 months old).




M. bovis

By visual inspection of the scatterplot in Figure 1, the cut-off for M. bovis was tentatively placed at Cq value 21. Mixed-effects models for M. bovis were run over the interval of Cq 15–26 and the results are shown in Table 2. Dichotomised rtPCR results based on a cut-off of ≤ 21.3 was significantly associated with a clinical score indicating respiratory disease (p = 0.042). The overall proportion of observation units being classified as sick with respiratory disease with Cq values ≤ 21.3 was 0.72, whereas it was 0.39 for observation units with M. bovis Cq values > 21.3. Figure 2 illustrates that the predicted probability of being classified as sick with respiratory disease within each age-group for samples with M. bovis Cq ≤ 21.3 was generally higher than when the Cq was >21.3. However, there were no observation units with Cq values ≤ 21.3 in the 1w age-group.



H. somni

The visual inspection of Figure 1 placed the Cq cut-off for H. somni at Cq 20. For H. somni, the mixed-effects model was run over the interval of Cq 15–25, and the results are seen in Table 2. Dichotomised rtPCR based on a cut-off at Cq ≤ 17.4 was significantly associated with a clinical score indicating respiratory disease (p = 0.002). The proportion of observation units being classified as sick with respiratory disease with H. somni Cq values ≤ 17.4 was 0.86, whereas it was 0.40 for observation units with Cq values > 17.4. Figure 2 illustrates that the predicted probability of being classified as sick with respiratory disease within each age-group for samples with H. somni ≤ 17.4 was generally markedly higher than when the Cq was >17.4. However, few observations were available with Cq values ≤ 17.4 in the 1w and 3w age-groups.



M. haemolytica and T. pyogenes

A visual cut-off could not be placed for neither M. haemolytica nor T. pyogenes, based on Figure 1 because no clear associations between clinical score and Cq values were found. The interval chosen for the mixed-effects model was 14–26 for M. haemolytica and 20–26 for T. pyogenes. As shown in the results in Table 2, none of the potential cut-offs were found to yield a dichotomised rtPCR result with a significant association with being classified as sick vs. healthy for these pathogens with the available data.





DISCUSSION

This study shows that it is possible to suggest clinically relevant cut-off values with statistically significant associations with clinical scores indicating respiratory disease for the three pathogens P. multocida, M. bovis, and H. somni. A cut-off of Cq ≤ 17.4 was found for H. somni, accompanied by the highest probability of being scored as sick with respiratory disease.

Meaningful cut-off values could not be determined for M. haemolytica and T. pyogenes in this study. For M. haemolytica, this might be explained by the assay used for the rtPCR in this study, which did not distinguish between different serotypes. Several serotypes of M. haemolytica exist, for instance serotype A1, which is associated with clinical disease, and serotype A2, which occurs as a commensal (21). Basing the statistical calculations also on commensal serotypes complicates determining clinically relevant Cq cut-off values. For further investigations, it would be relevant to only test samples for the pathogenic serotypes of M. haemolytica.

For T. pyogenes, 36.6% of the observation units test-positive (Cq value <32) for this bacterium were scored as sick with respiratory disease, whereas this was more than 60% for the other four pathogens. Furthermore, in most of the observation units positive for T. pyogenes, it was found as the only pathogen. These findings suggest that the majority of the T. pyogenes detected in this study were a part of the commensal nasal microbiota, as supported by published literature (22), making it difficult to determine a clinically relevant Cq cut-off for that pathogen.

One thing to consider when using the high-throughput rtPCR platform BioMark is the risk of false negative results, which can occur if a sample is very positive. This results from the additional pre-amplification step that may lead to saturation due to the very high level of templates. In such cases, it will be necessary to dilute the sample and re-test it in the BioMark platform. In general, the optimal range of measurable Cq values in the high-throughput rtPCR platform is ~8–10 cycles lower compared to regular rtPCR cyclers (23) and therefore, the cutoff value will also be lower for rtPCR assays in the high-throughput setup.

It was not possible to investigate combinations of pathogens using the optimisation and modelling approach, which would have required a larger dataset with a higher sample size of the different pathogen combinations. Thus, the clinically relevant Cq cut-offs were calculated without accounting for the central interactions between the respiratory pathogens. BRD often has a polymicrobial aetiology and it is likely that the presence of some pathogens influence the presence and/or growth of others (24), thereby affecting the Cq values. In addition, other pathogens than those investigated in the current study are associated with BRD, for instance bovine respiratory syncytial virus, bovine coronavirus, influenza D virus, and bovine parainfluenzavirus type 3. However, result on the viruses were not included in the statistical analyses as there were either very few positive samples, or because it was not yet possible to test for the pathogen using the high-throughput rtPCR system (Fluidigm) as it was set up for this project. To exploit the full potential of the rtPCR system it would be necessary to determine possible cut-off Cq values for the remaining important respiratory infectious agents. As many of the pathogens involved in BRD are also commensals, their mere presence may not be indicative of disease. Establishing clinically relevant Cq cut-offs would make it possible to differentiate between harmless commensals and disease-causing pathogens under different conditions. Furthermore, repeated testing in the same herd would enable improved understanding of the effect of changing pathogen occurrence in age groups or barn sections over time.

Due to the inclusion of multiple factors, the mixed-effects model was valued as the most precise method to indicate relevant cut-offs. However, as evident from the scatterplots, the correlation between Cq values and clinical scores was not very clear. Hence, the level of noise in the data affected the performance of the regression model and the robustness of the model results. This limitation could be levitated by access to larger datasets with more test-positive samples combined with stringent clinical scoring of the calves. Another method frequently used for test comparison and test performance studies in the literature, receiver operating characteristic (ROC) curves, used by e.g., Loy et al. (25), would likely have encountered similar data noise issues.

Another limitation in this study was that the same calves were included as individual observations up to four times (equal to four age groups). However, using the mixed-effects model, a random factor combining herd- and age-group was included. This factor includes herd differences, but also differences between age groups within the herds, such as calf and colostrum management, housing environment etc., all of which could impact disease as well as the calves' ability to overcome disease.

The course of a disease is dynamic and the pathogens which initiate BRD in a calf are not necessarily the same in the later stages or at post-mortem (24). Thomas et al. (15) described varying carriage rates of H. somni, P. multocida, and M. haemolytica in healthy beef calves. It showed that not all calves became colonised with the bacteria even though they were placed in the same environment. Furthermore, the carriage rates decreased over time which can be explained by the calves getting immunologically more mature and thereby better at clearing pathogens (15). In the present study, 29% of the observation units which were scored as sick with respiratory disease did not have any respiratory pathogens detected in their nasal swabs. Likewise, in 40.5% of the observation units classified as not sick with respiratory disease, respiratory agents able to act as primary pathogens were detected. While one reason for this could be the detection of commensals, another explanation could be that visits to the same calves, in which samples were taken and clinical assessments were performed were carried out with intervals of at least 2 weeks. Therefore, disease course in individual calves could not be followed over time but should rather be considered as snapshots. This may have led to misclassification of BRD status in some observation units. It is thereby possible that a calf presenting with a low clinical score, but a high microbial load (low Cq value) could present with more severe clinical sign in the days following assessment and sampling. Another explanation for this opposing result could be rtPCR detecting DNA material from non-viable organisms still present in the respiratory tract (15).

BRD is a problem at group level as calves are housed together and sometimes mixed from different herds (26). Therefore, it would be interesting to investigate the potential of the rtPCR system to be used at group level and determine relevant cut-off values for group level testing. In groups, calves are usually in different stages of infection at any given time. Therefore, testing groups might be more representative of which pathogens are associated with disease than individual animal testing, as the latter may be more affected by the mentioned snapshots. Again, repeated testing of groups of calves over time would allow for improved understanding of the effect of changing pathogen profiles. It should be emphasised that treatment decisions cannot be made solely based on the results of this test, but should always be made together with clinical evaluations of the calves.

In conclusion, this study demonstrated how the selection of clinically relevant rtPCR Cq cut-offs could be guided by use of a mixed-effects logistic regression model for three well-known BRD-pathogens. A Cq cut-off of ≤ 21.3 was identified for P. multocida and M. bovis, while a cut-off of ≤ 17.4 was identified for H. somni. Further investigations are warranted to define cut-off values for all relevant respiratory pathogens in bovine calves to make more relevant diagnoses and thereby improve treatment and prevention of BRD.
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Metagenomic sequencing of clinical diagnostic specimens has a potential for unbiased detection of infectious agents, diagnosis of polymicrobial infections and discovery of emerging pathogens. Herein, next generation sequencing (NGS)-based metagenomic approach was used to investigate the cause of illness in a subset of horses recruited for a tick-borne disease surveillance study during 2017–2019. Blood samples collected from 10 horses with suspected tick-borne infection and five apparently healthy horses were subjected to metagenomic analysis. Total genomic DNA extracted from the blood samples were enriched for microbial DNA and subjected to shotgun next generation sequencing using Nextera DNA Flex library preparation kit and V2 chemistry sequencing kit on the Illumina MiSeq sequencing platform. Overall, 0.4–0.6 million reads per sample were analyzed using Kraken metagenomic sequence classification program. The taxonomic classification of the reads indicated that bacterial genomes were overrepresented (0.5 to 1%) among the total microbial reads. Most of the bacterial reads (~91%) belonged to phyla Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Cyanobacteria and Tenericutes in both groups. Importantly, 10–42.5% of Alphaproteobacterial reads in 5 of 10 animals with suspected tick-borne infection were identified as Anaplasma phagocytophilum. Of the 5 animals positive for A. phagocytophilum sequence reads, four animals tested A. phagocytophilum positive by PCR. Two animals with suspected tick-borne infection and A. phagocytophilum positive by PCR were found negative for any tick-borne microbial reads by metagenomic analysis. The present study demonstrates the usefulness of the NGS-based metagenomic analysis approach for the detection of blood-borne microbes.

Keywords: tick-borne disease, anaplasma, next- generation sequencing, metagenoimcs, blood, microbiome, horse


INTRODUCTION

Tick-borne pathogens pose a growing threat to both animals and public health because ticks often harbor multiple known and unknown pathogens and geographic range of ticks is expanding in recent decades (1). Ticks are known to transmit bacteria, viruses and protozoal pathogens, and tick-borne pathogens account for much of vector-borne diseases in temperate regions of North America, Europe and Asia (2). Important tick-borne diseases of horses include Lyme disease, equine granulocytic anaplasmosis, Tick-borne Encephalitis Virus (TBEV) and equine Piroplasmosis (3–6). While Lyme disease and equine granulocytic anaplasmosis are frequently reported in horses in the United States, TBEV and equine piroplasmosis are considered non-endemic (3–6).

Diagnosis of tick-borne diseases can be challenging due to non-specific clinical signs and transmission of multiple pathogens by ticks (7). Diagnosis is commonly based on history of tick bite, clinical suspicion, serology, and detection of antigen or pathogen nucleic acid. Although serology is a primary method of diagnosis, it lacks sensitivity early during infection due to absence of detectable levels of antibodies and may also lack specificity due to cross-reactive antibodies (8). Furthermore, demonstration of pathogen-specific antibodies does not differentiate between current infection and past exposure. In contrast, PCR assays are highly sensitive and specific. However, use of single or multiplex PCR assays may result in missed detection of non-targeted or unknown etiologies and therefore strategies targeting multiple pathogens have been attempted with limited success (9). In this context, Next Generation Sequencing (NGS)-based metagenomic approach has a potential for the detection of diverse microbial pathogens and discovery of novel/unknown etiologies of infectious diseases (10–12). However, limited studies have examined the feasibility of using NGS-based metagenomic analysis for the diagnosis of tick-borne diseases in either humans or animals (13, 14).

In this study, we investigated use of metagenomic based NGS analysis of blood microbiome from horses with suspected tick-borne disease and compared it to apparently healthy horses. The study established the feasibility of NGS-based metagenomic shot gun approach for the detection of tick-borne pathogens in blood samples.



MATERIALS AND METHODS


Blood Sample and Extraction of Total Genomic DNA

A subset of blood samples (n = 10) were randomly selected for metagenomic analysis from a larger cohort of horses suspected of having tick-borne diseases (TBD) recruited for studying prevalence of Anaplasma phagocytophilum and Borrelia burgdorferi infections during 2017–2019. In addition, blood samples (n = 5) from apparently healthy horses that were not part of the TBD study cohort were included in the metagenomic study. The horses with suspected tick-borne illnesses often had history of tick exposure and showed clinical signs such as fever, depression, petechiae, and inappetence. The reported clinical signs among the horses included in the study are listed in Table 1 and horses suspected with tick-borne infection with clinical signs are referred as “sick group.”


Table 1. Demographic, clinical and laboratory analyses for horses included in the study.
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Blood samples were collected in EDTA vacutainer tubes (BD Bioscience, San Jose, CA). The total genomic DNA from blood samples were extracted using the Blood or Body Fluids Spin Protocol (QIAmp DNA extraction mini kit, Qiagen, Germantown, MD) following the manufacturer's instructions. The extracted DNA was not treated with RNAase and the quality and quantity of the DNA were analyzed by spectrophotometry (Nanodrop, Thermo Fisher Scientific, Waltham, MA) and fluorometric method (Qubit, Thermo Fisher Scientific, Waltham, MA), respectively.



Microbial DNA Enrichment

Microbial DNA from the horse blood samples was enriched using the Illustra DNA enrichment kit (Biolabs, New England, MA). Briefly, up to 1 μg of total nucleic acid extracted from blood samples was subjected to illustra DNA enrichment protocol, which binds and removes a proportion of mammalian genomic DNA. These enriched DNA were then amplified using Genomiphi DNA amplification kit (GE Healthcare, UK) and the quantity of enriched and amplified blood DNA was estimated using Qubit.



Sequencing

Between 100 to 500 ng of enriched and amplified genomic DNA samples were used to prepare library for NGS using Nextera DNA Flex Library Preparation Kit (Illumina, San Diego, CA) according to the manufacturer's protocol. The quantity and the fragment size of libraries were measured using Qubit and Bioanalyzer (Agilent, Santa Clara, CA), respectively. The individual libraries were normalized according to the manufacturer's protocol and then pooled (5–6 samples per pool) before loading into MiSeq instrument (Illumina, San Diego, CA). MiSeq Reagent Kit v2 (2 × 150; 2 × 250 cycles) was used for sequencing the DNA libraries.



Bioinformatics Analysis

The MiSeq run quality was checked using Illumina Sequencing Analysis Viewer. The trimmed reads from MiSeq runs were collected as fastaq files, analyzed in cloud based BaseSpace (Illumina) platform and the quality was analyzed using Quast application (quast.sourceforge.net). Samples that contained good quality reads (Quast default standards) were further analyzed for the taxonomic identification using Kraken metagenomic analysis application v2.0.1 that uses an exact-alignment database queries of k-mers from each read (15). A subset of reads categorized as unidentified by Kraken were mapped to determine the taxa using nucleotide blast search in NCBI. The detection threshold for microbial DNA reads was set at 1% of total microbial reads and microbial phylum/families/genera/species reads that constitute > 1% of the respective microbial taxonomy were considered for further analyses. The Shannon indices for richness and diversity and Simpson's index for evenness of microbial families/genera/species (16) were estimated using online statistical tools (datanalytics.org.uk; easycalculation.com). Hutchinson's t-test was used to estimate the statistical significance of diversity index between healthy and sick groups. Average percent of each microbial family/genus/species were estimated for both healthy and sick groups and the prominent microbial families/genera/species that are relevant to equine infections are discussed more in details.


Anaplasma Phagocytophilum Real-Time PCR

A. phagocytophilum msp2 gene was amplified and detected using a real-time PCR as described previously (17).





RESULTS


NGS Data Analysis and Quality Control

A total of 8,826,219 good quality reads were generated with an average of 0.4–0.6 million reads per sample from apparently healthy horses (n = 5) and horses with suspected tick-borne infection (n = 10). The sequence data of this project were submitted to NCBI, BioProject reference number PRJNA722464 (https://www.ncbi.nlm.nih.gov/sra/PRJNA722464). Overall, 95–97% of the reads from each sample were considered belonging to host DNA. Microbial reads contributed to 1.1 and 1.3% of total reads from healthy and sick samples, respectively (Table 2). The remaining non-host genome reads were mapped to microbes from other Eukarya and plant kingdom (data not shown). Approximately 97 to 98% of the microbial reads were assigned to bacteria, virus, fungi and apicomplexan groups. Overall, no differences were noted in the percentages of total microbial and host reads between these two groups of animals.


Table 2. The composition (%) of major circulating microbial DNA present in healthy and sick equine blood samples.
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Microbial Content of Blood Samples

Analysis of microbial reads using Shannon and Simpson diversity indices showed presence of a diverse population of microbial DNA comprising apicomplexan parasites, bacteria, viruses and fungi in both healthy and sick horses (P > 0.01). Notably, the low (below 0.5) Simpson's evenness index was suggestive of uneven distribution of the microbial genera in both sick and healthy horses (Supplementary Table 1).



Bacterial Diversity in Equine Blood

Most of the bacterial reads (~91%) from horses with suspected tick-borne infection and apparently healthy group were assigned to the phyla belonging to Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Cyanobacteria and Tenericutes (Figure 1). Bacterial Phyla that represented <2% of total bacterial reads were not included for analysis. Notably, a higher level of Proteobacteria was found in horses with suspected tick-borne infection compared to apparently healthy horses. In contrast, a higher proportion of Bacteroidetes and Firmicutes genomes were found in apparently healthy horses compared to sick horses.


[image: Figure 1]
FIGURE 1. Relative abundance of circulating bacterial phyla reads from horses with suspected tick-borne infection (sick) and apparently healthy animals. The percentages were estimated out of total bacterial reads.


Analysis of bacterial reads at genus level showed a diverse composition [Shannon diversity index (H) > 2 for both apparently healthy and sick groups, Supplementary Table 1] of microbial population comprising multiple genera (Figure 2). Anaplasma was the most abundant genus in 5 of the 10 samples (range 10–42.5%) from sick horses and was only present in the samples from sick horses. Notably, four out of five samples containing Anaplasma phagocytophilum reads by metagenomic analysis were also positive by a A. phagocytophilum PCR. One animal from the sick group that was positive for A. phagocytophilum reads by metagenomic analysis tested negative by PCR. Two animals from the sick group that tested positive for A. phagocytophilum by PCR did not have any Anaplasma sp. reads by metagenomic analysis (Table 1). Genera Bacillus and Chryseobacterium were relatively more abundant in apparently healthy horses and reads for genera Campylobacter, Fusobacterium, and Lactobacillus were found exclusively in healthy horses (Figure 2). Overall, A. phagocytophilum was the most abundant bacterial species found in animals with suspected tick-borne infection (Table 3).


[image: Figure 2]
FIGURE 2. Relative abundance (average percentage + standard error) of bacterial genera. No difference (P-value = 0.54) in the diversity of bacterial genera between healthy (H = 2.28) and sick (H = 2.18) groups. Simpson's evenness scores show uneven distribution of bacterial species in both apparently healthy (0.42) and sick (0.33) groups.



Table 3. Major bacterial species detected with equine blood metagenomic analysis.
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Distribution of Viruses, Fungi and Apicomplexa

The viral reads represented a very small proportion, ~0.01% of total reads analyzed (Table 2), belonging mainly to DNA viruses. Even with very small percentages of reads, no significant differences were observed in the major viral families between the two groups of horses. Similarly, no significant differences were observed in the percentages of fungal or Apicomplexa reads between the sick and healthy groups. These findings were considered of no significance due to low read counts.




DISCUSSION

Recent advances in Next Generation Sequencing (NGS)-based metagenomic analysis have potential clinical applications including diagnosis of infectious diseases, host microbiome analysis, host immune response analysis and oncology (10, 11). NGS-based metagenomic analysis can involve either targeted amplicon sequencing such as 16S ribosomal RNA genes or shotgun sequencing. Shotgun sequencing allows unbiased analysis of partial or complete microbial genomes, transcriptomes and viromes from diagnostic specimens. However, NGS-based metagenomic shotgun sequencing is more expensive, requires greater sequencing depth for the detection of rare or less abundant targets and generates greater amounts of data that requires advanced computational tools for storage and bioinformatic analysis compared to targeted sequencing (11). Metagenomic approach for infectious diseases diagnostics has the potential for diagnosis of mixed infections, detection of associated virulence and antimicrobial resistance genes and discovery of novel/unknown etiologies (18).

In the present study, we used metagenomic based shotgun NGS for analysis of blood microbiome in sick horses with clinical suspicion of tick-borne disease and compared it with the blood microbiome of apparently healthy horses. The proportion of microbial (~1.1%) reads, especially bacterial reads (0.8%) detected out of total genomic reads in horse blood were comparable to those found in the blood of humans with acute leukemia (19). A key observation of our study is that while the proportion of the microbial DNA was comparable between healthy and sick horses, there were differences in the composition of the microbial DNA in blood between these two groups.

The higher proportion of phyla proteobacteria detected in horses with suspected tick-borne infection compared to apparently healthy group directly correlated with the detection of Anaplasma phagocytophilum reads in the former group. This finding was further confirmed by a PCR targeted to detect A. phagocytophilum and also correlated with the history of tick-bite and with one or more clinical signs including fever, anorexia, depression, petechial hemorrhage on conjunctival membrane and icterus or detection of morulae in blood smears. Genus Anaplasma is classified under Alphaproteobacteria, and Anaplasma phagocytophilum is an important tick-borne bacterium causing disease in horses (20). Currently, PCR for the detection of A. phagocytophilum DNA in blood and demonstration of a 4-fold or greater increase in the antibody titer by an Indirect Fluorescent Antibody (IFA) test are commonly employed for diagnosis of equine granulocytic anaplasmosis (5). The finding of one blood sample from the sick group showing presence of A. phagocytophilum by metagenomic analysis but negative by PCR was possibly due to PCR inhibition. The two samples from the sick group that were positive by PCR but negative by metagenomic analysis was likely due to lower sensitivity of NGS metagenomic method compared to amplification-based assays (21).

Non-detection of any other significant pathogen by metagenomic analysis is likely due to small sample size and sampling bias as the sick animals included in the study were selected based on high index of suspicion for tick-borne diseases. It is worth noting that A. phagocytophilum and Borrelia burgdorferi are prevalent tick-borne pathogens in the region where the study was conducted (3, 5). Rarity of detection of B. burgdorferi in blood of infected animals may explain non-detection of B. burgdorferi reads by metagenomic analysis (22, 23). Our results suggest that sequencing of microbial DNA from blood using NGS can be used as a diagnostic tool for unbiased detection of blood-borne pathogens and is consistent with a previous study that reported detection of vector-borne pathogens in five out of eight known positive human blood samples using metagenomic shotgun sequencing method (13). Recent studies have demonstrated utility of targeted amplicon NGS metagenomic approach for the detection vector-borne bacteria and protozoan haemoparasites in canine blood samples (24, 25).

The distribution of viral, fungal and apicomplexan families/genera/species did not differ significantly among healthy and sick horses and significance of these findings is uncertain due to low read counts. Blood has traditionally been considered devoid of microbes in healthy individuals. However, recent metagenomic studies provide evidence for the presence of signature fragments of bacterial, viral and other microbial nucleic acids in blood of healthy human beings (26). Presence of phyla including Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes in blood of healthy human beings has also been reported based on analysis of DNA and RNA (27). In addition, some studies demonstrated the presence of viable bacteria in blood of healthy human beings (28).

A major advantage of sequencing is that the method can identify mutant and variant microbes (strain level identification), particularly important for viruses, that PCR assays might fail to identify. Furthermore, sequencing can also provide valuable insights for studying pathogen evolution, which is not possible with PCR-based methods. However, application of NGS metagenomics in microbial diagnostics is still limited due to high cost, complexity of data, potential for contamination, difficulty in discerning clinical relevance of sequencing data and need for standardization of NGS methods for diagnostic applications (18, 29).

NGS based testing is still an evolving field and some of the challenges we encountered during this study were choosing an appropriate platform for the analyses of the millions of sequenced reads, setting a threshold value to parse the lowest abundant taxa, deciding the appropriate enrichment strategy of microbial genomes and exclusion of host DNA. In the current study we used Kraken metagenomics analysis application from Basespace (Illumina Inc., San Diego, CA). The Kraken metagenomics analysis uses long exact sequence matches alignment when classifying short-read sequences and label almost all the reads sequenced that has exact matches unlike programs which label sequences that are most abundant (15). These qualities of chosen analytical platform may be essential to identify the lowest abundant microbial taxa. In this study we used 1% of specific reads out of total respective microbial reads as a threshold for a phylum/genus/species to be included in the analysis. We recognize that there is a potential risk of excluding low abundant but important microbial reads with such a strategy (29). Lastly, our study focus was on establishing a methodology with a small sample set. Expanding the study to a large population and including variety of disease conditions besides tick borne illness would be valuable.

Overall, the findings of metagenomics analysis of blood samples from apparently healthy horses and horses with suspected tick-borne infection suggest that the approach can be used to detect blood borne pathogens. Additional studies to establish a baseline of potential circulating background microbial DNA in healthy animals would be useful to parse the non-significant microbial sequences.
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Porcine astroviruses (PAstVs) are prevalent in pigs worldwide, and five genotypes have been reported to circulate in China. However, little is known about the coinfection status of PAstVs. For differential and simultaneous diagnoses of these five genotypes of PAstVs, a multiplex RT-PCR method was established on the basis of the ORF2 gene of type 1 PAstV, and the ORF1ab genes of type two to five PAstVs. This quintuple PCR system was developed through optimization of multiplex PCR and detection sensitivity and specificity. The results showed that this multiplex RT-PCR method could specifically detect all the five PAstV genotypes without cross-reaction to any other major viruses circulating in Chinese pig farms. The detection limit of this method was as low as 10 pg of standard plasmids of each PAstV genotype. In addition, a total of 275 fecal samples collected from different districts of Guangxi, China, between April 2019 and November 2020, were tested by this newly established multiplex RT-PCR. Moreover, the sensitivity and specificity of monoplex and multiplex RT-PCR methods were compared by detecting the same set of clinical positive samples. The results revealed that PAstV1 (31/275), PAstV2 (49/275), PAstV3 (36/275), PAstV4 (41/275), and PAstV5 (22/275) were all detected, and dual (PAstV1+PAstV2, PAstV1+PAstV3, PAstV2+PAstV3, PAstV2+PAstV4, PAstV3+PAstV4, and PAstV4+PAstV5) or triple genotypes (PAstV1+PAstV2+PAstV3 and PAstV2+PAstV3+PAstV4) of coinfections were also unveiled in this study. The detection result of multiplex PCR was consistent with that of monoplex PCR. Compared with monoplex PCR, this multiplex PCR method showed obvious advantages such as time and cost efficiency and high sensitivity and specificity. This multiplex RT-PCR method offered a valuable tool for the rapid and accurate detection of PAstV genotypes circulating in pig herds and will facilitate the surveillance of PAstV coinfection status.
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INTRODUCTION

Astroviruses are non-enveloped, positive-sense, single-stranded RNA (+ssRNA) viruses whose genomes are 6–7 kb in length and contain three open reading frames (ORFs), namely, ORF1a, ORF1b, and ORF2 (1). Astrovirus could infect a wide range of hosts from birds to mammals including humans, causing diseases from asymptomatic to systematic such as diarrhea, vomiting, and virus-associated hepatitis in birds or encephalitis in human and mammals (2, 3). In 1980, porcine astrovirus (PAstV) was firstly discovered from pig feces by electron microscopy (4). Since then, PAstV was generally considered as a diarrhea-associated agent and circulated in many countries worldwide (5–7). However, polioencephalomyelitis cases have emerged in pig herds in recent years, indicating the neuro-pathogenicity and neuro-invasiveness of PAstVs (8–10). Based on the full-length ORF2 sequences, PAstV could be divided into five distinct genotypes (PAstV1–PAstV5), suggesting different genetic evolutionary ancestors of PAstV (11). The overall prevalence rates and the dominant genotypes of PAstV in different countries or districts varied on geographic locations. Xiao et al. (7) reported that 64% of fecal samples collected from US farms were detected to be positive for PAstV, and 97.2% of PAstV-positive pigs were shown to be infected by PAstV4; 80% of healthy finisher pigs from a Canadian province were found harboring PAstV at slaughter (12). In addition, 70.4% of pigs were detected to be PAstV4 positive in five European countries (13). Till now, all the five known PAstV genotypes have been detected in China (6, 14), and the overall prevalence rate ranged from 17.5% in Sichuan Province to 56.4% in Guangxi Province (6, 15, 16). Meanwhile, the prevalence rates in Thailand (6.5%) (17) and India (17.6%) (5) were lower than in other countries. Moreover, coinfections of two more PAstV genotypes or PAstV with other pig viruses were also observed (7, 14, 15). PAstV2 and PAstV5 were found in the brains of newborn piglets suffering congenital tremors (18). PAstV2 and PAstV4 were detected from the blood and fecal samples, causing viremia and circulate in pig herds (19). It is worth noting that genetic recombination events among PAstVs or other astrovirus species were frequently reported, which may contribute to the genetic diversity and evolution of PAstVs (19–24). Multiple genotypes of PAstV coinfections will further accelerate the genetic variation of this virus and bring challenges to the monitoring of PAstVs. In addition, the interspecies barrier of PAstV may not be strict. Results of genetic evolution analysis suggest that PAstV may have crossed the interspecies barrier between humans and other animals (23, 25, 26).

Considering the error-prone RNA polymerase, multi-genotype coinfections, frequent recombination events, and the zoonotic potential of PAstV, a comprehensive PAstV diagnosis method is in urgent need. It is necessary to establish an efficient and fast detection method to clarify the infection and genetic variation status of PAstV in pigs. However, the detection methods used currently are usually time-consuming and expensive. In this study, a multiplex PCR detection method was established and showed good specificity and high sensitivity. Additionally, this assay was employed to analyze a total of 275 swine fecal samples collected from different districts of Guangxi. These results provided us with a detailed PAstV infection status of swine herds in Guangxi and will facilitate the virus evolution monitoring and the development of accurate prevention strategies for PAstV.



MATERIALS AND METHODS


Porcine Astrovirus and Major Swine Viruses

All the five genotypes of PAstV-positive samples were collected and identified by our laboratory previously and preserved at −80°C (6). The complete or partial genomic sequences of these positive samples are available in GenBank under following accession numbers: NC_025379 for PAstV1, KY412124 for PAstV2, KY412129 for PAstV3, KY412125 for PAstV4, and MH064173 for PAstV5. Porcine enterovirus G (EV-G), porcine Seneca virus [Seneca Valley virus (SVV)] (27), porcine pseudorabies virus (PRV), classical swine fever virus (CSFV), porcine reproductive and respiratory syndrome virus (PRRSV) (28), porcine epidemic diarrhea virus (PEDV) (29), porcine transmissible gastroenteritis virus (TGEV), and porcine rotavirus (PoRV) were all isolated and identified by our laboratory and stored at −80°C. The total RNA was extracted using TRIzol reagent (Takara, Dalian, China) and subjected to reverse transcription for first cDNA synthesis with the PrimeScript RT reagent (Takara, Dalian, China) following the manufacturer's instructions. The genomic DNA of PRV was extracted by TIANamp Virus DNA/RNA Kit (TIANGEN, Beijing, China) according to the Kit instructions. The obtained cDNAs and viral genomic DNA were stored at −80°C until use.



Experimental Design

In this study, we designed a multiplex RT-PCR method to identify the five known genotypes of PAstV in a single reaction tube. In short, the total RNA of fecal samples was extracted, and then the cDNA was synthesized by reverse transcription using hexamer random primers. The cDNAs and the primers specific for PAstV1, PAstV2, PAstV3, and PAstV4 and PAstV5 were added into the PCR mixture. PCR products were observed under UV light after 1.5% agarose gel electrophoresis. The genotypes were identified according to the length of PCR fragments.



Primer Design and Standard Preparation

Based on the highly conserved regions of PAstV representative strains in GenBank, genotype-specific primer sets targeting the OFR2 gene of PAstV1, and the ORF1ab genes of PAstV2, PAstV3, PAstV4, and PAstV5 were designed by Oligo 6.0 along with National Center for Biotechnology Information (NCBI) primer-BLAST comparison. All these primers were synthesized by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China) and diluted with distilled deionized water (ddH2O) to a concentration of 10 μmol/L and stored at −20°C for later utilization. The primer sequences and the respective amplification lengths are shown in Table 1.


Table 1. Multiplex primers used in this study.
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In order to build detection standards of the multiplex PCR assay, the synthesized cDNAs obtained from PAstV-positive samples were used as templates and mixed with the primer sets for the individual genotypes to amplify all the fragments of the five genotypes. A 50 μl PCR system was built as follows: 25 μl 2 × Premix Taq (Takara, Dalian, China), 2.5 μl cDNA template (about 100 ng/μl), primer sets at a final concentration of 1.0 μmol/L, and ddH2O were added to a final volume of 50 μl. The PCRs were conducted according to the manufacturer's instructions. PCR products were stained with ethidium bromide (EB), separated by 1.5% agarose gel electrophoresis, and visualized under UV light. The PCR products were further gel purified and cloned into pMD18-T vector (Takara, Dalian, China) according to manufacturer's instructions. These constructed plasmids were transformed into competent Escherichia coli DH5α for propagation. The recombinant plasmid DNAs were extracted and purified by TIANprep Mini Plasmid Kit (TIANGEN, Beijing, China) according to kit instructions and sequenced with M13 primers. The plasmid DNAs were quantified spectrophotometrically by NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and diluted to 100 ng/μl. Subsequently, the standards were 10-fold diluted in ddH2O, resulting a concentration gradient of 10 ng/μl, 1 ng/μl, 100 pg/μl, 10 pg/μl, 1 pg/μl, and 0.1 pg/μl and used as templates to evaluate the analytic sensitivity of the monoplex and multiplex RT-PCR assays.



Establishment of Multiplex PCR

For the multiplex RT-PCR assay development, a duplex PCR was firstly established with the primer sets for type 1 and type 2 PAstVs, using the corresponding standards as templates (100 ng each). A 20 μl PCR system was built as follows: 10 μl 2 × Premix Taq, 1 μl standards (~100 ng), primer sets at a final concentration of 1.0 μmol/L, and ddH2O were added to a final volume of 20 μl. The PCRs were conducted under the following conditions: 30 cycles of 10 s at 98°C; 30 s at 55°C, 1 min at 72°C, and final extension of 45 s at 72°C The primer sets of type three to five PAstV and its standards were added to the former established duplex (PAstV1–2), triplex (PAstV1–3), and quadruple (PAstV1–4) PCR assays one by one to establish the final quintuple PCR to detect all the genotypes. For a better output of the multiplex PCR assay, the reactions conditions were optimized by varying a single parameter, while other parameters were fixed as described by Ding et al. (30). The primer concentration for each target ranged from 0.2 to 1.0 μmol/L The annealing temperatures (53–57°C) were also tested. In this way, the primer concentration and annealing temperature were optimized. All PCR amplifications were carried out under the optimized conditions in one tube, and the PCR products were visualized on 1.5% agarose gel.



The Sensitivity of the Multiplex RT-PCR

The sensitivity of multiplex RT-PCR detection was evaluated by detecting 10-fold (10 ng, 1 ng, 100 pg, 10 pg, 1 pg, and 0.1 pg) diluted standard plasmids of PAstV1, PAstV2, PAstV3, PAstV4, and PAstV5, respectively. The same amounts of standards of each genotype were combined and used as templates for PCR with the optimized reaction system. In addition, the sensitivity of the monoplex RT-PCR was also tested. The standards of each genotype were added to a separate RT-PCR tube as an amplification template.



The Specificity Test of Multiplex PCR

The established RT-PCR system was used to amplify the cDNAs or DNA templates of EV-G, SVV, PRRSV, PEDV, TGEV, PoRV, CSFV, and PRV-positive samples. Primer sets targeting these viruses were used as internal control. The primer sequences and the respective amplification lengths are shown in Table 2. The specificity of the method was verified using the mixed standards (100 ng each) as a positive control.


Table 2. Detection primers used for specificity analysis.
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Detection of Clinical Samples

A total of 275 fecal samples were collected from Nanning, Chongzuo, Liuzhou, and Guigang in Guangxi Province between April 2019 and November 2020. All these samples (about 100 mg each) were mixed with 500 μl of sterile phosphate-buffered saline (PBS) and centrifuged at 2,000 × g for 20 min at 4°C. About 300 μl of the supernatants was collected and subjected to RNA extraction by TRIzol reagent and following cDNA synthesis as manufacturer's instructions. The cDNAs (about 100 ng/μl) were then subjected to PCR amplification by the established multiplex and monoplex in a 20 μl reaction mixture: 10 μl 2 × Premix Taq, 3 μl cDNA, primer sets at a final concentration of 0.8 μmol/L, and ddH2O were added to a final volume of 20 μl. The detection results were compared to evaluate the detection consistency between monoplex and multiplex PCR methods established in this study. The standard plasmids were used as a positive control and determination criteria of the multiplex PCR results.




RESULTS


Establishment of Multiplex RT-PCR Method

The monoplex RT-PCR result showed that the fragments at expected sizes of each genotype (124 bp for PAstV1, 573 bp for PAstV2, 175 bp for PAstV3, 485 bp for PAstV4, and 305 bp for PAstV5) were successfully amplified from the stored positive samples (Figure 1A). In addition, neither non-specific bands nor primer dimers appeared on the agarose gel, indicating high amplification quality and specificity of these primer sets (Figure 1A). Next, the standards and primer sets of type one to five PAstVs were added to the reaction tube one by one, and the results demonstrated that all these target genes were well-amplified without any interference, indicating good amplification and high efficacy of this multiplex RT-PCR method (Figure 1B).


[image: Figure 1]
FIGURE 1. The multiplex RT-PCR assay is well-established. (A) Total RNA was extracted from the clinical positive samples with TRIzol reagent and subjected to reverse transcription with hexamer random primer. The cDNAs were amplified with primers targeting genes of each genotype described in Table 1. (B) Multiplex RT-PCR was developed for the detection of all these five known porcine astrovirus (PAstV) genotypes. The prepared standard plasmids and corresponding primer sets were added one by one, constituting duplex, triplex, quadruple, and quintuple PCR mixtures.




Optimization of the Multiplex RT-PCR Conditions

With the use of the standard plasmids (10 ng each) as templates, the PCR annealing temperatures and primer concentrations were optimized in this study. On equal conditions, annealing temperature at 55°C could obtain the best detection result (Figure 2A). Meanwhile, the optimal primer concentration was revealed to be 0.8 μmol/L (Figure 2B).


[image: Figure 2]
FIGURE 2. Optimization of the multiplex RT-PCR conditions. (A) The standard plasmids of each porcine astrovirus (PAstV) genotype (10 ng each) were mixed and used as template for PCR amplification with combined primer sets at a final concentration of 1 μmol/L. (B) The standard plasmids (10 ng each) were combined with the primer sets at different concentrations (0.2–1.0 μmol/L) and amplified at an annealing temperature of 55°C.




The Sensitivity of the Multiplex RT-PCR

The sensitivity of monoplex RT-PCR to each genotype was firstly investigated. The results showed that the standards of PAstV1, PAstV2, and PAstV5 were detectable with a minimum amount of 0.1-pg standards, while the standards of PAstV3 and PAstV4 could be detected as low as 1 pg (Figures 3A–E), indicating high sensitivity of the designed primer sets to each genotype. When the sensitivity of multiplex RT-PCR is measured, all the primers are mixed at the optimal concentration to prepare a PCR mixture, which was used to detect pooled standards of each genotype at the indicated amounts (10 ng−0.1 pg). The results showed that the detection limit of this method was as low as 10-pg standards of all the five genotypes of PAstVs (Figure 3F), indicating high sensitivity of the multiplex RT-PCR for PAstV detection.


[image: Figure 3]
FIGURE 3. Sensitivity analysis of the monoplex and multiplex PCR method established in this study. Equal amounts of standards of each genotype (10 ng−0.1 pg) were added to the single or multiplex PCR mixture and amplified at the optimized thermo cycle condition. (A–E) Monoplex PCR sensitivity analysis of PAstV1, PAstV2, PAstV3, PAstV4, and PAstV5, respectively. (F) Multiplex PCR sensitivity analysis.




The Specificity of the Multiplex RT-PCR

The cDNAs of EV-G, PRRSV, SVV, CSFV, PEDV, PoRV, TGEV, and the DNA template of the PRV samples were used to detect specificity by the established RT-PCR method. The results showed that five target fragments were obtained when standard plasmids were used as template. Meanwhile, no bands were detected if templates were replaced by other common viruses' cDNA or DNA (Figure 4). This method did not cross-react with other major swine pathogens, indicating good specificity of this multiplex PCR method.


[image: Figure 4]
FIGURE 4. Specificity analysis of the multiplex RT-PCR method established in this study. The cDNA or DNA obtained from common swine viruses circulating in Chinese pig herds was used as templates to validate the specificity of the multiplex RT-PCR assay. The porcine astrovirus (PAstV) standards were mixed and used as positive control. Primers specific to other individual viruses were employed as internal controls. Primer sequences are shown in Table 2.




Detection of Field Samples Using the Multiplex RT-PCR

The 275 fecal samples from different districts of Guangxi Province were detected by this newly established multiplex RT-PCR method. The results showed that the overall positive rate of PAstV infection was 46.9% (129/275); and PAstV1 (31/275), PAstV2 (49/275), PAstV3 (36/275), PAstV4 (41/275), and PAstV5 (22/275) were all found circulating in pig herds in Guangxi Province (Figure 5). In addition, dual-genotype infections such as PAstV1+PAstV2 (3/275), PAstV2+PAstV3 (10/275), PAstV3+PAstV4 (8/275), and PAstV4+PAstV2 (4/275) and even triple genotype of PAstV infections, such as PAstV1+PAstV2+PAstV3 (2/275) and PAstV2+PAstV3+PAstV4 (1/275), were also detected (Figure 5). Moreover, as shown in Table 3, the infection rate of sucking piglets (77.8%) is much higher than that of other age groups, indicating that the younger groups are more susceptible to PAstVs infection. Meanwhile, the overall infection rates of PAstV2 (17.8%, 49/275) and PAstV4 (14.9%, 41/275) were moderately higher than those of other types, indicating the dominance of these genotypes in Guangxi. cDNAs of the same set of positive samples were used as temples for detection consistency analysis. As shown in Figure 6, the detection result of multiplex PCR is in concordance with that of monoplex PCR, indicating good reliability of this method.
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FIGURE 5. Venn diagram showing the total and proportion of positive samples for each porcine astrovirus (PAstV) genotype. The overlapping areas indicate the total samples that were positive in one to three different genotypes by multiplex RT-PCR.



Table 3. Results of field samples detected by the multiplex RT-PCR.
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FIGURE 6. Detection consistency analysis of multiplex and monoplex PCR used in this study. The standards of each genotype were mixed as a template pool and used as a positive control. The cDNAs of selected samples were used as templates for monoplex and multiplex PCR in the optimized PCR system. (A–E) Porcine astrovirus (PAstV) one to five genotype monoplex PCR results of the selected positive samples. (F) Multiplex PCR result of the selected positive samples. The indicated sizes of each genotype are shown in the right panel.





DISCUSSION

PAstV has been circulating in many countries around the world. In the recent decade, with the aid of improved sequencing techniques such as high-throughput sequencing, increasing novel clades of astroviruses have been discovered (31). For quite some time, PAstV was considered as a low-pathogenic virus causing a short-term mild diarrhea (32, 33). However, emerging cases of PAstV associated enteritis or polioencephalomyelitis were reported and attracted public attention in recent years (8, 9, 34, 35). As an enteric virus, PAstVs were more frequently detected in the pig herds, and the prevalent rates of PAstV were usually reported much higher than those of other diarrheal viruses such as PEDV, TGEV, and porcine deltacoronavirus (PDCoV) (30, 36). Besides, the high genetic variability and possible recombination events of PAstVs further remind people to develop comprehensive methods for astrovirus diagnosis and epidemiological investigation (23, 37).

At present, methods used for PAstV diagnosis mostly stay at the level of single RT-PCR or quantitative RT-PCR detection (6, 38). Although more advanced detection methods such as nanofluidic PCR, microarrays, or high-throughput sequencing are valuable assets for the diagnosis of astrovirus (39), there are some disadvantages such as being expensive and time-consuming and requiring instruments and experimenters, limiting their popularization and field application. Multiplex PCR/RT-PCR is still widely used in veterinary diagnostic centers at present. This was mainly owing to its cost-efficiency, simple procedures, and time-efficiency. In addition, multiplex PCR technology can detect multiple pathogens at the same time, which is of great value in differential diagnosis, especially in veterinary medicine.

As mentioned previously, coinfections of multiple genotypes of PAstVs in a pig farm, even in an individual pig, were reported (7, 16). Moreover, five known genotypes of PAstVs were detected in China (6, 14, 40). However, the methods used in those studies could not differentiate the genotypes at the first time. Based on genotype-specific primer sets, multiplex RT-PCR method was built in this study and showed good performance in PAstV genotype differentiation. The detection limit of the multiplex PCR method established in this experiment for PAstV1, PAstV2, PAstV3, PAstV4, and PAstV5 is 10 pg of standard plasmids, indicating high sensitivity and good field applicability. Of the 275 collected fecal samples, all five known genotypes of PAstV were detected, and dual or triple genotypes of PAstV coinfections were also unveiled in this study (Figure 5). Meanwhile, PAstV2 and PAstV4 were shown to be the dominant genotypes in Guangxi, which is consistent to our lab's previously results (6). As for humans, infant and young children were major victims of astrovirus infection (41, 42). In this study, the infection rates of pigs at lactation and nursery stage were also higher than those of grown pigs (Table 2). Pathogenic studies have shown that PAstV infection could cause diarrhea and growth retardation, which could lead to economic losses and cannot be ignored in large-scale pig industries (32, 33). Moreover, coinfections of PAstV with other swine viruses were also reported, which pointed out that PAstVs were more intended to co-infect with other viruses, and immunosuppressive viruses such as CSFV could benefit from the replication of PAstV (13, 14, 43). All this reminds us that PAstV infections could be a landmine if it is not well-controlled. However, comprehensive understanding of all types of PAstV epidemiology, which is of great value for infectious disease control, is not available. The multiplex RT-PCR method developed in this study specifically targets all types of PAstVs and performed well in detection specificity and sensitivity, providing a valuable tool for PAstV clinical diagnosis and understanding the full picture of PAstV infections.
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Bovine respiratory and enteric diseases have a profound negative impact on animal, health, welfare, and productivity. A vast number of viruses and bacteria are associated with the diseases. Pathogen detection using real-time PCR (rtPCR) assays performed on traditional rtPCR platforms are costly and time consuming and by that limit the use of diagnostics in bovine medicine. To diminish these limitations, we have developed a high-throughput rtPCR system (BioMark HD; Fluidigm) for simultaneous detection of the 11 most important respiratory and enteric viral and bacterial pathogens. The sensitivity and specificity of the rtPCR assays on the high-throughput platform was comparable with that of the traditional rtPCR platform. Pools consisting of positive and negative individual field samples were tested in the high-throughput rtPCR system in order to investigate the effect of an individual sample in a pool. The pool tests showed that irrespective of the size of the pool, a high-range positive individual sample had a high influence on the cycle quantification value of the pool compared with the influence of a low-range positive individual sample. To validate the test on field samples, 2,393 nasal swab and 2,379 fecal samples were tested on the high-throughput rtPCR system as pools in order to determine the occurrence of the 11 pathogens in 100 Danish herds (83 dairy and 17 veal herds). In the dairy calves, Pasteurella multocida (38.4%), rotavirus A (27.4%), Mycoplasma spp. (26.2%), and Trueperella pyogenes (25.5%) were the most prevalent pathogens, while P. multocida (71.4%), Mycoplasma spp. (58.9%), Mannheimia haemolytica (53.6%), and Mycoplasma bovis (42.9%) were the most often detected pathogens in the veal calves. The established high-throughput system provides new possibilities for analysis of bovine samples, since the system enables testing of multiple samples for the presence of different pathogens in the same analysis test even with reduced costs and turnover time.

Keywords: high-throughput, real-time PCR, viruses, bacteria, bovine pathogens, prevalence


INTRODUCTION

Bovine respiratory and enteric diseases have a profound negative impact on animal, health, welfare, and productivity. The two major calf disease syndromes are bovine respiratory disease (BRD) and bovine enteric disease (BED) which are multifactorial diseases associated with presence of a range of pathogens, environmental factors, stress conditions, and health and immunological status of the animal. Bovine respiratory disease and BED can have substantive economic consequence due to reduced productivity, increased mortality, and/or morbidity, as well as decreased animal welfare and increased use of antibiotics (1–3).

Bovine respiratory disease is most severe in calves between 2 weeks and 6 months of age. A wide range of viruses and bacteria are involved in BRD, including bovine adenovirus, bovine coronavirus (BCoV), bovine herpesvirus 1 (BHV1), bovine parainfluenza virus type 3, bovine respiratory syncytial virus (BRSV), bovine viral diarrhea virus (BVDV), Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bovis (4–6). The viruses BHV1 and BVDV have been eradicated in several countries, including Denmark (7). In addition to the abovementioned viruses, influenza D virus (IDV), bovine rhinitis A virus, and bovine torovirus (BToV) have recently been shown to be involved in BRD (8–10). Furthermore, the bacterium Trueperella pyogenes has also been associated with BRD (6). Development of severe respiratory signs often involves a primary viral infection followed by a secondary bacterial infection (1, 11, 12). The progression of BRD is believed to be related to suppression of the immune system, allowing for inflammation and damage of the respiratory tissue, which in severe cases can lead to pneumonia or even death (13).

Bovine enteric disease is often associated with diarrhea, which is one of the most economically costly disorders in the calves industry due to weight loss and deaths of young animals (3). Multiple viruses, bacteria, and parasites have been identified as the causative agents of diarrhea. The most important infectious agents are BCoV, rotavirus A (RVA), BVDV, Escherichia coli F5 (K99+), Salmonella spp., Clostridium perfringens, Cryptosporidium parvum, and Eimeria spp. Several of these pathogens are associated with diarrhea within a particular age group (14–17). Furthermore, viruses such as bovine norovirus, bovine enterovirus, rotavirus B and C, BToV, and nebovirus have also been shown to be potential diarrhea-causing pathogens (14, 18–21). Each of these pathogens can cause disease individually, but mixed infections are also commonly seen, which often lead to more severe disease (14, 22).

Since a vast number of viral and bacterial pathogens are involved in both BRD and BED, it is essential to have a highly specific and sensitive diagnostic method for rapid identification of the causative pathogens. A variety of laboratory tests, including culture and molecular methods, have been described and these methods all have their benefits and limitations in regard to sensitivity, specificity, predictive values, speed, and costs (23). During recent years, a range of multiplex real-time PCR (rtPCR) tests targeting pathogens involved in BRD and/or BED have been developed (24–28). The multiplex rtPCR test allows for simultaneous analysis of three–five pathogens in a single sample. However, the number of available targets that can be tested in one run is limited because multiplex rtPfoCR is based on traditional rtPCR platforms, which have a limited number of detection channels. A general disadvantage of the common used tests is the high costs. Therefore, pooling of individual samples can be beneficial and cost effective especially as it requires no additional equipment or materials (29). Pooling can be favorable in screening and surveillance programs, and if information at the individual sample level is required, subsequent individual tests can be performed if the pooled sample is positive.

In order to diminish the limitations of the traditional rtPCR platforms, we previously have established high-throughput rtPCR systems for detection and screening of respiratory and enteric viral and bacterial porcine pathogens (30, 31) and for detection and differentiation of influenza A viruses circulating in Danish pigs (32). The high-throughput rtPCR platform BioMark HD (Fluidigm, South San Francisco, CA) and the dynamic array (DA) integrated fluidic circuit (IFC) nanofluidic chip have been utilized. Different DA IFC chips exist which can combine either 48 samples with 48 assays (48.48DA), 96 samples with 96 assays (96.96DA), 192 samples with 24 assays (192.24DA), or 24 samples with 192 assays (24.192DA), resulting in 2,304, 9,216 or 4,608 individual reactions, respectively. The rtPCR reactions are carried out in the DA IFC chip, which contains microfluidic networks that automatically combine the samples and rtPCR reagents in the reaction chambers. Furthermore, the high-throughput platform has also been used as a screening and detection tool for tick-borne and food- and water-borne pathogens (33, 34).

In the present paper, we describe the design, optimization, validation, and use of a similar high-throughput rtPCR system consisting of 11 rtPCR assays targeting 11 respiratory and enteric viral and bacterial bovine pathogens known to be involved in BRD and BED. The purpose of the high-throughput rtPCR system was to develop a system that can function as a rapid screening and detection tool suitable for the detection of disease-causing pathogen(s) within calf herds. Furthermore, pools consisting of different numbers of positive and negative individual field samples were tested in order to investigate the effect of the individual samples in a pool. Lastly, the occurrence of the 11 respiratory and enteric viral and bacterial pathogens in Danish calves was evaluated by using the developed high-throughput rtPCR system.



MATERIALS AND METHODS


Samples and Sampling

Known positive samples (controls) were used for optimization and initial validation of the high-throughput rtPCR system and the associated rtPCR assays. The positive controls consisted of pure bacterial cultures, cell culture lysates (viruses), and synthesized plasmids coding for the specific PCR targets. Initially, the positive controls were tested by culturing and/or by established and validated PCR assays and/or sequencing. The positive controls were obtained from the routine diagnostic laboratory at the Centre for Diagnostics, Technical University of Denmark (DTU). Furthermore, field samples (nasal swab and fecal samples) collected from Danish calves were used for validation of the high-throughput rtPCR system. Nasal swab samples were collected by inserting a sterile cotton swab (Technical University of Denmark, Lyngby, Denmark) approximately 8–10 cm into one nostril and turning the swab around for a few seconds. No prior cleaning of the nostril was performed. Immediately after, the swabs were placed and stored in 1.5 ml phosphate-buffered saline (PBS). Fecal samples were collected from each calf by gathering the feces in a 10-ml tube when the calf was expelling feces from the rectum. If the calf did not defecated spontaneously, a finger was inserted into the rectum and defecation was stimulated by gentle manipulation of the intestinal wall. The samples were kept refrigerated (approximately 5°C) for up to 48 h prior to shipment, and they were sent in a box containing freezer packs to the Centre for Diagnostics, DTU, where the samples were stored at −80°C until nucleic acid extraction. Prior to extraction, a 10% dilution in PBS was made for each of the individual fecal samples by weighing 0.1 g of the feces and adding PBS. The nasal swab samples were vortexed to transfer the biological material to PBS. The nasal swab and fecal samples were analyzed as individual samples and/or as pools. Before the nucleic acid extraction, the samples were pooled based on herd and age group with five to 10 samples per pool. The 10% feces dilutions were pooled with equal volume (μl) of each individual sample. The nasal swab samples were also pooled with equal volume (μl) of each individual sample. For the samples, which were analyzed both individually and in a pool, the sample material used for both analyses originated from the same original sample for the nasal swab samples. For the feces samples, the sample material used came from the same 10% dilution of the original sample.

For the field study, 4,772 field samples (2,393 nasal swab and 2,379 fecal samples) were collected from 100 Danish, intensive, commercial herds (83 dairy and 17 veal herds). The veal herds were rosé veal producers that produce meat from calves fed on a diet without restriction of iron intake. The rosé veal calves are slaughtered when they are between 8 and 12 months old. Sampling was done in the winter period from September to April in 2018 and 2019. The samples were collected from three age groups in the dairy herds (0–10 days, 3 weeks, 3 months) and two age groups in the veal herds (2 weeks after arrival and at 3 months of age). In the first and second age groups, calves were primarily kept in single pens. In the two oldest age groups, calves were kept indoor in groups. Feeding regimes differed according to local management. Typically, the calves were milk fed for 8–12 weeks. In 14 cases, it was not possible to obtain a fecal sample, as the calf did not defecate and the rectum was empty. Therefore, the number of fecal samples differed from the number of nasal swab samples.



Nucleic Acid Extraction

RNA and DNA were extracted from the nasal swab samples using the extraction robot QIAcube HT (QIAGEN, Hilden, Germany) and the Cador Pathogen 96 QIAcube HT kit (QIAGEN) using the manufacturer's instructions. Before nucleic acid extraction, nasal swab samples were prepared by centrifuging 400 μl of each individual sample or pool for 5 min at 9,000 × g at room temperature (15–25°C), and 200 μl of the supernatant was subsequently used for extraction. Positive and negative (nuclease-free water; Amresco, Cleveland, OH) controls were included in each extraction. The nucleic acids were stored at −80°C until further analysis.

RNA and DNA were extracted from 10% fecal dilutions of the individual samples or from pools consisting of the 10% fecal dilutions using the extraction robot QIAcube HT (QIAGEN) and the Cador Pathogen 96 QIAcube HT kit (QIAGEN). Prior to nucleic acid extraction, one 5-mm steel bead was added to each sample or pool and the samples or pools were homogenized in a TissueLyser II (QIAGEN) for 20 s at 15 Hz. The homogenate was centrifuged for 90 s at 6,700 × g, and 200 μl of the supernatant was used for extraction. Positive and negative (nuclease-free water; Amresco) controls were included in each extraction. The nucleic acid extractions were stored at −80°C until further analysis.



Primer and Probe Design

Eleven rtPCR assays targeting respiratory and enteric viral and bacterial pathogens were established (Table 1). The primer and probe sequences were copied either from previously published assays or designed in this study. Some of the published primer and probe sequences were modified to improve the specificity or to adapt to the selected PCR conditions. New primer and probe sequences were designed based on alignments containing sequences of the target gene for the selected pathogens. The sequences were retrieved from GenBank (35) and aligned using CLC Main Workbench version 8.0 (QIAGEN). The specificity of the oligonucleotides were tested in silico using nucleotide BLAST search (36), and the melting temperature and basic properties were approximated using OligoCalc (37). The oligonucleotides were purchased from Eurofins Genomics (Ebersberg, Germany).


Table 1. Viruses and bacteria, assay names, and primer and probe sequences used for detection of viruses and bacteria.
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Traditional rtPCR Platform

Initially, the sensitivity and specificity of the rtPCR assays were validated on the Rotor-Gene Q rtPCR platform (QIAGEN) using 10-fold serial dilutions of the positive controls. For the rtPCR assays targeting RNA viruses, AgPath-ID one-step RT-PCR reagents kit (Applied Biosystems, Foster City, CA) was used with a final reaction volume of 15 μl. The PCR mix consisted of 7.5 μl RT-PCR buffer (2 ×), 0.45 μl of each primer (10 μM), 0.45 μl probe (10 μM), 0.6 μl RT-PCR enzyme mix (25 ×), 3.55 μl nuclease-free water, and 2 μl RNA. The PCR reactions were run at the following thermal cycling conditions: 45°C for 20 min, 95°C for 10 min, followed by 45 cycles of 94°C for 15 s, and 60°C for 45 s.

For the rtPCR assays targeting DNA viruses and bacteria, JumpStart Taq ready mix (Sigma-Aldrich, St. Louis, MO) was used with a final reaction volume of 25 μl. The PCR mix contained 12.5 μl JumpStart Taq ready mix (2 ×), 0.75 μl of each primer (10 μM), 0.2 μl probe (30 μM), 3.5 μl MgCl2 (25 mM), 4.3 μl nuclease-free water, and 3 μl DNA. The PCR reactions were tested at the following thermal cycle conditions: 94°C for 2 min, followed by 40 cycles of 94°C for 15 s, and 60°C for 60 s.

Data, including quantification cycle (Cq) values and amplification curves, obtained from the abovementioned PCR reactions were analyzed using Rotor-Gene series software version 2.3.1 (QIAGEN) with the following parameter adjustments: dynamic tube normalization, on; noise slope correction, on; ignore first cycle; outlier removal, 10%; and Cq fixed, 0.01. All reactions, samples, and positive and negative (nuclease-free water; Amresco) controls were run in duplicates. For each of the rtPCR assays, a standard curve was constructed from the Cq values. The amplification efficiency was calculated based on the slope of the standard curve, as previously described (38).



Reverse Transcription and Preamplification Prior to High-Throughput rtPCR

For RNA targets, one-tube combined reverse-transcription and preamplifications were performed in a final volume of 15 μl using AgPath-ID one-step RT-PCR reagents kit (Applied Biosystems); 7.5 μl RT-PCR buffer (2 ×), 0.75 μl of 200 nM primer mix (containing the different sets of primers (20 μM each) listed in Table 1), 0.6 μl random hexamer (50 μM), 0.6 μl RT-PCR enzyme mix (25 ×), 2.55 nuclease-free water, and 3 μl RNA were mixed. The PCR was performed on a T3 Thermocycler (Biometra, Fredensborg, Denmark) with the following thermal cycle conditions: 45°C for 20 min, 95°C for 10 min, followed by 24 cycles at 94°C for 15 s, and 60°C for 45 s. The preamplified complementary DNA (cDNA) was stored at −20°C.

For DNA targets, preamplification were performed using TaqMan PreAmp master mix (Applied Biosystems) in a final volume of 10 μl containing 5 μl master mix, 2.5 μl of 200 nM primer mix [containing the different sets of primers (20 μM each) listed in Table 1], and 2.5 μl DNA. Preamplification was performed on a T3 Thermocycler (Biometra) with the following thermal cycle conditions: 95°C for 10 min, followed by 14 cycles at 95°C for 15 s, and 60°C for 4 min. The preamplified DNA was stored at −20°C until testing.



High-Throughput rtPCR

For the rtPCR analysis, the high-throughput rtPCR platform BioMark HD (Fluidigm) and the BioMark 192.24 DA IFC chip (Fluidigm) were used. For each sample, a 4-μl sample mix containing 2 μl TaqMan gene expression master mix (2 ×) (Applied Biosystems), 0.2 μl sample loading reagent (20 ×) (Fluidigm), and 1.8 μl preamplified sample was prepared. For each assay, a 4-μl assay mix containing 2 μl assay loading reagent (2 ×) (Fluidigm) and 2 μl primer-probe stock (final concentration: 16 μM primers and 5 μM probe) was prepared. Three-microliter sample mix and 3 μl assay mix were loaded into the respective inlets of the 192.24 DA IFC chip. The 192.24.DA IFC chip was placed in the IFC controller RX (Fluidigm) for loading and mixing for approximately 30 min and then subject to thermal cycling in the high-throughput rtPCR instrument BioMark HD (Fluidigm) with the following cycle conditions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Samples were tested in single reactions, and the assays were performed in duplicates. In each 192.24 DA IFC chip run, positive and negative (nuclease-free water; Amresco) PCR and extraction controls were included. Data, including Cq values and amplification curves, obtained on the BioMark system, were analyzed using the Fluidigm Real-Time PCR Analysis software version 4.5.2 (Fluidigm).



Assessment of the Sensitivity, Specificity and Application of the rtPCR Assays

Initially, the rtPCR assays were validated on the Rotor-Gene Q (QAGEN) and BioMark HD (192.24 DA IFC) (Fluidigm) platforms by running 10-fold serial dilutions for each of the positive controls in duplicates in order to analyze the sensitivity and amplification efficiency on the two platforms. For each of the rtPCR assays, a standard curve was constructed from the Cq values. The amplification efficiency was calculated based on the slope of the standard, curve as previously described (38).

To assess the specificity of the rtPCR assays on the high-throughput rtPCR platform (BioMark HD; Fluidigm), the positive controls were initially tested, followed by testing of 32 field samples (19 nasal swab and 13 fecal samples). Six field samples positive for either E. coli F5 or M. haemolytica were selected for Sanger sequencing in order to verify the specificity of the rtPCR assays. Prior to sequencing, the selected samples were PCR amplified on the Rotor-Gene Q platform (QIAGEN), and the PCR products were purified using the High Pure PCR Product Purification kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. The samples were sequenced at LGC Genomics GmbH (Berlin, Germany). The obtained sequences were assembled and analyzed using CLC Main Workbench version 8.0 (QIAGEN). The analyzed sequences were aligned to published sequences using the database NCBI BLAST (36).

To evaluate the repeatability of the rtPCR assays on the high-throughput rtPCR platform (BioMark HD; Fluidigm), the positive controls were tested on 13 separated 192.24 DA IFC chip runs and the outcomes were compared along the chip runs.

The application of the high-throughput rtPCR platform (BioMark HD; Fludigm) and 192.24 DA IFC chip was validated by testing 4,772 field samples, which were pooled in 980 pools (491 pools of nasal swab and 489 pools of fecal samples).



Assessment of Test of Pooled Samples Contra Test of Individual Samples

In order to compare test of pooled samples with test of individual samples, a pilot study was performed. Three different setups were made for five selected assays (Mycoplasma spp., M. bovis, H. somni, T. pyogenes, and RVA) using field samples selected based on the results obtained in the high-throughput rtPCR analysis.

In the first and second setup, the effect of increasing the number of positive samples and decreasing the number of negative samples within a pool was tested. In the first setup, the pools consisted of 10 samples with a varying number of positive and negative samples. The pools were made with the following distribution of positive and negative samples; 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 (number of positive samples:number of negative samples). Similarly, the second setup tested pools consisting of five samples instead of 10 samples. In the third setup, the effect of increasing the number of negative samples within a pool containing one positive sample was tested. Here, the pools consisted of one positive sample and an increasing number of negative samples with the following structure 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, and 1:8 (number of positive samples:number of negative samples). The constructed pools from the three setups were analyzed on the high-throughput rtPCR system, as described above.




RESULTS


Sensitivity and Amplification Efficiency of the rtPCR Assays

To evaluate the sensitivity and amplification efficiency of the rtPCR assays, 10-fold serial dilutions of the positive controls were tested on the Rotor-Gene Q (QIAGEN) and BioMark HD (Fluidigm) platforms. Standard curves were constructed using mean Cq values from duplicate 10-fold serial dilutions, in which the efficiency was calculated for each of the rtPCR assays (Table 2).


Table 2. Sensitivity and amplification efficiency of rtPCR assays on the Rotor-Gene Q and BioMark platforms.

[image: Table 2]

The sensitivity of the rtPCR assays was in the range of 3–7 log10, and the results were identical or differed by one log10 between the two platforms (Table 2). Similarly, the dynamic range of the rtPCR assays was either identical or differed by one log10. Furthermore, the amplification efficiency of the rtPCR assays was comparable for the Rotor-Gene Q (QIAGEN) and the BioMark HD (Fluidigm) platforms and was 78–103% and 79–118%, respectively. For some of the rtPCR assays (H. somni, T. pyogenes), the undiluted and the first diluted sample were excluded from the calculation of efficiency of the BioMark HD (Fluidigm) platform because the Cq was too low. This exclusion resulted in a shorter dynamic range for these rtPCR assays when run on the BioMark HD (Fluidigm) platform compared with the Rotor-Gene Q (QIAGEN) run.

The Cq values obtained by the BioMark HD (Fluidigm) platform were allocated into three categories; high-range positive (Cq value ≤ 13), mid-range positive (Cq value 14–20), and low-range positive (Cq value ≥21).



Test of the Specificity of the rtPCR Assays

Initially, the specificity of the rtPCR assays was tested on the BioMark HD (Fluidigm) platform and the 192.24 DA IFC chip by testing the positive controls for each pathogen in all assays. For each rtPCR assay, the specificity was assessed based on the Cq value and the corresponding amplification curve obtained from the respective positive control. Positive results were obtained in the rtPCR assay specific for the correct positive control sample only—that is, no cross-reaction to any of the other positive control samples was detected (Figure 1). Furthermore, 32 field samples (nasal swab and fecal samples) were tested on the high-throughput system in order to investigate the performance on field samples (Table 3). Six of these field samples, which tested positive for either E. coli F5 or M. haemolytica, were selected for Sanger sequencing (Table 4). The obtained sequences were aligned to previously published sequences using the database NCBI BLAST (36). Eight sequences showed 100% identity to the two field samples positive for E. coli F5 (samples 2 and 4). For three out of four M. haemolytica-positive field samples, 89 sequences showed 100% identity to these (samples 15, 19, and 20), while for the last field sample (sample 21), the 89 sequences showed 98.7–99.0% identity. The accession numbers of the published sequences which showed the highest identity to the sequences obtained in this study are listed in Table 4.


[image: Figure 1]
FIGURE 1. Heat map showing the specificity of the rtPCR assays on the high-throughput rtPCR system by testing known positive controls. To the left: rtPCR assays (Table 1). At the top: the positive controls and a no-template control (NTC). Each square corresponds to a single rtPCR reaction. Cq values for each reaction are indicated by color; the corresponding color scale is presented in the legend on the right. A black square is considered a negative result. A black X is shown if the amplification curve deviates too much from an ideal amplification curve.



Table 3. Feces and nasal swab samples analyzed on the high-throughput rtPCR system.

[image: Table 3]


Table 4. Samples sequenced by Sanger sequencing.
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Test of Repeatability of the rtPCR Assays on the High-Throughput rtPCR Platform

The repeatability of the rtPCR assays on the high-throughput rtPCR platform (BioMark HD) was evaluated by testing the positive controls in 13 separate chip runs. The mean Cq value and standard deviation (SD) were calculated for each of the positive controls, and the SD was found to be between ±0.35 and 1.00 for all the positive control samples (Table 5).


Table 5. Test of repeatability of the rtPCR assays on the high-throughput rtPCR platform.
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Comparative Testing of Pooled and Individual Samples

The results of the three different pool setups are shown for each pathogen in Supplementary Tables 1A–E. In general, the results from the first and second setup showed that irrespective of the size of the pool, an individual sample with a high-range positive Cq value had a higher influence on the Cq value of the pool compared with the influence of an individual sample with a low-range positive Cq value.

For all five pathogens in the first setup, there was a decrease in the Cq value of the first pool (1:9) to the last pool (9:1), meaning that the pool became increasingly positive. However, the degree of decrease was varied between the different pathogens. For Mycoplasma spp., H. somni, and RVA there was a decrease of 5.3–6.4 Cq values, while for M. bovis and T. pyogenes, the decrease in Cq was 1.6 and 0.3, respectively. In the second setup, the Cq value of the pool decreased (became more positive) with increasing numbers of positive samples for four of the pathogens. For H. somni, the Cq values for two of the pools (3:2 and 4:1) were 17.0 and 17.1, respectively, and therefore a decrease in the Cq value of the pool was not observed. In the third setup, in which an increasing number of negative individual samples were added to a pool containing one positive sample, the pool became less positive (higher Cq value) as the number of negative samples increased. For all of the five pathogens, the pool was only made to dilution 1:8 due to a limited amount of available negative samples. For the RVA pool, the Cq value increased from 8.8 (pool 1:1) to 16.4 (pool 1:8), which was more than expected in relation to a 10-fold dilution in theory should increase the Cq value with a value of 3.3. The positive sample in the RVA pool had a high-range positive Cq value (8.3) compared with the positive samples in the Mycoplasma spp., M. bovis, H. somni, and T. pyogenes pools, which had a Cq value between 16.4 and 17.9.



Occurrences of Respiratory and Enteric Pathogens in Danish Calves

The occurrence of the different pathogens in Danish calves was evaluated by testing 980 pools of nasal swab and feces samples on the high-throughput rtPCR system. The samples were collected from dairy and veal calves at different ages from 100 Danish herds (83 dairy and 17 veal herds). In total, 491 nasal swab pools and 489 feces pools were analyzed and the overall occurrence of each pathogen was calculated (Figure 2; Table 6). Furthermore, the occurrence of each pathogen in each age group on the herd level was calculated as the number of herds with at least one positive pool divided by the total number of herds (Table 7).


[image: Figure 2]
FIGURE 2. The occurrence of respiratory and enteric pathogens (viruses and bacteria) in nasal swab (nose) and feces pools made of samples taken from Danish dairy and rosé veal calves at different ages (d, day; w, week; m, month; a.a., after arrival) in percentage.



Table 6. The occurrence of respiratory and enteric pathogens by age group and in total.
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Table 7. The occurrence of respiratory and enteric pathogens at herd level by age group.
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Overall Pathogen Occurrence

In general, the overall occurrence of the respiratory pathogens in the different age groups showed that the bacterial pathogens were more frequent than the viruses both in the dairy and veal calves (Table 6). In the dairy calves, P. multocida (38.4%), Mycoplasma spp. (26.2%), T. pyogenes (25.5%), and M. haemolytica (17.5%) were found to be the most prevalent pathogens across all age groups followed by H. somni (6.9%) and M. bovis (4.4%). For the bacterial pathogens, the highest occurrences were found in the oldest age group except for T. pyogenes, which was most frequent in the middle age group. The viral pathogens BCoV and BRSV were present at a very low level (2.3 and 0.7%, respectively), while none of the pools from the dairy calves tested positive for IDV. In the veal calves, more than 50% of the pools were positive for Mycoplasma spp., M. haemolytica, or P. multocida, and the occurrence increased with age. Also, M. bovis (42.9%) was frequently detected, while H. somni (26.8%) and T. pyogenes (23.2%) were less frequently detected. For the viral pathogens, BCoV was the virus with the highest overall occurrence (17.9%) followed by IDV (7.1%), while BRSV was not detected in any pools from the veal calves. Bovine coronavirus was most frequently detected in the youngest age group (24.1%), while IDV was most frequently detected in the oldest age group (11.1%).

The enteric pathogens generally had lower occurrence than the respiratory pathogens. Rotavirus A was the most frequently detected enteric pathogen both in the dairy (27.4%) and veal (10.9%) calves with the highest occurrence in the youngest age groups (17.9%−33.9%). Bovine coronavirus was observed in all age groups and was most prevalent in the veal calves (12.7%). E. coli F5 was only detected in the youngest age group in dairy calves (1.8%), and M. bovis was only detected in a single pool in the 3-month age group in dairy calves (0.2%).



Occurrence of Pathogens at the Herd Level

The occurrence of the pathogens at the herd level in the different age groups is shown in Table 7. At the overall herd level, the majority of the dairy herds had at least one nasal swab pool testing positive for P. multocida (67 herds, 80.7%), Mycoplasma spp. (53 herds, 63.9%), T. pyogenes (51 herds, 61.5%), or M. haemolytica (45 herds, 54.2%). Seventeen herds (20.5%) were positive for H. somni and 13 herds (15.7%) for M. bovis, while BCoV and BRSV were detected in six (7.2%) and two (2.4%) of the dairy herds, respectively. Influenza D virus was not detected in any of the dairy herds. Six dairy herds (7.2%) had at least one feces pool positive for E. coli F5 and one herd (1.2%) tested positive for M. bovis. Rotavirus A and BCoV were detected in 55 (66.3%) and six (7.2%) herds, respectively.

In the veal herds, the majority of the herds had at least one nasal swab pool testing positive for P. multocida (16 herds, 94.1%), Mycoplasma spp. (16 herds, 94.1%), M. haemolytica (16 herds, 94.1%), or M. bovis (13 herds, 76.5%). H. somni was detected in eight herds (47.0%) and T. pyogenes in seven herds (41.2%). The viruses BCoV and IDV were found in six (35.3%) and four veal herds (23.5%), respectively, while none of the veal herds tested positive for BRSV. Considering the feces pools from veal herds, none of the herds tested positive for E. coli F5, Mycoplasma spp., or M. bovis, while six herds (35.3%) were positive for BCoV, and RVA was detected in five herds (29.4%).





DISCUSSION

The validation of the high-throughput rtPCR system revealed that it was possible simultaneously to test for 11 respiratory and enteric pathogens, including four viruses and seven bacteria known to be associated with BRD and/or BED. The sensitivity and specificity of the rtPCR assays were evaluated using positive controls tested both on the high-throughput BioMark HD and the Rotor-Gene Q platforms. These analyses revealed that all assays had an acceptable PCR efficiency, and only minor differences in the dynamic range and efficiency were seen between the two platforms. In general, the Cq values obtained on the BioMark HD platform were lower than those of the traditional rtPCR platform. This discrepancy in values is probably due to the preamplification of the samples in the high-throughput setup (39). Preamplification of samples is often required due to the small reaction volumes in the BioMark system, and this step is also recommended from the supplier and other studies using this platform for pathogen detection (30, 33, 40). An important aspect to consider when using the BioMark HD platform is the risk of false-negative results that can occur for very positive samples, since this preamplification will lower the Cq value of the sample even more. Furthermore, the rtPCR assays will also have a lower cutoff value in the BioMark platform than in the Rotor-Gene Q platform, which also was the case in our study.

The high-throughput rtPCR system can easily be expanded to include more targets since the assay capacity of the 192.24 DA IFC chip used in this study was 24 assays, and thereby an even wider detection system could be developed. However, the added primer-probe sets should be optimized to the temperature conditions selected for the PCR. If more than 24 targets are included, one of the other available DA IFC chips, 48.48 or 96.96, should be utilized. The change in chip format will, however, result in fewer samples that can be analyzed in one run since the choice of chip depends on the application. The high-throughput rtPCR system designed in this study was developed in the frame of a project in which several thousand samples collected from Danish calves were analyzed and, therefore, the 192.24 DA IFC chip was chosen.

The occurrence of pathogens in the field was based on test of pools of pathogen, since it is a much cheaper way of analyzing a large number of animals. One important consideration in the test of pools is to decide on the number of samples to be included in each pool. The schism is to find a balance between the wish to test as many animals as possible and the impact of the number of samples on the sensitivity of the test. Pool size can be theoretically and mathematically calculated (41, 42); however, in real life, this number can be different since pooling of samples have to consider different parameters, such as age and gender. In the present study, both pools consisting of five and 10 individual field samples were examined with the purpose of determining if an acceptable correlation between the results for the individual samples and the pools could be established. Traditionally, when testing pools of samples, it is assumed that each individual sample has the same probability of being positive. However, this is often an erroneous and unrealistic assumption. There exists different pool testing procedures and concluding which one is the best is not an easy task, since parameters such as assay accuracy, availability of risk factor information, prevalence levels, and risk probability distributions all play a role in determining which procedure is best (29, 41, 42). The field samples tested in this study displayed varying Cq values, making it difficult to construct a fully controlled setup. However, the test of pooled samples contra test of individual samples showed that a high-range positive individual sample had a greater influence on the Cq value of the pool than a low-range positive individual sample had, which was observed in all three pool setups. The degree of decrease in the pool's Cq value was affected by either the addition of one or few high-range positive individual sample(s) or by the addition of several mid-range positive individual samples. Whereas the addition of low-range positive individual samples did not noticeably change the Cq value of the pool. This was observed both for the bacteria (Mycoplasma spp., M. bovis, H. somni, T. pyogenes) and the virus (RVA) in pools consisting of five and 10 individual samples, respectively. Testing pools consisting of a large number of samples can be economically advantageous since it minimize the number of pools. A potential limitation of using larger pools in a group of animals with low occurrence of a given pathogen is the risk of diluting the few positive samples to an extent, that it will no longer be detectable in the rtPCR analysis. However, this study was not able to show how many negative samples were needed to dilute a positive sample so that it was no longer detectable—but again, this depends on the Cq value of the positive sample. Larger pools can nevertheless be preferable in prevalence and screening studies where the purpose often is to test a large number of animals, which also was the case in this study. Since one positive sample in a pool in most cases will lead to a positive test result, the calculation of the occurrence/prevalence of pathogens may be overestimated if it is based on test of pools compared with test of individual animals given the same number of tests performed in each herd.

The high-throughput rtPCR system designed in this study was used to analyze pools of nasal swab and feces field samples in order to determine the occurrence of selected pathogens in Danish calves. The samples were taken from dairy (heifer) and veal (bull) calves at different age groups, and the analysis showed that bacteria were found to be more prevalent than viruses in the nasal swab pools, while it was opposite in the feces pools. The most prevalent respiratory pathogens found in nasal swab pools from the dairy calves were Mycoplasma spp., M. haemolytica, P. multocida, and T. pyogenes (17.5–38.4%), while the other pathogens were observed more sporadically (0–6.9%). All pathogens except for BRSV and T. pyogenes were found to be more widespread in the veal calves than in the dairy calves. This was not surprising in that most veal herds commingle with calves from several different sources. Analysis of the occurrence of the pathogens at the herd level revealed that Mycoplasma spp., M. haemolytica, and P. multocida were present in more than 50% of all herds (54.2–94.1%) no matter the herd type. The role of P. multocida in the development of pneumonia in calves has been widely discussed, while some studies have reported P. multocida as being an opportunistic pathogen, others have found strong indications for P. multocida having a pathogenic role (11, 43, 44). Tegtmeier et al. (45) showed that P. multocida, H. somni, M. haemolytica, and T. pyogenes are among the most common bacteria associated with severe calf pneumonia in Denmark (45). These findings are supported by a newer study, which found P. multocida, H. somni, and M. haemolytica to be more prevalent in sick cattle than in healthy cattle. Interestingly, >50% of the healthy cattle was found to harbor these bacteria in the lower airways (46), although not showing any symptoms of disease. Benchmarking the laboratory data with information on clinical signs, herd management, housing, and biosecurity may explain why some cattle harboring bacterial pathogens in their lower airways remained healthy, while others developed bronchopneumonia. These analyses are outside the scope of the present study that focused on the establishment and validation of a sensitive and specific system for the detection of pathogens in calves. Nevertheless, the findings in the present study can substantiate that P. multocida, H. somni, M. haemolytica, and T. pyogenes are present in Danish cattle herds.

In many countries, M. bovis is regarded as one of the major causes of respiratory disease in cattle (47). This is supported in the present study, in which the bacterium was detected in 76.5% of the veal herds. Interestingly, this finding is different from older Danish studies, in which M. bovis either was not detected in the examined herds or only detected with low occurrence (11, 48, 49). Influenza D virus was detected in four of the veal herds (23.5%), and this is the first time IDV has been found in Danish calves. The virus was isolated for the first time in 2011 in the USA (50), and it has subsequently been detected in cattle from multiple geographic areas across Asia, Europe, and the USA (25, 51–55). In Denmark, BRSV and BCoV have previously been found to be the most common viral agents in relation to calf pneumonia (56). However, BRSV was only detected in very few of the herds (2.4%), while BCoV was found to be more prevalent especially in the veal herds (35.3%). The reason for the low occurrence of the viruses found in the study herds is probably that the herds included in the present study were not tested based on a history of severe respiratory clinical disease which is often the hallmark of especially BRSV.

For the enteric pathogens, RVA was clearly the most prevalent pathogen in the dairy calves (27.4%), while other pathogens were only sporadically detected (0%−1.8%). In the veal calves, RVA (10.9%) and BCoV (12.7%) were the only pathogens detected. Rotavirus A was primary detected in calves below 3 weeks of age, which also was expected since RVA is known to be pathogenic only in young calves (57). Bovine corona virus is also considered an important neonatal calf diarrhea pathogen (58); however, the highest occurrence was detected in veal calves. In contrast, a study from Argentina found BCoV to be most prevalent in the dairy herds (12.1%) compared with veal herds (4.3%) (59). The reason for this discrepancy is probably that only calves with diarrhea was included in the Argentinian study. Another important neonatal diarrhea-causing pathogen is E. coli F5, which is known to cause diarrhea within the first 4 days of life (60). In the present study, this pathogen was only detected in the group of 0–10-day-old calves and with a low occurrence (4.8%). This occurrence is similar to the prevalence reported in the Netherlands (2.6%), New Zealand (3.3%), Scotland, and northern England (7.5%) (61–63).

In summary, the developed high-throughput rtPCR system showed good sensitivity and specificity, and the use of it provides new possibilities for more intensive monitoring of bovine respiratory and enteric viral and bacterial pathogens in dairy and veal herds. Furthermore, the system enables testing of multiple samples for the presence of different pathogens in the same setup even with reduced cost and turnover time. Combining the results from continuous monitoring of pathogens with information on clinical signs, productivity, health status, and medicine consumption, the high-throughput rtPCR system presents a new and innovative tool for routine diagnostics, and this even at a lower cost than the traditional diagnostic methods.
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Porcine parvoviruses (PPVs) and porcine circoviruses (PCVs) infect pigs worldwide, with PPV1–7 and PCV2 infections common in pigs. Although PPV7 was only identified in 2016, co-infection of PPV7 and PCV2 is already common, and PPV7 may stimulate PCV2 replication. PCV3, a novel type of circovirus, is prevalent in pig populations worldwide and considered to cause reproductive disorders and dermatitis nephrotic syndrome. In recent studies, pigs were commonly infected with both PCV3 and PPV7. Our objective was to investigate the co-infections between PPV7 and PCV3 in samples from swine on farms in Hunan, China, and assess the potential impacts of PPV7 on PCV3 viremia. A total of 209 samples, known to be positive (105) or negative (104) for PCV3, were randomly selected from serum samples that were collected from commercial swine herds in seven regions from 2016 to 2018 in our previous studies; these samples were subjected to real-time PCR to detect PPV7. Of these samples, 23% (48/209) were positive for PPV7. Furthermore, the PPV7 positive rate was significantly higher in PCV3 positive serum (31.4%, 33/105) than in PCV3 negative serum (14.4%, 15/104). Another 62 PCV3 positive sow serum samples and 20 PCV3 positive aborted fetuses were selected from 2015 to 2016 in our other previous study. These samples were designated as being from farms with or without long-standing histories of reproductive failure (RF or non-RF), respectively, and they were also subjected to real-time PCR to detect PPV7 and to determine whether PPV7 affected PCV3 viremia. Among the 62 serum samples (39 PCV3 positive RF-serum and 23 PCV3 positive non-RF-serum), 45.1% (28/62) were positive for PPV7 and PCV3, and the PPV7 positive rate was significantly higher in PCV3 positive RF-serum (51.2%, 20/39) than in PCV3 positive non-RF-serum (34.8%, 8/23). In addition, there was a higher positive rate of PPV7 (55%, 11/20) in PCV3 positive aborted fetus samples. In addition, the copy number of PCV3 in PPV7 positive samples was significantly higher than that in PPV7 negative serum samples. Based on these findings, we concluded that PPV7 may stimulate PCV3 replication.

Keywords: porcine parvovirus 7, porcine circovirus type 3, co-infections, viremia, RT-PCR


INTRODUCTION

Porcine parvoviruses (PPVs) have been prevalent in pigs globally, and PPV1 is considered as one of the main pathogens causing reproductive failure in pigs around the world (1). However, genotypes PPV2–PPV6 with pathogenic potential were also detected, e.g., by genome sequencing. Porcine parvovirus 7 (PPV7) was initially identified in 2016 by metagenomics sequencing of rectal swabs from healthy adult pigs in the United States and subsequently from pigs in Brazil, China, South Korea, Poland, and Sweden. In China, PPV7 is already prevalent in Guangxi, Hunan, Anhui, Fujian, Shandong, and Northeast China (2, 3), although the detailed information of its pathogenicity in pigs remains unavailable. Regarding novel PPVs, PPV4, PPV6, and PPV7 were detected in aborted fetuses, which implied that these viruses may cause reproductive failure (4–6). Moreover, detection of PPV7 in semen implies that this virus may cause reproductive dysfunction through vertical transmission (7).

PPV7 is a single-stranded DNA (ssDNA, ~4 kb), non-enveloped virus, with low homology with PPV1–6 (~30%). It belongs to the family Parvovirinae and is an emerging species of the genus Chapparvovirus. PPV7 can be isolated from healthy and sick pigs of all ages and was present in various tissues (liver, lung, lymph node, kidney, and spleen). Nucleotide mutation rates of NS1 and cap genes of PPV7 were higher than those of PPV1–4 (8), perhaps enabling PPV7 to adapt to various environmental conditions and posing a major threat to health security of pig herds.

PPV1–7 and porcine circovirus 2 (PCV2) co-infections are common in pigs. In recent studies, the level of PCV2 viremia was greater in serum samples that were positive for PPV1 and PPV7 than in those that were negative for PPVs (9, 10). Furthermore, there was a correlation between the Ct values of PPV7 and PCV2 (11). As a consequence, we inferred that, in addition to PPV1, PPV7 may potentially act as a co-factor infection by stimulating the replication of PCV2. PCV3, a novel type of circovirus discovered in 2016, is prevalent in many countries around the world and is regarded as causing reproductive disorders and dermatitis nephrotic syndrome, although the pathogenesis is not well established. It was reported that PCV3 positive samples have a high co-infection rate with PPV7 (12), although nothing is known about the impact of PPV7 on PCV3 viremia. In this study, we investigated co-infections between PPV7 and PCV3 in samples from swine on farms in Hunan, China, and assessed potential impacts of PPV7 on PCV3 viremia.



MATERIALS AND METHODS


Serum and Aborted Fetuses

We previously detected PCV3 IgG antibodies in sow sera from commercial swine herds (n = 1038) in seven regions of Hunan Province, China using capsid protein-based indirect ELISA (13). Among them, a total of 209 serum samples (105 PCV3 positive and 104 PCV3 negative serum samples, Table 1), based on PCV3 detection by quantitative PCR (qPCR), as described (13, 14), were randomly selected and used to determine PPV7 prevalence in the present study. In other studies, we reported identification of PCV3 (using qPCR and ELISA, respectively) in sow sera (n = 190), which were selected from the farms (A–E) with or without reproductive failure (RF) in various regions in Hunan, China (14). In more detail (Table 2), 85 samples (with 39 PCV3 positive) were from sows that had aborted or had a history of reproductive failure (+RF), whereas the remaining 105 (with 23 PCV3 positive) were from healthy sows (from herds with no history of reproductive failure, –RF), among which copy numbers of PCV3 genome based on qPCR were determined and reported (13, 14). It was noteworthy that the PCV3 positive rate was significantly higher in sows with reproductive failure [+RF, 45.9% (39/85)] than in healthy sows [–RF, 21.9% (23/105)] (14). In addition, 60.6% (20/33) of aborted fetuses from Farms C and E were positive for PCV3 (13), based on qPCR assays (Table 2).


Table 1. Presence of PPV7 in PCV3 positive and negative serum samples.
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Table 2. Presence of PCV3 and PPV7 co-infections in serum of sows, with and without reproductive failure (RF), and in aborted fetuses.

[image: Table 2]

As these important samples have already been tested for PCV3 and its viral load, they can also be used to detect co-infection with PPV7, facilitating an in-depth study of the co-infection of PCV3 and PPV7 and the interaction by co-infection to enhance or stimulate virus replication.



Real-Time PCR Assay for PCV3 and PPV7

qPCR for copy numbers of PCV3 genomic DNA with primers (QP3-F: YAGTGCTCCCCATTGAACGG and QP3-R: GCTCCAAGACGACCCTTATGC) in our previous report (13) was used to determine the copy number of PCV3 in the samples. In addition, a SYBR Green real-time PCR assay with primers (F1: GCGACCAGTCGAAAGTCTTC and R1: TTGGTGTTGCCCATTCTGTA) targeting a 165-bp region of PPV7, the conserved capsid gene for PPV7 detection, was done, as described (15). Based on results of real-time PCR, samples were deemed negative or positive for PCV3 and for PPV7.

In brief, we used a 20-μl reaction mixture containing 10 μl of AceQ qPCR SYBR Green Master Mix (Vazyme Biotech Co., Piscataway, NJ, USA), 0.4 μl PCV3 primer pairs or 0.6 μl PPV7 primer pairs (10 μM), 0.4 μl of 50 × ROX Reference Dye 1, 2 μl of DNA template, and 6.8 μl of RNase-free ddH2O. In addition, a pSP72 plasmid clone containing the full-length cap gene of PCV3 (pSP72-PCV3; GenBank accession number KY484769) or the full-length VP2 gene of PPV7 (pSP72-PPV7; GenBank accession number KU563733) and ddH2O were used as positive and negative controls, respectively. Copy numbers of viral genomic DNA extracted from samples were calculated based on a standard curve.



Statistical Analyses

All statistical analyses were performed using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, CA, USA; www.graphpad.com). PCV3 and PPV7 serum categories were investigated using Fisher's exact test by pairwise comparisons. The one-way ANOVA was used for statistical comparison between PCV3 and PPV7 serum categories expressed as copy numbers. Pearson's correlations of copy numbers in PCV3 and PPV7 positive samples were determined. Statistical significance was set at p < 0.05, and confidence intervals were calculated.




RESULTS


PPV7 Infections Occur Frequently in Pigs Affected With PCV3

The 209 samples (105 PCV3 positive and 104 PCV3 negative serum samples), derived from our previous study (13), were randomly selected from each region in Hunan, China, from 2016 to 2018. Among these 209 serum samples, 23% (48/209) were positive for PPV7. Of these, 31.4% (33/105) were positive for PPV7 in PCV3 positive serum samples (Table 1), whereas PPV7 was detected in 14.4% (15/104) of the randomly selected PCV3 negative samples (Table 1). The PPV7 positive rate was significantly higher (2.2 times) in PCV3 positive serum samples (31.4%) than in PCV3 negative serum samples (14.4%).

In this study, we also used sow sera and aborted fetuses that had been collected between 2015 and 2016 from seven sow farms with histories of long-standing reproductive problems (14). Among the 190 serum samples, there were 62 PCV3 positive and 128 PCV3 negative (14), whereas 24.7% (47/190) were positive for PPV7 (Table 2). The PPV7 positive rate was significantly higher (3.0 times) in PCV3 positive serum samples (28/62, 45.1%) than in PCV3 negative serum samples (19/128,14.8%).

The PPV7 detection rates in PCV3 positive serum samples with RF (+RF) were 51.2% (20/39), whereas they were only 34.8% (8/23) in PCV3 positive sera without RF (–RF). Furthermore, among 33 aborted fetuses from Farms C and E that had 20 PCV3 positive fetuses (14), 55% (11/20) were positive for both PPV7 and PCV3 (Table 2). In summary, the PPV7 positive rate was 1.5 times higher in PCV3 positive serum from sows with RF (+RF) vs. without RF (–RF); furthermore, there was a higher PPV7 prevalence (55%) in aborted fetus samples.



PCV3 Viremia Is Higher in PPV7 Positive Pigs

To evaluate impacts of PCV3 and PPV7 co-infections on their viremia, 190 sow serum samples (+RF and –RF) used in a previous report (14) were divided into the following groups: PCV3–PPV7 positive (n = 28), PCV3 positive–PPV7 negative (n = 34), and PCV3 negative–PPV7 positive (n = 19).

The copy number of PPV7 in PCV3 positive and negative serum samples was detected by real-time PCR; there was no significant difference in PPV7 between PCV3 positive (n = 28) and negative (n = 19) samples (Figure 1A). However, the copy number of PCV3 in PPV7 positive samples (n = 28, PCV3–PPV7 positive groups) was higher (p < 0.001) than that in PPV7 negative serum samples (n = 27, selected from 34 samples of PCV3 positive–PPV7 negative groups) (Figure 1B), and there was a very high correlation (p = 0.0002) in copy number between PCV3 and PPV7 from PCV3–PPV7 positive group samples (Figure 2). The linear correlation coefficient (r) between PPV7 and PCV3 copy numbers was 0.651. As the square of correlation (r2) score was 0.424, 42.4% of PCV3 copy number could be accounted for by PPV7 copy number.
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FIGURE 1. Boxplot comparison of real-time PCR copy number of PPV7 and PCV3. (A) Boxplot comparison of real-time PCR copy number of PPV7 in PCV3 positive (n = 28) and PCV3 negative (n = 19) serum samples. (B) Boxplot comparison of real-time PCR copy number of PCV3 in PPV7 positive (n = 28) and PPV7 negative (n = 27) serum samples. *** p < 0.001.
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FIGURE 2. Scatterplots with trends for real-time PCR copy number for PPV7 and PCV3 positive samples (n = 28, p = 0.0002).





DISCUSSION

PPV1 co-infects with PCV2 and PCV3, porcine reproductive and respiratory syndrome virus (PRRSV), pseudorabies virus (PRV), and classical swine fever virus (CSFV). The prevalence of PPV1–PCV2 co-infections is high, and PPV1 may trigger PCV2 associated disease (PCVAD) by supporting PCV2 replication, and increase PCVAD severity (e.g., pathological lesions in lymphoid tissues) (16). In addition, there are co-infections between novel PPVs and other well-known pathogens (e.g., PPVs, PCV2, PCV3, PRRSV, and TTSU) (3). Infections with PPV7 may become chronic, and PPV7 may contribute to virus persistence, with continuous excretion of virus in feces (17). In addition, fattening pigs without clinical symptoms had a high viral load (Ct <25), for PPV7 in their feces; therefore, variations in PPV7 viral loads may indicate various effects of PPV7 infection in pigs (17), or perhaps other conditions (e.g., co-infection) that made PPV7 pathogenic in pigs.

The prevalence of PPV7 ranged from 8.6 to 61.5% (2, 9, 11, 17–20). In our study of pigs from Hunan, China, the prevalence of PPV7 for both PCV3 negative and positive serum samples combined was 23% (48/209), and the prevalence in sow serum samples with or without RF was 24.7% (47/190). There was no basis to conclude that PPV7 contributed to all observed pathologic changes, as not all pathogens were consistently detected in diseased pigs and the prevalence of PPV7 in serum samples was higher than that in other tissues (18). Furthermore, none of the diseased pigs was only infected with PPV7. Therefore, it remains to be determined whether infection with PPV7 per se induces disease in pigs. It was also reported that the positive rate of PPV7 in PCV2 positive pig farms was significantly higher than that in negative farms (65.5 vs. 5.7%, respectively) (18). Moreover, the co-infection rate of PPV7 and PCV2 was high (17.4–59.5%) composed of 17.4% (67/385) and 59.5% (147/247) in Guangxi, 18.2% (29/159) in Poland, and 17.5% (21/120) in Anhui, respectively (9, 11, 19, 21). Therefore, it was speculated that PPV7 was an important cofactor of PCVAD (9). Although clinical symptoms and pathology of PPV7 remain unclear, it may act as a co-factor of disease caused by other porcine pathogens, or it may trigger disease development.

The co-infection rate of PCV3 and PPV7 was 9.1% (11/120) in samples from commercial farms with various clinical symptoms, including respiratory and gastrointestinal (19). In another report, in PCV3 positive samples, PCV3 had a high co-infection rate with both PPV6 (60.0%, 21/35) and PPV7 (74.3%, 26/35) (12). Based on these data, we inferred that there is a possible association between PCV3 and PPV7 infections. In our study, PCV3 also had a high co-infection rate with PPV7 [45.1% (28/62), 55% (11/20)]. Since both circovirus and parvovirus are ssDNA viruses, active proliferation of target cells is required for efficient viral replication. Virus-induced lymphocyte proliferation or immunosuppression can enhance the susceptibility to other virus replication and infection (22–25). For PCV2, its infection directly targets immune cells and causes immunosuppression (26–28), which leads to secondary or mixed infections with other pathogens. Furthermore, evidence that PPV-induced immune dysfunction could promote PCV2 replication (29) supports our notion that a co-infection of PPV7 and PCV3 could enhance the pathogenicity of the latter virus.

In this study, the PPV7 positive rate was statistically significantly higher in PCV3 positive versus PCV3 negative samples, suggesting that PCV3 may also cause immunosuppression, similar to PCV2, leading to secondary infection. Interestingly, co-infection with PPV7 and PCV3 in sow serum with RF (+RF) was significantly higher than that in sow serum without RF (–RF), and we also noted a higher PPV7 prevalence in aborted fetus samples. Furthermore, there were higher PCV3 viral loads in samples that were PPV7 positive compared with PPV7 negative. It has been suggested that PPV7 may stimulate the replication of PCV2 (11, 30). We speculated that PPV7 stimulated the replication of PCV3, thereby enhancing PCV3 viremia. Based on the present results and previous studies, we concluded that PPV7 may be an important co-factor triggering PCV2 and PCV3-associated diseases. Regardless, the pathogenesis of PPV7 infections, with or without PCV3 co-infection, needs to be further confirmed. More frequent multifactorial co-infection in clinical conditions contributes to a range of disease syndromes and is one of the most difficult problems in swine production, where next-generation sequencing (NGS) will gain a new insight into how co-factor infections interact to cause syndromes.
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In recent years, the incidence of brucellosis has increased annually, causing tremendous economic losses to animal husbandry in a lot of countries. Therefore, developing rapid, sensitive, and specific diagnostic techniques is critical to control the spread of brucellosis. In this study, bioinformatics technology was used to predict the B cell epitopes of the main outer membrane proteins of Brucella, and the diagnostic efficacy of each epitope was verified by an indirect enzyme-linked immunosorbent assay (iELISA). Then, a fusion protein containing 22 verified epitopes was prokaryotically expressed and used as an antigen in paper-based ELISA (p-ELISA) for serodiagnosis of brucellosis. The multi-epitope-based p-ELISA was evaluated using a collection of brucellosis-positive and -negative sera collected from bovine and goat, respectively. Receiver operating characteristic (ROC) curve analysis showed that the sensitivity and specificity of detection-ELISA in diagnosing goat brucellosis were 98.85 and 98.51%. The positive and the negative predictive values were 99.29 and 98.15%, respectively. In diagnosing bovine brucellosis, the sensitivity and specificity of this method were 97.85 and 96.61%, with the positive and negative predictive values being identified as 98.28 and 97.33%, respectively. This study demonstrated that the B cell epitopes contained in major antigenic proteins of Brucella can be a very useful antigen source in developing a highly sensitive and specific method for serodiagnosis of brucellosis.

Keywords: brucellosis, p-ELISA, serodiagnosis, B cell epitope, bioinformatics technology


INTRODUCTION

Brucellosis, as a re-emerging zoonosis, not only puts human health at risk but also causes tremendous losses in animal husbandry around the world, especially in developing countries (1). Human brucellosis is mainly caused by direct contact with Brucella-infected animals or consuming contaminated food (2). In humans, due to the lack of specific clinical manifestations, brucellosis is easily misdiagnosed as other febrile diseases, such as dengue fever, malaria, or viral bleeding diseases (3, 4). In animals, this disease is often neglected as there are no symptoms at the early stage of infection. Therefore, application of diagnostic methods is very important for accurate and early detection of this disease in human and animal populations.

Among the many techniques currently used for diagnosing brucellosis, serological diagnosis methods are the most widely used. It is worth pointing out that accurate serological diagnosis requires highly specific and sensitive antigens (5). However, the current most commonly used antigens for diagnosing brucellosis mainly depend on Brucella whole cell and lipopolysaccharide (LPS), which can cross-react with the antibodies aroused by other bacteria, such as Yersinia enterocolitica serotype O:9 and Escherichia coli O:157. Therefore, it is still meaningful to develop new diagnostic antigens to improve the specificity and sensitivity of serological diagnostic methods for brucellosis (6).

Quite a number of studies showed that the Brucella outer membrane proteins (Omps) have good immunogenicity, which can be potentially used as new diagnostic antigens to substitute for LPS (7–9). In this study, B cell epitopes were predicted from these Omps with the help of an online bioinformatics tool, and their capacity in identifying brucellosis-positive sera was further verified. Subsequently, a novel fusion protein containing multiple predicted epitopes was obtained as a candidate antigen for the serodiagnosis of brucellosis. At the same time, using the fusion protein as an antigen, a rapid paper-based enzyme-linked immunosorbent assay (p-ELISA) was constructed and evaluated for its possible use in detecting small ruminant and cattle brucellosis (10).



METHODS


Serum Samples

A total of 194 goat serum samples (brucellosis-positive sera = 140; brucellosis-negative sera = 54) and 191 bovine sera (brucellosis-positive sera = 116; brucellosis-negative sera = 75) were provided by the China Animal Health and Epidemiology Center (Qingdao, China). All brucellosis-positive sera were confirmed by the Rose Bengal plate agglutination test (RBPT) and tube agglutination test (SAT) according to the national standard for animal brucellosis diagnosis. Negative serum samples were originated from a brucellosis-free area in China. All experiments involving animals or animal samples were fully compliant with ethical approval granted by the Animal Care and Ethics Committee of Xuzhou Medical University (ethical approval no.: 201801W005).



Prediction and Synthesis of Peptide Epitopes

The amino acid sequences of Brucella outer membrane proteins Omp16, Omp25, Omp31, Omp2b, and BP26 were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/protein/). The conserved amino acid sequences were assessed and selected by BLAST. Prediction of B cell epitopes was carried out by online B cell epitope prediction tool BepiPred Linear Epitope Prediction at IEDB (http://tools.iedb.org/bcell/). The predicted B cell epitope peptides were synthesized by Sangon Biotech (Shanghai, China) and coupled to keyhole limpet hemocyanin (KLH) with a productive purity of more than 90%.



Epitope Verification

Forty-five bovine and goat sera, which were positive for brucellosis, were randomly selected to verify the capability of the predicted peptides in identifying brucellosis through an indirect enzyme-linked immunosorbent assay (iELISA). In addition, KLH was used as negative control and LPS was used as the positive antigen control. For the procedure, in a 96-well microtiter plate (NUNC, Denmark), 100 μL of peptide (30 μg/mL in carbonate buffer solution (CBS), pH 9.6) was added to each well and incubated overnight at 4°C. The wells were blocked with 300 μL/well of 5% skimmed milk powder (Sangon, Shanghai) at 37°C for 2 h, then 100 μL/well of serum was added (1:400 dilution with PBS) and incubated at 37°C for 1 h. HRP-labeled protein G (diluted 1:5,000, PBS) (Thermo, USA) was added and incubated at room temperature for 30 min. After that, an EL-TMB kit was utilized (Sangon) for the coloring step. Optical density was measured at 450 nm (OD450) using an ELISA plate reader (BioTek, USA). During the whole process, plates were washed three times with PBST before each reagent was added.



Preparation of the Fusion Protein

The effective peptides were connected in random order, and adjacent peptides were linked by the 'GGGS' linker. For the concatenated amino acid sequence, the molecular weight (https://web.expasy.org/compute_pi/), spatial conformation (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), and other parameters were predicted. According to the concatenated sequence, the corresponding codon was designated and optimized for prokaryotic expression. The full length of nucleic acid sequence coding for the multi-epitope fusion protein was synthesized and subcloned into expression vector pET30a (Beijing Protein Innovation, Beijing). The vector was then transferred into competent BL21 cells for IPTG-induced expression. Specifically, competent cells (BL21 cells) (100 μL), stored at−80°C, were slowly thawed on ice, after which the ligation product was added to the cells and mixed well; the cells were then placed on ice for 30 min, heat shocked at 42°C for 90 s, and then incubated in an ice bath for 2 min. Subsequently, 800 μL of non-resistant LB medium was added, incubated at 37°C for 45 min, and centrifuged at 5,000 rpm for 3 min. The majority of the supernatant was discarded, leaving approximately 100–150 μL, which was used to resuspend the cell pellet. The resuspended cells were added to LB plates with the corresponding resistance antibiotic and spread over plates, which were air-dried and cultured upside down and placed in an incubator at 37°C overnight. Then, the transformed BL21 cells were selected and cultured in 1.5 ml of LB liquid medium at 37°C and shaken at 200 rpm. The cells were incubated until OD600 = 0.6, at which time they were induced by IPTG (0.5 mm) and cultured for 2 h at 37°C. 1 ml of induced bacterial solution was centrifuged at 12,000 rpm for 1 min, the supernatant was discarded, and the precipitate was resuspended in 50–100 μL of 10 mM Tris-HCl (pH 8.0) solution (the amount of added buffer was dependent on the amount of bacteria). Loading buffer equal to twice the volume of the resuspended precipitate was added, after which the sample was boiled at 100°C for 5 min and then assessed by SDS-PAGE electrophoresis.

When OD600 of bacterial culture reached 0.6–0.8, IPTG was added to the culture to a final concentration of 0.5 mM and incubated overnight at 16°C. After centrifugation at 6,000 rpm for 5 min, the supernatant was discarded and the precipitation was resuspended in 10 mM of Tris-HCl (pH 8.0) solution. The resuspended bacteria was lysed by ultrasonication (500 W, 60 times, 10 s/each time, 15 s /intervals). The ultrasonic-treated bacterial solution was then centrifuged at 12,000 rpm for 10 min. The supernatant was transferred into another container, and the precipitation was resuspended in 10 mM of Tris-HCl (pH 8.0) solution and assessed by SDS-PAGE electrophoresis.



Purification of Fusion Protein

The nickel column (Ni Sepharose 6 Fast Flow, GE Healthcare, Uppsala, Sweden) was washed with deionized water at pH 7.0. The nickel column was adjusted to pH 2~3. The column was washed with deionized water at pH 7.0. The nickel column was equilibrated with 10 mM of Tris-HCl (pH 8.0) solution (~100 mL). Then, the nickel column was equilibrated with 10 mM of Tris-HCl (pH 8.0) solution containing 0.5 M of sodium chloride (~50 mL). The diluted sample was loaded. The sample contained sodium chloride at a final concentration of 0.5 M. After loading, the column was washed with 10 mm of Tris-HCl (pH 8.0) solution containing 0.5 M of sodium chloride. The proteins were eluted with 10 mm of Tris-HCl (pH 8.0) (containing 0.5 M of sodium chloride) solution containing 15 mm of imidazole, 60 mM of imidazole, and 300 mm of imidazole, and the protein peaks were collected separately. SDS-PAGE electrophoresis was used to assess the protein purity.



Antigenicity Assessment of the Fusion Protein

iELISA was used to assess the capability of purified protein in identifying brucellosis-positive sera. In a 96-well ELISA plate (NUNC, Denmark), 100 μL of fusion protein (2.5 μg/mL in CBS) and 100 μL of LPS (1 μg/mL in CBS) as the positive antigen control were added to the wells, respectively, and incubated overnight at 4°C. In the blocking step, 300 μL of 5% skimmed milk (PBS) was added per well and incubated at 37°C for 2 h. Then, 100 μL of serum (1:400 dilution in PBS) was added and incubated at 37°C for 1 h. After that, 100 μL of HRP-labeled protein G (diluted 1:8,000 in PBS) was added and incubated at room temperature for 30 min. When the coloring step was finished with the EL-TMB kit, the absorbance of the wells was measured at OD450. After each step, the plates were washed three times with PBST.

In addition, rabbit sera confirmed to be infected with Yersinia enterocolitica O:9, Escherichia coli O157:H7, Salmonella, Vibrio cholerae, Vibrio parahaemolyticus, and Listeria monocytogenes were used to assess the specificity of the fusion protein antigen. All these rabbit sera were purchased from Tianjin Biochip Corporation (Tianjin, China). The verification method was the same as iELISA described above except a 1:10,000 dilution of HRP-labeled goat anti-rabbit secondary antibody (Bioworld, USA) was used in this assay.



Establishment of the p-ELISA Method

A round sheet with a diameter of 10 mm was punched from Whatman No. 1 filter paper, and a small hole (6 mm diameter) was punched out of A4 plastic packaging paper. The 10 mm filter paper was placed in the center of the 6 mm hole in the plastic packaging paper, and a laminating machine was used to join the filter sheet and packaging paper together, and then the combined papers were fixed and cut into small strips with three holes in each strip. The following steps were conducted according to the literature (11): 5 μl of chitosan in deionized water (0.25 mg/ml) was added to the round holes with Whatman No. 1 filter paper and dried at room temperature; then, 5 μl of 2.5% glutaraldehyde solution in PBS was added and incubated at room temperature for 2 h. After washing three times with 20 μl of deionized water, 5 μl of fusion protein solution (2.5 μg/ml in PBS) was added to each well and incubated at room temperature for 30 min. After another three washes with 20 μl of deionized water, 20 μl of 5% skimmed milk powder was added and incubated at room temperature for 15 min. Subsequently, 5 μl of serum (1:400 dilution) and 5 μl of HRP-labeled protein G (1:8,000 dilution) were added in order and washed three times with PBST at intervals. Finally, 5 μl of TMB substrate solution was added and incubated for 10 min, then a HP Laser Jet Pro MFP M227 was used to scan the samples to obtain images. ImageJ software was used to perform gray intensity analysis for quantitation. The cattle and goat serum samples were assessed according to the established p-ELISA method, and ROC curves were used to analyze the diagnostic effect of the established method.



Statistical Analysis

Dot plot and receiver operating characteristic curve (ROC) analyses were performed using GraphPad Prism version 6.05 for Windows. The significance of gray intensity differences was determined by Student's t-test (unpaired t-test). Differences were considered statistically significant when P < 0.05.




RESULTS


B Cell Epitope Peptide Prediction and Antigenicity Verification

From 5 Omps, a high number of epitopes were predicted by BepiPred software with the length of peptides ranging from 1 to 28. Empirically, only peptides longer than six amino acids were chosen as candidate epitopes. Thus, a total of 22 B cell epitopes were selected and synthesized for subsequent verification analysis, including six peptides from BP26, two from Omp16, five from Omp25 and Omp31 respectively, and four from Omp2b (Supplementary Table 1). Indirect ELISA results showed that all 22 peptides demonstrated some extent of capability in identifying animal-sourced brucellosis-positive sera (Figure 1).


[image: Figure 1]
FIGURE 1. The results of iELISA of each peptide identification-positive brucellosis serum. (A) Sheep brucellosis serum. (B) Bovine brucellosis serum.




Preparation of the Multi-Epitope Fusion Protein

The full sequence of the fusion protein containing 22 epitopes and 'GGGS' linker is listed in Supplementary Figure 1. This fusion protein was successfully expressed in the soluble form in the prokaryotic system. SDS-PAGE electrophoresis showed that the molecular weight of the purified fusion protein was ~66 kd. Mass spectrometry analysis confirmed that the sequence of the purified protein was identical to the designed target. Gray intensity analysis showed that the purity of the purified protein was ~90% (Figure 2).


[image: Figure 2]
FIGURE 2. SDS-PAGE analysis of the fusion protein. (A) Protein expression results. M, marker; lane 1, whole bacteria after ultrasound; lane 2, supernatant after ultrasound; lane 3, precipitation after ultrasound. (B) SDS-PAGE after protein purification. M, marker; lane 1, the original protein before purification; lane 2, flow-through solution; lane 3, 15 mm of imidazole elution fraction; lane 4, 60 mm of imidazole elution fraction; lane 5, 300 mm of imidazole elution fraction.




Antigenicity Assessment of the Fusion Protein

The ability of the fusion protein in diagnosing goat brucellosis was evaluated using 140 sera with a known Brucella infection background and 54 sera negative control sera by the method of iELISA. According to ROC curve analysis, the area under the ROC curve was 0.9799 (95% CI, 0.9654 to 0.9944), and the cutoff value calculated by the Youden index was 0.4675. In this case, the diagnostic sensitivity was 87.14% (95% CI, 0.8044 to 0.9220), and the specificity was 100.0% (95% CI, 0.9340 to 1.000). The positive predictive value was 100.0%, and the negative predictive value was 75.00% (Figure 3 and Table 1). In LPS control experiments, the area under the ROC curve was 0.9514 (95% CI, 0.9191 to 0.9836), and the cutoff value was 0.8890. At this cutoff value, the diagnostic sensitivity was 82.00% (95% CI, 0.7305 to 0.8897) and the specificity was 95.83% (95% CI, 0.8575 to 0.9949). The positive predictive value was 98.39%, and the negative predictive value was 74.29% (Figure 3, Table 1).


[image: Figure 3]
FIGURE 3. ELISA analysis of goat serum samples. (A) Dot plot of the fusion protein ELISA assay. (B) ROC analysis of fusion protein iELISA assay results. (C) Dot plot of the LPS antigen ELISA assay. (D) ROC analysis of LPS antigen ELISA assay results.



Table 1. Positive and negative predictive values of the test calculated for different cutoff values.
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In the cattle brucellosis experiment using 191 cattle sera with a known infection background, the area under the ROC curve was 0.9518 (95% CI, 0.9224 to 0.9812), and the cutoff value calculated by the Youden index was 0.4530. In this case, the diagnostic sensitivity was 88.79% (95% CI, 0.8160 to 0.9390), and the specificity was 93.33% (95% CI, 0.8512 to 0.9780) (Figure 4 and Table 1). The positive predictive value was 95.37%, and the negative predictive value was 84.34%. When using LPS as the antigen, the area under the ROC curve was 0.9528 (95% CI, 0.9187 to 0.9868) and the cutoff value was 0.8105. In this case, the diagnostic sensitivity was 90.63% (95% CI, 0.8295 to 0.9562) and the specificity was 90.28% (95% CI, 0.8099 to 0.9600). The positive predictive value was 93.86%, and the negative predictive value was 88.31% (Figure 4, Table 1).
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FIGURE 4. ELISA analysis of cattle serum samples. (A) Dot plot of the fusion protein ELISA assay. (B) ROC analysis of fusion protein iELISA assay results. (C) Dot plot of the LPS antigen ELISA assay. (D) ROC analysis of LPS antigen ELISA assay results.




Determining the Cross-Reactivity With the Fusion Protein

To verify whether the fusion protein as a diagnostic antigen showed cross-reactivity with other bacteria, we selected six zoonotic pathogens for a cross-reactivity test. The results showed that the fusion protein did not cross-react with other bacteria according to an S/N (OD450, sample/negative) > 2.1, which indicated that the fusion protein antigen had better specificity (Table 2).


Table 2. Specific cross-reactivity test results of the indirect ELISA diagnostic method for the fusion protein.
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Evaluation of the Diagnostic Ability of the p-ELISA

The effectiveness of the established p-ELISA method in detecting animal brucellosis was also evaluated. When it was used for diagnosing goat sera, the area under the ROC curve was 0.9986 (95% CI, 0.9957 to 1.002). The cutoff value was 34.12, at which the diagnostic sensitivity was 98.85% (95% CI, 0.9376 to 0.9997) and the specificity was 98.51% (95% CI, 0.9196 to 0.9996). The positive predictive value was 99.29% and the negative predictive value was 98.15% (Table 1). When it was used for diagnosing cattle brucellosis, the area under the ROC curve was 0.9964 (95% CI, 0.9910 to 1.002), and the cutoff value calculated by the Youden index was 30.21. In this case, the diagnostic sensitivity was 97.85% (95% CI, 0.9245 to 1.002) and the specificity was 96.61% (95% CI, 0.8829 to 0.9959). The positive predictive value was 98.28%, and the negative predictive value was 97.33% (Figure 5, Table 1).
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FIGURE 5. p-ELISA analysis of goat and cattle samples. (A) Dot plot of the goat samples. (B) ROC analysis of goat samples. (C) Dot plot of the cattle samples. (D) ROC analysis of cattle samples.





DISCUSSION

Brucellosis is a serious zoonotic disease. Bovine and small ruminants are the most susceptible animals (12). Currently, culling infected animals is an effective strategy to prevent this disease from spreading (13). Thus, accurate diagnosis would be very important to pick out truly Brucella-infected animals and reduce unnecessary economic losses. Particularly in China, where a large number of bovine and goat are raised, fast and efficient methods for brucellosis are of great significance (14). Serological diagnostic techniques are mainly used for brucellosis detection, including the agglutination test, complement fixation test (CFT), ELISA, immunochromatographic diagnostic test (ICDT), and fluorescence polarization assay (FPA) (15, 16). But, these methods normally use Brucella-derived LPS as the diagnostic antigen, and a false positive result can be easily produced as Brucella LPS shares a common antigenic epitope with other pathogens such as Escherichia coli O157:H7 and Yersinia enterocolitica O9 (17). In addition, LPS antigen is only obtained by culturing live Brucella, which greatly reduces its availability. Therefore, seeking more specific and easily accessible antigens is still meaningful for brucellosis diagnostics research.

ELISA is currently the most widely studied serological diagnosis method, even as diagnostic confirmation in brucellosis (16). The main problem with using ELISAs for the diagnosis of brucellosis is the choice of antigen, but to date, ELISA-based diagnoses lack a single standard antigen (18). Currently, the most commonly used diagnostic antigens used in ELISA are whole bacteria or extracts. These diagnostic antigens are prone to cross-reactivity with other bacteria, have poor specificity, and have considerable defects. Therefore, the development of new diagnostic antigens is key to improving the diagnostic effect of ELISAs.

The Brucella Omps are a group of proteins with various molecular weights (19). Some Omps have been identified to be able to arouse strong immune responses in infected animals, including Omp16, Omp25, BP26, Omp2b, and Omp31. In this study, Omp16, Omp25, BP26, Omp2b, and Omp31 were selected for prediction of B cell epitopes and construction of a new diagnostic antigen. Omp16 is a lipoprotein that can elicit immune response and can be potentially used in diagnostics and vaccine development (8, 20). Omp25 plays an important role in Brucella pathogenesis during infection, and exhibits strong immunogenicity (21). A subunit vaccine comprising BP26 triggers a mixed Th1/Th2 immune response in a mice model (7), and it has been also used in diagnosis of brucellosis (22). Animal experiments indicated that Omp31 can not only elicit a strong humoral immune response in mice, but also protects mice against Brucella infection (23, 24). Omp2b is another important candidate for brucellosis diagnostics and vaccine research (25, 26). The data in this paper proved that the shorter linear peptides contained in these Omps are also effective in detecting brucellosis-positive sera. In addition, better effectivity can be achieved by using multiple epitopes, as data showed that a single epitope only identified partial serum samples while a multi-epitope fusion protein detected almost all the positive sera. More importantly, the specificity of a multi-epitope protein antigen was higher than that of LPS, implying that the method using the multi-epitope antigen can be used as a confirmatory diagnosis method for brucellosis. It is worth pointing out that bioinformatics tools applied in this study are very helpful to predict effective antigens (27, 28), in the future, more novel antigens can be prepared using this strategy.

The p-ELISA method using paper as the solid-phase carrier is a new technology developed based on the traditional ELISA method (11, 29). Compared with the traditional ELISA method, p-ELISA is faster, less reagent is required, and no special instruments are needed (30). Currently, the most commonly used paper-processing method for p-ELISA involves preparing hydrophilic and hydrophobic areas through wax-printing technology. This method requires expensive printers, which limits the application of this method. We used plastic-encapsulated paper to prepare a hydrophobic area, punched small holes in it, and filled the small holes with hydrophilic paper sheets to make a sandwich structure. This modification greatly reduced the production cost. Combing the multi-epitope-based fusion protein as the antigen, our p-ELISA demonstrated improved sensitivity and specificity in diagnosing cattle and small ruminant brucellosis. This newly developed p-ELISA method is more suitable for rural areas where animal brucellosis is highly epidemic and experiment equipment is unavailable.

In China, animal immunization by Brucella vaccine has been carried out in some provinces. A serological method for distinguishing infected from vaccinated animals (DIVA) is urgently needed. As the sera used in this study were collected from wild-type Brucella-infected animals, the DIVA ability of the multi-epitope-based p-ELISA is not known. Further research will be carried out to determine whether this method can be applied to test other animal or human brucellosis or used for DIVA purposes.
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Infectious and inflammatory conditions are common especially in growing pigs. Lipopolysaccharide (LPS) is an important antigenic structure of Gram-negative bacteria and can be used to induce inflammation experimentally. As pigs are usually group-housed in commercial conditions, it is difficult to detect sick individuals, particularly at an early stage of illness. Acute phase proteins such as haptoglobin (Hp) are known indicators of an activated innate immune system whereas adenosine deaminase (ADA) is a relatively novel inflammatory biomarker in pigs. Both parameters can be measured in saliva and could be used as indicators of inflammation. Compared with blood sampling, saliva sampling is a less stressful procedure that is rapid, non-invasive and easy to perform both at group and at individual level. In this blinded randomized clinical trial, 32 female pigs at their post-weaning phase were allocated to one of four treatments comprising two injections of the following substance combinations: saline-saline (SS), ketoprofen-saline (KS), saline-LPS (SL), and ketoprofen-LPS (KL). First, ketoprofen or saline was administered intramuscularly on average 1 h before either LPS or saline was given through an ear vein catheter. In all groups, saliva was collected prior to injections (baseline) and at 4, 24, 48, and 72 h post-injection for determination of ADA, Hp, and cortisol concentrations. A multivariate model was applied to describe the dynamics of each biomarker. Pairwise relationships between ADA, Hp, and cortisol responses from baseline to 4 h post-injection within the SL group were studied with Spearman correlations. A significant increase in the SL group was seen in all biomarkers 4 h post-injection compared to baseline and other time points (pairwise comparisons, p < 0.01 for all) and ketoprofen alleviated the LPS effect. We found a significant positive correlation between ADA and Hp within the SL group (r = 0.86, p < 0.05). The primary and novel findings of the present study are the response of ADA to LPS, its time course and alleviation by ketoprofen. Our results support the evidence that ADA and Hp can be used as inflammatory biomarkers in pigs. We suggest further studies to be conducted in commercial settings with larger sample sizes.

Keywords: pig, LPS, ADA, haptoglobin, cortisol, saliva, experimental


INTRODUCTION

In commercial pig production, infectious and inflammatory conditions are common (1–3). Growing pigs are housed in groups of variable size, which potentially hinders the detection of sick individuals by herd employees. Moreover, sub-clinical illness poses a risk for disease transmission and can result in a reduced performance of pigs (4). In order to prevent disease outbreaks within herds and minimize production losses, it would be advantageous to detect problems as early as possible. Therefore, sampling methods that are easy to perform for a group of animals under practical farm conditions (4–6) would be of great value in pig herd health evaluation. Several biomarkers circulating in the bloodstream are detectable in saliva as well (6–9), and saliva sampling is also a less stressful alternative to blood sampling.

Lipopolysaccharide (LPS), also known as endotoxin, is an important antigenic structure of the cell wall in Gram-negative bacteria (10). It can be used experimentally to induce a systemic inflammation (11), which includes innate immune system activation (10) followed by an acute inflammatory response (10, 12) accompanied by sickness behavior (13). The key mediators during the inflammatory process are pro-inflammatory cytokines that trigger acute-phase protein (APP) production in the liver (12).

Haptoglobin (Hp) is an important APP in pigs (14, 15). It is primarily synthetized in the liver (12) yet some evidence about local Hp production in salivary gland exists (16). Serum Hp concentration is known to increase in pigs suffering from infectious diseases (5, 17, 18) or acute inflammatory processes (17, 18). Salivary Hp is elevated by systemic disease in pigs (19) and some evidence indicates that it is a more sensitive and specific biomarker for the detection of certain porcine diseases than serum Hp (9). It is also suitable for the detection of sub-clinical illness in pigs (5). Measurement of several APPs has been shown to improve diagnostic sensitivity (18), and increasing evidence supports determination of a panel of biomarkers with different triggers (7, 12, 17, 18) and dynamics (8, 20) instead of single ones.

Adenosine deaminase (ADA) is an enzyme involved in normal purine metabolism (21) and it is expressed in most tissues at some levels (22). Its expression, however, is highest in lymphoid organs indicating the role of ADA in immune activation (21) and ADA has been additionally proposed as a potential inflammatory biomarker in pigs (6, 19). Cortisol, which is usually perceived as a stress biomarker, is an indicator of activation of the hypothalamic-pituitary-adrenal (HPA) axis (8). Its release from the adrenal cortex happens within a few minutes under various stressful situations (8), including LPS injection (23), after which it is spread via the bloodstream.

Haptoglobin has been investigated previously in combination with ADA (6, 24) and cortisol (7, 20). To the authors' knowledge, neither the magnitude nor time course of the ADA response under a controlled immune challenge nor ADA's relation to Hp and cortisol in that setting have been described previously. Former reports have primarily been either cross-sectional (6, 19, 25) or longitudinal studies with sampling intervals of days or weeks (5, 7, 20, 24, 26) and conducted under farm conditions (5, 6, 24).

Ketoprofen is a commonly used non-steroidal anti-inflammatory drug (NSAID) in veterinary medicine and has been established as a potent anti-inflammatory drug in pigs (27, 28). NSAIDs target cyclo-oxygenase enzymes 1 and 2 (COX 1-2) and reduce pain, fever, and inflammation through inhibition of prostaglandin synthesis (29). Ketoprofen administration prior to LPS injection was recently shown to diminish the effect of LPS on cortisol and attenuated the behavioral signs of sickness in challenged pigs (30). An alleviating effect of an NSAID on an LPS-induced increase in one or more inflammatory biomarkers will strengthen the evidence for those biomarkers being sensitive indicators of pig health.

The aim of this experimental study was therefore to investigate the dynamics of salivary biomarkers of systemic inflammation in LPS – challenged growing pigs and to test whether an NSAID could alleviate the effect of LPS. We predicted that porcine salivary ADA, Hp, and cortisol would increase in response to LPS and that ketoprofen would alleviate the effect of LPS. In addition, we wanted to describe the correlations between the responses of salivary (1) ADA and Hp, (2) ADA and cortisol, and (3) Hp and cortisol in pigs injected with saline and LPS.



MATERIALS AND METHODS


Ethical Statement

The Norwegian animal research authority approved the experiment (FOTS id 15232).



Animals and Housing

The experiment took place in two blocks between April and May 2018 at the Livestock Production Research Center of the Norwegian University of Life Sciences (NMBU), campus Ås. Thirty-two female pigs (Norwegian Landrace), henceforth referred to as experimental pigs, were used in the study and comprised a subset of the pigs investigated by Veit et al. (30). The experimental pigs were 68–85 days (median 83 days) old at the beginning of the study. All pigs were kept in one room and group-housed in pens containing four experimental and two companion male pigs in order to increase the stocking density up to 1.3 m2 per pig. Pigs had visual and limited tactile contact with other pigs in the adjoining pen. One half of the pen (2.4 × 1.6 m) consisted of a solid lying area and the other half of slatted floor. Each pen had three nipple drinkers and pelleted feed (IDEAL S Die Ekstra, produced by Norgesfôr, Mysen, Norway) was provided for the pigs ad libitum at an animal-to-feeding place ratio of 3:1. The animal caretakers provided two handfuls of wood shavings and a handful of grass silage per pen on the lying area twice per day. Additionally, one handful of grass silage was placed in a rack. Each pen was equipped with a water sprinkler, which turned on every 10 min for 20 s. Lights were on between 6 am and 10 pm and the room was dimmed with night-lights during the night. Average ambient temperature in the unit was set to 20°C.



Experimental Procedures

Within each pen, the four experimental pigs were randomly allocated to one of four treatments that were made up of four substance combinations: saline-saline (SS), ketoprofen-saline (KS), saline-LPS (SL), and ketoprofen-LPS (KL). The numbers of pigs per treatment were nine for SS and KL, and seven for KS and SL. The weight of the pigs was measured one the day before treatment and the pigs weighed between 16.3 and 50.7 kg (median 41 kg). The LPS dose used was determined according to previous research (23, 31) and for ketoprofen, the dosing was according to Fosse et al. (32). Ketoprofen (Romefen vet 100 mg/ml, Ceva Santé Animale, France) or saline were administered intramuscularly (i.m.) behind the ear. LPS (Serotype 0111: B4 of Escherichia coli dissolved in 0.9% sterile saline to a concentration of 100 μg/ml, produced by Sigma, Germany) or saline (sodium chloride 9 mg/ml) were administered intravenously (i.v.) through an ear vein catheter on average 61 ± 16 min after the first substance. The ear vein catheter was used only for injection, and removed immediately afterwards. The ketoprofen dose was 6 mg/kg, and the LPS dose 1.2 μg/kg. The pigs injected with LPS were observed closely in the hours after injection in order to detect individuals reacting stronger or for a longer time period than expected.

Repeated saliva samples were collected from individual pigs before any substance administration (baseline) and at 4, 24, 48, and 72 h after the intravenous injection. All baseline saliva samples were taken between 08:30 and 10:45 a.m. Each pig was allowed to chew a dental cotton pad suspended on a dental cord until it was moistened [modified from (33)]. Saliva was extracted by centrifuging the pad for 5 min at 1,000 × g. Saliva was pipetted to 2 ml Eppendorf tubes and stored on dry ice until it was moved to a −80°C freezer at the end of each sampling day.



Salivary ADA, Hp, and Cortisol Measurements

Salivary ADA and Hp were measured in collaboration with a Spanish laboratory (Department of Animal Medicine and Surgery, Faculty of Veterinary Medicine, University of Murcia, Spain). A commercial automatized assay (Adenosine-Glutamate Dehydrogenase, BioSystems S.A., Barcelona, Spain) was used for ADA quantification according to the manufacturer's instructions. The method of the assay is based on the measurement of the decrease in absorbance (OD) per minute of a coupled reaction initially catalyzed by ADA (OD/min × 3,333 = U/L). The reaction is measured at 340 nm. Salivary Hp concentration was quantified by using an in-house time-resolved immunofluorometric assay, previously validated by Gutiérrez et al. (34). The assay is a non-competitive sandwich immunoassay based on the fluorescence of lanthanide chelate labels that provides a minimal background, lack of any sample interference, and an in-house highly specific monoclonal antibody against porcine Hp. Salivary cortisol concentration was measured using an enzyme immunoassay kit (DetectX®, Catalogue Number K0033-H5W, Arbor Assays, MI, USA) according to the manufacturer's protocol. Processing of saliva samples prior to cortisol analysis and the protocol itself are described in detail elsewhere (30).



Statistical Analysis

SPSS (IBM SPSS Statistics 25) was used for statistical analysis of the data. Pig was used as experimental unit in all statistical analyses. In all statistical analyses, p-values below 0.05 were considered as significant and p-values of 0.05 ≤ 0.1 as tendency. Data normality was tested visually and with a Shapiro-Wilk test. Because none of the biomarkers studied met the normal distribution criteria, results are presented as median with range (see Table 1 in Results section).


Table 1. Median (min–max) values of adenosine deaminase (ADA), haptoglobin (Hp), and cortisol in saliva across 32 experimental pigs at different time points.
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To ensure normality of residuals and homogeneity of variance, all parameters were root-transformed prior to the statistical analysis. A multivariate approach was used to test the effect of LPS and ketoprofen on salivary ADA, Hp, and cortisol. Individual pigs were included as subjects and saliva sampling time point (0–72 h) as repeated measures. Saliva sampling time point and treatment and their interaction were added as fixed factors. Pre-planned pairwise comparisons were performed for all treatments at time point t4 and between different time points for the SL group using a Bonferroni correction. For the cortisol model, one pig belonging to the SS group was discarded from the analysis because it had exceptionally high salivary cortisol concentration at time point t4.

Non-parametric Spearman correlation was used to investigate whether ADA, Hp, and cortisol responses correlate between baseline (t0) and 4 h post-injection (t4). For this purpose, new outcome variables for each biomarker were generated for each individual in the SL group by calculating the difference in measured concentrations between time points t4 and t0.




RESULTS


Dynamics of Salivary Biomarkers

Descriptive results of salivary ADA, Hp, and cortisol measurements by sampling time point are shown in Table 1. Altogether seven ADA, seven Hp, and five cortisol samples were discarded from the analyses due to erroneous interpretation of the tube labeling in the laboratory. Raw values of each biomarker separated by time point are shown in Figure 1.
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FIGURE 1. Raw values of salivary (A) adenosine deaminase (ADA), (B) haptoglobin (Hp), and (C) cortisol across 32 experimental pigs. SS, saline-saline; KS, ketoprofen-saline; SL, saline-LPS; KL, ketoprofen-LPS.


There was a significant interaction between time point and treatment for ADA (F12, 58 = 2.8, p = 0.01). ADA was clearly increased in SL 4 h post-injection compared with other treatment groups (pairwise comparisons, p < 0.01 for all). Moreover, ADA within the SL group at t4 was significantly increased relative to baseline and all other time points (pairwise comparisons, p < 0.001 for all). For Hp, the interaction between time point and treatment was not significant (F12, 55.6 = 1.7, p = 0.10). Overall, Hp concentration tended to be increased in the SL group compared with the SS group (pairwise comparisons, p = 0.06). However, 4 h post-injection Hp was significantly increased in the SL group compared with t48 and t72 (pairwise comparisons, p < 0.01 for both), but not with baseline or t24.

Cortisol response was similar to that of ADA and Hp, with a significant interaction between time point and treatment (F12, 68.4 = 1.9, p = 0.04). A significant increase in salivary cortisol concentration occurred at t4 in SL compared with SS and KS (pairwise comparison, p < 0.01 for both), and it tended to be higher than KL (pairwise comparison, p = 0.05). In the SL, salivary cortisol was significantly increased at t4 relative to baseline and all other time points (pairwise comparisons, p < 0.01 for all).



Correlations Between Salivary Biomarkers

Across all experimental pigs, ADA, Hp, and cortisol did not correlate (Spearman correlation, p > 0.05 for all) at baseline. The response values calculated between baseline and t4 in the SL group showed a significant correlation for ADA and Hp (r = 0.86, p < 0.05). Although no significant correlations were found between ADA and cortisol or between Hp and cortisol, the correlation coefficients were moderate for both (r = 0.64 and r = 0.57, respectively).




DISCUSSION

As predicted, LPS injection resulted in an increase in salivary ADA and Hp as well as in salivary cortisol. A significant elevation in all studied biomarkers occurred at 4 h post-injection in LPS-challenged pigs. In other treatment groups, including the KL group, their concentrations remained relatively stable during the study period. Based on this, pre-treatment with ketoprofen was able to alleviate the LPS effect. The response of ADA and Hp showed positive significant correlations in the SL group indicating their parallel dynamics under the influence of bacterial LPS.

Increased salivary ADA concentrations have been reported in pigs suffering from clinically evident infectious and inflammatory conditions (6) and in stressed sheep (35). Several pig studies have investigated concentrations of Hp induced by viral (5, 9, 17, 18, 36) or bacterial (17, 18, 37) pathogens. Stressful occasions can increase serum Hp concentration (38, 39) as well. In this experiment, basal Hp concentration in saliva varied considerably between individual pigs with a range of: 0.08–1.61 μg/ml. For serum, high inter-individual variation has been reported previously (40–42). As a strong positive correlation between serum and salivary Hp concentrations exists (5), serum and salivary Hp dynamics are comparable to each other. Moreover, we observed high Hp concentration in one pig per treatment group at baseline. All of these pigs were among the pigs of lowest weight within the respective groups. Gutierrez et al. (6) did not find an increase in salivary Hp, ADA in growth retarded pigs. Even though we did not examine the study pigs clinically, all experimental pigs appeared healthy both prior to and during the experiment. There might be, however, differences in stress responsivity or subclinical conditions that could explain our findings.

Administration of E. coli LPS mimics an endotoxemic state that is known to induce a systemic inflammatory response (43). The pigs in this study were a subset of those in Veit et al. (30), where the behavioral signs of illness were reported. While the clinical onset of acute inflammatory response was not confirmed [for details, see (30)], an earlier report with the same E. coli strain and LPS dose indicates a strong activation of the innate immune system already 1 h after LPS injection (23). The rapid increase in the concentrations of all biomarkers in this paper is in line with this. The concentrations of all biomarkers returned to baseline levels by 24 h post-injection. To the best knowledge of the authors, previous pig studies have not investigated either short-term dynamics of salivary ADA, or ADA concentrations of pigs under a controlled immune challenge.

Previous research has shown that when triggered by an infectious agent serum Hp remains high for several days in pigs (18, 20, 44, 45). Heegaard et al. (18) reported differing dynamics of serum Hp depending on the disease causative agent, including bacterial, viral, and parasitic ones, and compared with aseptic inflammation. The rapid decline in salivary Hp in the present study might have been caused by the use of a single low-dose of synthetically purified LPS, which was likely to be eliminated from the body faster than LPS during natural infection. Escribano et al. (20) reported a three-fold increase in salivary Hp after LPS treatment, which remained high throughout the 7-day study period in growing pigs. In contrast to our study, they used a different E. coli strain (O55:B5), about 30 times higher LPS dose and repeated LPS injections (20). Moreover, the LPS dose was raised between the consecutive injections (20). As predicted, salivary cortisol of LPS-injected pigs not pre-treated with ketoprofen peaked at 4 h after injection, confirming the findings of others measuring cortisol from saliva and serum (23, 30, 45, 46). These results are in line with those of Escribano et al. (20) and Nordgreen et al. (23), who reported that salivary and plasma cortisol was elevated for only a short period of time following LPS challenge.

Our results indicated that intramuscularly administered ketoprofen was able to inhibit the effect of LPS, when given 1 h prior to LPS injection. Others have shown a similar effect of orally administered ketoprofen pigs (27). Moreover, the bioavailability of oral and intramuscularly administered ketoprofen has been reported to be similar (28). The appropriate dose of oral ketoprofen was set at 2 mg/kg (27), which is a third of the dose administered to KS and KL pigs in the present study. Mustonen et al. (46) reported that the effect of oral ketoprofen was seen immediately after its administration and that the effect lasted for ~7 h.

Because the concentration of all biomarkers peaked at the same time point in the SL group, we wanted to test whether the increases from baseline to 4 h post injection were correlated. A significant correlation was found only between ADA and Hp. Gutiérrez et al. (25) reported a significant positive correlation between salivary ADA and Hp in healthy finishing pigs. In addition, their study population contained both female and male pigs (25) and therefore the comparison between the results of these two studies is not straightforward. Neither ADA nor Hp correlated with cortisol in the SL group. Contreras-Aguilar et al. (35) reported a significant correlation between salivary ADA and cortisol concentrations in sheep caused by either shearing stress or being frightened by a dog. Although we found no significant correlations between these, the correlation coefficients were at least moderate compared with Contreras-Aguilar et al. (35), who reported low correlation coefficients (0.34 and 0.19, respectively).

The present study was conducted in experimental conditions, with a possibility to optimize the management and housing conditions of the experimental pigs. The sampling occurred in pre-defined times during each day in order to avoid potential bias caused by a circadian rhythm as reported for cortisol (47) and Hp (48). To the best of our knowledge, no circadian pattern has been reported for ADA. The experimental pigs were of same age, breed and sex thus the potential bias caused by those factors (24) was supposed to be negligible. However, further studies including both genders as well as pigs at different stages of production should be conducted to investigate the dynamics of salivary biomarkers more thoroughly and to extrapolate the results to be applied in commercial settings.



CONCLUSIONS

The salivary concentration of ADA, Hp and cortisol increased rapidly after LPS challenge and they followed a similar pattern, and ketoprofen was able to alleviate the LPS effect. The results indicate that the selected salivary parameters, are indicative of systemic inflammatory response in pigs at an early stage. Primary and novel findings of the study are the response of ADA to LPS, its time course, and alleviation by ketoprofen. The usefulness of these biomarkers should be validated in a larger sample and in practical farm conditions.
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Currently, African swine fever virus (ASFV) represents one of the most important economic threats for the global pork industry. Recently, significant advances have been made in the development of potential vaccine candidates to protect pigs against this virus. We have previously developed attenuated vaccine candidates by deleting critical viral genes associated with virulence. Here, we present the development of the accompanying genetic tests to discriminate between infected and vaccinated animals (DIVA), a necessity during an ASFV vaccination campaign. We describe here the development of three independent real-time polymerase chain reaction (qPCR) assays that detect the presence of MGF-360-12L, UK, and I177L genes, which were previously deleted from the highly virulent Georgia strain of ASFV to produce the three recombinant live attenuated vaccine candidates. When compared with the diagnostic reference qPCR that detects the p72 gene, all assays demonstrated comparable levels of sensitivity, specificity, and efficiency of amplification to detect presence/absence of the ASFV Georgia 2007/1 strain (prototype virus of the Eurasian lineage) from a panel of blood samples from naïve, vaccinated, and infected pigs. Collectively, the results of this study demonstrate the potential of these real-time PCR assays to be used as genetic DIVA tests, supporting vaccination campaigns associated with the use of ASFV-ΔMGF, ASFV-G-Δ9GL/ΔUK, and ASFV-ΔI177L or cell culture adapted ASFV-ΔI177LΔLVR live attenuated vaccines in the field.

Keywords: ASFV, ASF real time PCR, genetic DIVA test, live attenuated vaccine, phylogenetics


INTRODUCTION

African swine fever virus (ASFV), an arbovirus, and unique member of the Asfarviridae family, is a double-stranded DNA virus with a varying genome length that ranges between 170 and 193 kbp, encoding for between 150 and 167 open reading frames (1). ASFV is the causal agent of African swine fever (ASF), a reportable highly contagious disease of pigs and wild boar that represents a significant socio-economic threat for the pork industry worldwide (2).

A recent report of the World Organization for Animal Health (https://www.oie.int/app/uploads/2021/03/report-47-global-situation-asf.pdf) regarding the global situation of ASFV between 2016 and 2020 indicates that ASFV is endemic in most Sub-Saharan African countries and is causing outbreaks throughout Europe and Asia resulting in the loss of more than 6,000,000 domestic pigs, representing 82% of global losses to ASF during this time period.

In this context, the increased number of cases currently reported out of Africa are mostly attributed to the emergence of the Eurasian ASFV lineage (genotype II) (3), one of 23 ASFV genotypes (4). ASFV genotype II was first reported in the Republic of Georgia in 2007 and has subsequently spread to different countries in Asia and Europe (3, 5). Just recently (07/15/2021), The Friedrich-Loeffler-Institute reported the first cases of ASFV in domestic pigs in Germany (https://www.fli.de/en/news/animal-disease-situation/african-swine-fever), and (7/28/2021) The U.S. Department of Agriculture's (USDA) Foreign Animal Disease Diagnostic Laboratory confirmed the presence of ASFV in Dominican Republic, being this first report of this genotype in the Americas (https://www.aphis.usda.gov/aphis/newsroom/news/sa_by_date/sa-2021/asf-confirm).

Experimental infection of domestic pigs and wild boars with ASFV genotype II produced 100% mortality around 7 days post-infection (6–8), confirming the devastating effect of this virus to swine production. The latest epizootic has devastated swine industries across many countries in Europe and Asia, making development of an effective vaccine and a complementary diagnostic test that differentiates infected from vaccinated animals (DIVA) an international priority (9).

Currently, there is no commercial vaccine for ASFV, despite decades of work and multiple developmental strategies (3). Recently, experimental evaluation of three potential vaccine candidates obtained by deleting seven genes belonging to the MGF360 and MGF 505 families (ASFV-ΔMGF) (10), 9GL and UK (ASFV-G-Δ9GL/ΔUK) (11) or I177L (ASFV-ΔI177L) (12) demonstrated protection against challenge with the highly virulent ASFV Georgia 2007/1 strain. Recently, we published the adaptation of the recombinant ASFV-ΔI177L to grow in an established cell line (ASFV-ΔI177LΔLVR) and its potential to be used as a live attenuated vaccine (13). All four live attenuated vaccine candidates are in the process of being licensed in the U.S, with future possibility of commercialization. We developed genetic DIVA tests to support the use of these three vaccines in the field. For this purpose, three independent qPCR assays that detect the presence of MGF-360-12L, I177L and UK genes of ASFV were developed and validated. The results of this study are discussed in terms of the impact that these genetic DIVA marker tests may have in an outbreak situations as well as to support future experimental studies in pigs to evaluate the dynamic of the infection in vaccinated pigs challenged with the homologous virulent ASFV.



MATERIALS AND METHODS


Viruses and Cells

Recombinant viruses ASFV-ΔMGF, ASFV-G-Δ9GL/ΔUK ASFV-ΔI177L and ASFV-ΔI177LΔLVR, all previously developed in our laboratory (10–13), as well as the parental virus ASFV Georgia 2007/1 strain (ASFV-G), a field isolate kindly provided by Nino Vepkhvadze from the Laboratory of the Ministry of Agriculture (LMA) in Tbilisi, Republic of Georgia were used to conduct this study.

Primary swine macrophage cell cultures were prepared from defibrinated blood as previously described (14).



Primers and Probes Design

To detect target sequences of MGF-360-12L, I177L, and UK genes of ASFV, primers and probes were developed using the RealTime qPCR Assay tool from Integrated DNA Technologies (https://www.idtdna.com/scitools/Applications/RealTimePCR/).

All primers and probes were designed based on the reference sequence of ASFV Georgia 2007/1 strain (GenBank data base NC_044959.2), considering the boundaries of the deletion of each gene as described in the publication of each vaccine candidate (10–12). The sequences of primers and probes are provided in Figure 1.
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FIGURE 1. Sequences of primers and probes used in the qPCR reactions as well as multiple parameters calculated during these developments. Hairpin and dimer values are expressed in standard Gibbs free energy (ΔG kcal/mole). Designs were carried out using the RealTime qPCR Assay tool. Probes were labeled at 5′ with FAM (Fluorescein amidites) or VIC (Victoria) dyes and at 3′ with MGB-NFQ (Minor groove binder-non fluorescent quencher).


Additionally, to support the validation, specific primers and probes were designed for the detection of genes that code for fluorescent proteins present in each recombinant virus. For the detection of the mCherry gene, the sequence of the expression vector precB5R.1 (NCBI accession number: LC325569) was used as a reference sequence for the design of primers: forward, 5′-GCT TCT TGG CCT TGT AGG TG-3′, reverse, 5′-CAG AGG CTG AAG CTGAAG GA-3′, and probe, 5′-FAM-CGG CGG CCA CTA CGA CGC TG-MGB NFQ-3′.

The sequence of Gateway positive vector pENTR-gus (LC588893.1) was used for the design of primers and probe for the detection of the GUS gene encoding the protein beta-glucuronidase (β-GUS): forward, 5′-TCT ACT TTA CTG GCT TTG GTC G-3′, reverse, 5′-CGT A AG GGT AAT GCG AGG TAC, and probe, 5′-FAM-AGG ATT CGA TAA CGT GCT GAT GGT GC-MG B NFQ-3′.



Standard Plasmid Control

A standard plasmid (pCloneEZ-NRS-Blunt-Amp) containing sequences of targeted regions of primers and probes from all designs was developed to support the validation of real-time PCRs. This plasmid was developed by Epoch Life Sciences, Missouri City, TX, USA.



DNA Extraction

DNA extraction was conducted using a KingFisher automated extraction and purification system (ThermoFisher Scientific), using the MagMAX™ Pathogen RNA/DNA kit following the manufacturer instructions for 200 μl of sample.



Real-Time PCR Performance

Real-time PCR assays were performed using an Applied Biosystems™ 7500 Real-time PCR system, using the TaqMan™ Universal PCR Master Mix (Applied Biosystems Catalog No. 4305719). Briefly, master mix was prepared in a final volume of 25 μl as follows: Universal mix 12.5 μl, primer forward (50 μM) 0.1 μl, primer reverse (50 μM) 0.1 μl, probe (10 μM) 0.25 μl, water 7.05 μl, and DNA sample 5 μl. Amplification conditions were as follows: Uracil N-glycosylase enzyme activation at 50°C for 2 min, polymerase activation at 95°C for 10 min; PCR of 40 cycles of 95°C for 15 s and 60°C for 1 min. Based on the validation, qPCR amplification of the I177L and UK targets was reduced to 37 cycles, and analysis used a manual threshold set at 0.1, with exception of the I177L target that utilized a 0.2 threshold.

As a gold standard to evaluate the performance of qPCRs designed in this study, we used the validated p72 qPCR, a reference test for the diagnosis of ASFV (15).



In silico Primer and Probe Evaluation

To evaluate the potential of the qPCRs designed in this study to detect all ASFV genotypes, different primers and probes were assessed using the BLASTN tool, version 2.1.12.0 (16).

The results of this analysis were visualized in a phylogenetic tree. Full-length genomes that had 100% coverage of target areas were downloaded from GenBank. Sequence alignments were conducted using CLC Genomics Workbench, using a slow algorithm (very accurate) based on the progressive alignment method (17). MEGA X was used to construct the phylogenetic tree, using the neighbor-joining maximum likelihood method, with a bootstrap of 1,000 replicates (18).



Amplification Efficiency (ε) and Analytical Sensitivity

To calculate the amplification efficiency (ε) of each qPCR, defined as the consistent increase in amplicon per cycle (19), 10-fold serial dilutions of the standard plasmid were produced using nuclease-free water. Average CT values of each dilution were used to determine the amplification efficiency using the following equation:
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Also, amplification efficiency was expressed as linearity (R2) (20).

Analytical sensitivity, defined as the smallest amount of the target template in the sample that can precisely be measured by qPCR (21), was calculated using the 10-fold serial dilutions of the standard plasmid, with the nucleic acid concentration previously calculated using the copy number calculator for real-time PCR (http://www.scienceprimer.com/copy-number-calculator-for-realtime-pcr). Values were calculated at the last dilution where different tests got the limit of detection, being 6/6 replicates detected. Final values for each test were expressed as target copy numbers.

Two additional experiments were performed to evaluate the analytical sensitivity of qPCR. To evaluate the analytical sensitivity of each test expressed as hemoadsorbing doses 50% per milliliter (HAD/50 doses/mL), multiple 10-fold dilutions were prepared from a viral stock of ASFV-G with a known titer of 1 × 108 HAD/50 doses/mL. DNA from each dilution was extracted as previously described and qPCRs were performed in six replicates. The final dilution where 6/6 replicates produced CT values was used to determine the limit of detection.

To assess the ability of each assay to detect low concentrations of ASFV-G in the presence of high concentrations of recombinant viruses, 10-fold dilutions made from a viral stock of ASFV-G were mixed with constant concentrations of different vaccine candidate stocks. DNA extractions and PCR reactions were performed using multiple mixes. Also, to evaluate how virus isolation can improve the sensitivity of the developed real-time PCRs, different mixes were used to infect primary swine macrophages, using plates containing 1 × 107 cells per well. Based on the number of cells per well, the multiplicity of infection (MOI) for each recombinant virus in the mix was calculated as follows; ASFV-ΔI177L = 1, ASFV-G-Δ9GL/ΔUK = 0.003, and ASFV-ΔMGF = 0.01, while for ASFV-G the MOIs ranged between 0.01 and 0.000001. In all cases the initial concentration of the recombinant virus in the mix was determined based on the concentration of the original stock.

Briefly, cells were infected with 1 mL of the virus mixture, after 1 h of adsorption at 37°C the inoculum was removed, and cells were rinsed twice with PBS and then incubated at 37°C for 24 h. Finally, DNA was extracted, and qPCR reactions were performed and compared with the ones using the original mixes.



Diagnostic Specificity

To calculate the diagnostic specificity, defined as the percentage of pigs that are not infected by ASFV and are identified by qPCR as negative for that condition (21), a total of 153 blood samples were evaluated. For this, two different sample sources were used. A total of 108 blood samples came from naïve pigs used in multiple previous ASFV experiments at PIADC (8–10; 19–23; (13)). An additional 45 blood samples were obtained from an unpublished experiment at PIADC that assessed the safety of different ASFV vaccine candidates. In this context, samples were collected from groups of three pigs inoculated with each of the vaccine candidates at 0, 7, 14, 21, and 49-days post inoculation (n = 15 samples per group).

Final values were expressed as a false positive rate using the following equation (20): False positive rate = (100 × number of misclassified known negative samples)/ (total number of negative samples).



Diagnostic Sensitivity

To calculate the diagnostic sensitivity, defined as the percentage of pigs that are infected by ASFV and are correctly identified as positive for the presence of this virus by qPCR (21), 30 blood samples collected from pigs experimentally infected by intramuscular inoculation with ASFV-G (~1 × 102 HAD/50 doses) and collected between 4 (n = 15) and 7 (n = 15) days post-challenge were used to evaluate the different qPCR tests (7, 8, 10–13, 22–24).

The capability of different qPCRs to detect minimal quantities of the desired DNA target was evaluated using serial 10-fold dilutions of the standard plasmid and from a virus stock with a known titer of ASFV Georgia strain. The averages of six independent repetitions were used to determine the limit of detection (LOD) of each of the developed real-time PCRs. LOD was expressed as DNA copy number and HAD50 doses.

Final values were expressed as a false negative rate using the following equation (20): False negative rate = (100 × number of misclassified known positive samples)/ (total number of positive samples).



Virus Titrations

The virus titer from blood samples of viremic pigs was determined using primary swine macrophage cell cultures in 96-well plates, using hemadsorption (HA) as evidence of the presence of ASFV. After 7 days of incubation at 37°C, the Reed and Muench method was applied to determine the final virus titers (25).




RESULTS AND DISCUSSION

The prevention and control of ASFV is a major challenge for the global pork industry. In this context, during the last decade our research has been focused on the identification of essential virulence genes of ASFV. This research has led to the development of three promising vaccine candidates to promote the control of the Eurasian strain of ASFV (10–13). Herein, we present the development of three independent qPCRs to be used as complementary genetic DIVA tests, supporting the use of our vaccines in the field. The use of genetic DIVA tests has been applied to other swine diseases like classical swine fever, where this approach has been successfully used to differentiate animals vaccinated with the C-strain virus from animals infected with field strains (26).


Real-Time PCR Design and in silico Evaluation

Using the sequence of the ASFV Georgia 2007/1 strain, we focused on the development of three independent qPCRs to target genes MGF360-12L, UK and I177L; these three genes were independently deleted to develop vaccine candidates ASFV-ΔMGF, ASFV-G-Δ9GL/ΔUK and ASFV-ΔI177L, respectively. Results obtained using the RealTime qPCR Assay tool are presented in Figure 1. Overall, in silico evaluation of different primers and probes reveled that all oligonucleotides had values of standard Gibbs free energy (ΔG kcal/mole) higher than −9 kcal/mol, a desired condition that may prevent excessive formation of hairpins and dimers that can interfere with amplification conditions (Figure 1).

We then assessed the genetic coverage of the different real-time PCRs designed in this study. Primers and probes were evaluated using the software BLASTN. As expected, all oligonucleotides shared 100% nucleotide identity with the viral sequence of the ASFV Eurasian strain (genotype II). This was consistent with the results of our phylogenetic analysis that demonstrated high nucleotide conservation of the Eurasian strain after more than 12 years of circulation, appearing in the tree as a highly conserved monophyletic lineage (Figure 2). This result supported previous studies using the B646L gene as a genetic marker for the phylogenetic analysis (27, 28), suggesting that the genetic stability of this strain may favor the use of genetic DIVA tests as part of a control strategy.
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FIGURE 2. Graphic representation of the genetic coverage of different qPCR tests. The figure shows a phylogenetic analysis reconstructed by neighbor-joining using full-length sequences of multiple ASFV strains which may be potentially detected by different qPCRs designed in this study. Next to each clade representing multiple genotypes are expressed the identity of different primers and probes included in each qPCR. Values of 100% indicate no differences between viral sequences and different oligonucleotides. A value of 95.65%, for one I177L real-time PCR primer, is due to the presence of one mismatch between the forward primer and sequences of different genotypes. Numbers along the branches represent the bootstrap support values.


Although the main goal of our study was to design different qPCRs to efficiently detect the Eurasian strain of ASFV (genotype II), our analysis would also demonstrate the ability to detect additional genotypes of ASFV with the developed assays. It would include the ability of MGF360-12L and UK designs to match 100% with viral strains associated with genotypes V and I, respectively (Figure 2). The I177L design appeared to detect strains associated with genotypes I and VII. However, while the I177L reverse primer and the probe were 100% identical, the forward primer was 95.6% identical due to a single mismatch.

Interestingly, the ASFV LIV 13/33 isolate, one of the strains potentially covered by the I177L design and classified as genotype I based on the B646L gene (29), was genetically distant from multiple strains of genotype I viruses using full-length sequences, suggesting the potential ability of the qPCR I177L to detect viral strains other than I, II and VII genotypes. Also, considering the high bootstrap values that support our analysis, our results agree with previous studies (29, 30) that suggest potential differences in the genotype classification of ASFV strains, dependent on selection of gene-specific or full-length genome sequence used for phylogenetic analysis.



Amplification Efficiency and Analytical Sensitivity Determinations

Part of the in vitro validation of the qPCRs was the calculation of their amplification efficiency and analytical sensitivity parameters. For this purpose, serial 10-fold dilutions of a standard plasmid containing all different PCR targets was used for the determinations. As a gold standard for this validation, we included the previously validated qPCR for the detection of the B646L gene (p72 protein), a standard assay for field diagnosis of ASFV (15).

Overall, all three real-time PCRs designed in this study had comparable values of amplification efficiency when compared with the p72 qPCR (Figure 3A). These results agree with the previously proposed accepted standard values for amplification efficiency based on the determination of an amplification factor (between 80 and 120%), expressed as linearity (R2), where the acceptable values for each target should be ≥0.98 (20).
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FIGURE 3. Amplification efficiency and analytical sensitivity determinations. (A) Ten-fold dilutions of a standard plasmid representing variable amounts of all gene targets were used to calculate the amplification efficiency and analytical sensitivity of multiple qPCRs. (B) Ten-fold dilutions of a stock of ASFV-G with a known titer was used to establish parameters of analytical sensitivity in terms of the capability of different qPCRs to detect minimal amounts of infectious ASFV. Amount of infectious virus is expressed as HAD50/mL units. In all cases results represent the average value of six replicates.


Analytical sensitivity of all three qPCRs, like the p72 qPCR, demonstrated the capability to detect 1.28 copies of each of the gene targets (Figure 3A). The limit of detection for all assays was achieved with CT values < 36, increasing the chances to obtain consistent levels of the repeatability during the performance of these assays (31). Also, when compared to other designs, our results were similar to a previously reported qPCR developed to detect the MGF505 gene of ASFV (3 copies of the target gene) (31), supporting the robustness of our assays to detect minimal amounts of ASFV from pig samples collected in the field.

Furthermore, when analytical sensitivity was assessed in terms of the ability of different designs to detect minimal amounts of infectious virus quantified as HAD50/mL, the detection was consistent with the results showed by the standard diagnostic p72 qPCR (2.55 HAD50/mL) (Figure 3B). Interestingly, all these calculations were consistent with the values obtained in the original validation of the p72 real-time PCR (15), supporting the reliability of our results.



Assessing the Presence of ASFV-G in a Combined Infection With Different Recombinant Viruses

We evaluated the performance of multiple qPCRs to detect different concentrations of ASFV-G in the presence of constant levels of the three different recombinant viruses. The presence of both viruses circulating in the blood of vaccinated and infected pigs is a possible field scenario, since experimental evidence has shown the absence of sterile immunity in a proportion of pigs vaccinated with ASFV-ΔMGF or ASFV-G-Δ9GL/ΔUK (10, 11).

Interestingly, in the presence of the recombinant viruses the qPCR detection of ASFV-G decreased its levels of analytical sensitivity by ten- (I177L and UK) (Figures 4A,B) or 100-fold (MGF-360-12L) (Figure 4C). However, after one 24-h passage in cell culture of porcine macrophages, all qPCRs restored and improved their levels of analytical sensitivity to detect samples with original titers as low as 101.30 HAD50/mL. After this passage in porcine macrophages, there was a reduction in average CT values of all three qPCRs used to detect ASFV-G when compared with the CT values obtained by qPCRs targeting the florescent markers in the recombinant viruses (Figure 4).
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FIGURE 4. Detection of ASFV-G in the presence of recombinant viruses. The sensitivity of different real-time PCRs was evaluated using mixes obtained from combined infections using constant concentrations of recombinant viruses and variable amount of ASFV-G (A) ASFV-ΔI177L, (B) ASFV-G-Δ9GL/ΔUK, and (C) ASFV-ΔMGF. This evaluation was carried out in both the original virus mixes and after being passed once in porcine macrophage. The detection of recombinant viruses was conducted using specific qPCRs to detect the gene encoding the markers M-cherry (ASFV-ΔI177L) and β-Gus (ASFV-G-Δ9GL/ΔUK and ASFV-ΔMGF).


It is possible that the overall loss of analytical sensitivity of all qPCRs may be impacted by the extraction method used in this study, where the higher concentrations of recombinant virus present in all mixes might have favored the attachment of the DNA from this virus to the magnetic beads. This possibility highlights the necessity to explore alternative extraction methods to improve the performance of these tests (32). Regarding the increased loss of analytical sensibility seen from the MGF-360-12L design, it may be explained by the lowest level of amplification efficiency showed by this test in comparison with the other qPCRs designed in this study (Figure 3).

Therefore, the combined use of virus isolation and qPCR may be an alternative to consider in order to improve the performance of genetic DIVA tests to rule out the presence of ASFV in pigs vaccinated with recombinant viruses in the field. Experimental evidence indicates that in pigs vaccinated with ASFV-ΔMGF and ASFV-G-Δ9GL/ΔUK the infection with ASFV-G were asymptomatic, so that low levels of viremia are expected (10, 11). ASFV isolation typically requires the use of primary cell cultures of swine macrophages, however the recently identified adapted cell line MA-104 may be an alternative to be considered for this purpose particularly when primary cell cultures are not available (33).



Diagnostic Sensitivity

The diagnostic sensitivity of different qPCRs was evaluated using a set of blood samples from viremic pigs infected with an average of 102 HAD/50 doses of ASFV-G and collected between days 4 and 7 post-infection. In general, all qPCRs were able to detect 100% of the samples tested for this validation, producing a false positive rate = 0% (Figure 5A). The average CT values for the detection of all samples were consistent with the levels of amplification efficiency calculated for each qPCR, with the lowest values associated with the I177L test and the highest with the MGF-360-12L test (Figure 5B). Interestingly, we found an absence of a positive linear correlation between the viral titer and the CT values produced by all qPCRs, including p72, which may be explained by the presence of PCR inhibitors in the samples decreasing the diagnostic sensitivity of these tests. In blood the presence of inhibitors may be associated with substances like antibodies (IgG), hemoglobin, lactoferrin, heparin, hormones, and some antiviral agents (34, 35).


[image: Figure 5]
FIGURE 5. Diagnostic sensitivity. of the different qPCRs assessed using a set of blood samples with different viral titers (expressed in HAD50/ml) collected from pigs experimentally infected with ASFV-G (A). Comparative average CT values among the different qPCRs in the detection of viremic blood samples obtained from pigs infected with ASFV-G (B).


In this context, the use of alternative sample types, like nasal, oral swabs, and the collection of oral fluids may represent a good alternative to maintain optimal levels of diagnostic sensitivity in these tests (15, 36). Further studies will involved the evaluation of different types of clinical samples, as oral, rectal and nasal swabs.

In light of these results, we can state that despite the apparent loss of analytical sensitivity produced by blood inhibitors, the high levels of viremia that are expected in domestic or wild pigs during clinical infection with the highly virulent Eurasian strain of ASFV (6, 24) may help to ensure the proper levels of diagnostic sensitivity of these tests when used in the field. However, it is important to consider the recent reports regarding the circulation of low virulent genotype II ASFV strains (37, 38), a situation that may affect the diagnostic sensitivity of these tests considering that blood is used as a primary sample for the performance of these tests. Interestingly, experimental infections comparing the pathogenesis among ASFV isolates (genotype II) of disparate levels of virulence have shown that blood can be isolated from pigs infected with strains with low and moderate levels of virulence as late as 19- and 44-days post-infection respectively, thus supporting the use of blood as a valuable sample for the detection of ASFV genotype II (37).

Furthermore, consistent with the original publications [8–10; (13)], the evaluation of blood collected from pigs (n = 5 per group) vaccinated and then challenged 21 days later, the qPCRs designed herein did not produce positive results in pigs vaccinated with ASFV-ΔI177L, a fact consistent with the previously described ability of this vaccine to produce sterile immunity in vaccinated pigs. Conversely, one out of five animals (20%) vaccinated with ASFV-ΔMGF had a positive result by qPCR, while 3 out of 5 pigs (60%) vaccinated with ASFV-G-Δ9GL/ΔUK had positive results.



Diagnostic Specificity

Finally, we assessed the diagnostic specificity of the designed real-time PCR tests. We evaluated a total of 108 negative blood samples collected from naïve pigs. Similar results were seen between p72 and all qPCRs developed in this study. The overall false positive rate was estimated to be less than 1%, due to 1/108 positive result (Figure 6). The amplification profile of this sample was characterized by the amplification of just one of the two replicates evaluated; considering that none of the samples were positive by two different tests, we determined this was a nonspecific detection.
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FIGURE 6. Diagnostic specificity. The diagnostic specificity of different qPCRs was assessed using a set of 108 blood samples collected from naïve pigs. Results from different tests represent the detection of nonspecific reactions after 40 (p72 and MGF-360-12L) or 37 (I177L and UK) cycles of amplification.


It is important to mention that in the case of real-time PCRs I177L and UK, we noticed that a small percentage of samples (5%) reported a nonspecific amplification in one of the 2 replicates, with CT values >38. Interestingly, as mentioned above, none of these blood samples had a positive amplification in two different real-time PCRs. In this context and based on the parameters of analytical and diagnostic sensitivity displayed by the I177L and UK tests, amplification protocol for these tests was set at 37 amplification cycles instead of 40, producing in this way the presence of just one sample showing a nonspecific amplification in one out of the two repetitions (Figure 6).

At this point, we cannot rule out the possibility that the increased number of nonspecific reactions recorded using the I177L and UK qPCRs might have been the result of dimer formation between different primers, so that alternative primer technology like the use of cooperative primers may be explored in future studies to improve this condition (39). Furthermore, negative results were recorded when multiple qPCR's were performed in the presence of other viral swine diseases like classical swine fever virus (CSFV), vesicular stomatitis virus (VSV) and foot and mouth disease virus (FMDV).

Alternatively, to estimate the diagnostic specificity of different designs in samples containing variable concentrations of recombinant viruses, we evaluated blood samples collected at different time points post-vaccination from groups of viremic pigs (n = 3 animals per group) inoculated with different recombinant viruses. Overall, positive results were obtained by p72, M-cherry and β-Gus qPCRs in blood collected from all groups at different time points, denoting the presence of different recombinant viruses in the blood of vaccinated pigs. The number of positive results increased in all groups of pigs after passing these samples once in cell cultures of porcine macrophages (Figure 7). Negative results were found in all blood samples when evaluated by I177L, MGF-360-12L, and UK qPCRs, confirming the absence of ASFV-G in the samples, confirming the ability of these tests to differentiate infected and vaccinated pigs.
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FIGURE 7. Evaluation the capability of qPCRs to differentiate vaccinated pigs with (A) ASFV-ΔI177L, (B) ASFV-G-Δ9GL/ΔUK, and (C) ASFV-ΔMGF from those infected with ASFV-G. Blood samples collected from pigs at different time points of vaccination were tested before and after (green boxes) one passage of 72 h in swine macrophage cell cultures. M-cherry and β-Gus q PCRs were used for the detection of the recombinant viruses, while p72 assay was used as a marker for the presence of ASFV.


In conclusion, we present the design of three independent genetic DIVA tests for use in the field in the presence of recombinant vaccines ASFV-ΔMGF, ASFV-G-Δ9GL/ΔUK, ASFV-ΔI177L and ASFV-DI177LDLVR. Future studies are being planned to conduct a full validation under field conditions and confirm the accuracy of the validation parameters established here. The qPCR DIVA tests developed here are a promising option to support the control and eradication of the ASFV-G strain during a potential vaccination program. In addition to the vaccine strains tested here, these qPCR tests would also be appropriate for experimental vaccines developed by other groups using Chinese strains of ASFV. The qPCR DIVA test for UK could identify ASFV-SY18-ΔCD2v/UK (40), the MGF qPCR DIVA test could be used to detect HLJ/18-6GD (41) and HLJ/18-7GD (41) since in all of these experimental vaccine candidates the viral sequence is 100% homologous to the primer sets tested here in this study making the qPCR DIVA tests potentially useful in areas where a potential vaccine program may use one of the experimental vaccines.
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The indiscriminate use of first-line drugs contributed to the spread of resistant bacteria, a major concern for both human and veterinary medicine. Methicillin resistance is acquired through the mecA gene, which encodes for the PBP2a protein and lends the resistance to β-lactams. Verifying the correspondence between gene harboring and protein expression and accelerating methicillin resistance diagnosis is critical to improve the management of antimicrobial administration and to reduce the spread of drug resistances. We tested the applicability of immunofluorescence targeting PBP2a protein to identify a new potential methicillin resistance screening test, ancillary to conventional culture methods. We collected 26 clinical Staphylococcus pseudintermedius (SP) isolates: 25 from canine pyoderma and 1 from dermatitis in a dog owner. SP is one of the most important etiological agents in canine pyoderma and can harbor the mecA gene. We performed PCR for mecA gene detection, broth microdilution (BMD) for phenotypic methicillin resistance, and immunofluorescence targeting PBP2a protein. Compared to the PCR as the gold standard, immunofluorescence showed an apparent prevalence of 34.6% vs. a true prevalence of 53.8%, with 100% specificity, 64.3% sensitivity, and 80.8% diagnostic accuracy. PBP2a expression showed isolate-dependent variability: in some isolates, most of the bacterial cells showed an intense and clearly membranous pattern, while in others only a few of them could be detected. Performing the assay in duplicate improved the diagnostic accuracy. Since the mecA gene is shared among the members of the Staphylococcus genus, the test can be applied to identify methicillin resistance independently from the staphylococcal species, both in human and animal samples. Being a rapid and easy method and providing the unique possibility to study the expression of PBP2a by directly visualizing the morphology, it could represent a new interesting tool for both research and diagnostics. To accelerate methicillin resistance diagnosis, it would be worth further testing of its performance on cytological samples.

Keywords: Staphylococcus pseudintermedius, methicillin resistance, fluorescent antibody technique, penicillin-binding protein 2a, antimicrobial drug resistance, pyoderma, dogs, humans


INTRODUCTION

The indiscriminate use of first-line drugs has sparked off the development of resistance mechanisms to antimicrobials by bacteria over time. This is a growing problem afflicting both human and veterinary medicine, so that, in 2019 the World Health Organization (WHO) included the antimicrobial-resistance in the list of the ten major threats to human health (1, 2). The spreading worldwide of methicillin resistance in Staphylococcus aureus (SA) is a particular health concern, that poses serious problems in the choice of the proper therapy (2, 3). Methicillin resistance is due to the acquisition and expression of the mecA gene. It is located on a mobile element called staphylococcal cassette chromosome mec (SCCmec) (4) and can be easily transferred between staphylococcal species (5).

Staphylococcus pseudintermedius (SP) is a normal colonizer of the dog skin, which often acts as an opportunistic pathogen, and is one of the most important pyogenic agents in canine pyoderma. Failure in identifying/resolving the primary cause of pyoderma, inappropriate therapy, antimicrobial resistance, or lack of owner's compliance can lead to infection recurrence or persistence and repeated therapy (6, 7).

Similarly to SA, SP can acquire resistance to β-lactams, the most used antimicrobial drugs, through the mecA gene. The gene encodes for penicillin-binding protein 2a (PBP2a), resulting in an altered cell wall composition and lower affinity for β-lactams (4, 8).

In SA, a strain-dependent variability in methicillin/oxacillin resistance level is reported (4, 9). Additionally, despite the detection of the mecA gene, some isolates were found susceptible to oxacillin (OXA). This status was defined as the “pre-methicillin-resistant” phenotype (10, 11). These previous findings suggest that the mecA gene harboring could not correspond to the protein expression. Indeed, Rohde et al. underlined the importance of verifying the congruity between gene presence and the expression of the related protein (12). In experimental conditions, they demonstrated that an immunofluorescence test can be successfully employed for this purpose, suggesting its use as a rapid screening test for susceptibility. To the best of our knowledge, similar studies have never been conducted on clinical isolates of SP.

Additionally, SP isolates harboring the mecA gene are often resistant to other classes of antimicrobial agents, showing a “multi-drug resistant” (MDR) phenotype, which increases the effort of establishing an adequate targeted therapy (7, 13–15). SP also has a zoonotic potential and people in close contact with dogs (e.g., pet owners, veterinarians) are at maximum risk for infection, especially if they have a compromised immune system (6, 7, 16).

In such a context, speeding up the detection of methicillin resistance is a key factor to avoid choosing an inappropriate antimicrobial agent that would affect both the disease resolution and the further development of resistances (13, 17–19).

Our study aimed firstly to test the possibility to use a commercially available antibody targeting PBP2a protein in methicillin-resistant Staphylococcus aureus (MRSA), never validated in immunofluorescence or tested in methicillin-resistant Staphylococcus pseudintermedius (MRSP). Secondly, to evaluate the performance of immunofluorescence targeting PBP2a protein on clinical SP isolates from canine pyoderma. We compared those findings with the minimum inhibitory concentration (MIC) of OXA obtained by broth microdilution (BMD) and with PCR for the mecA gene, to investigate the agreement between the methods, as well as the matching between mecA gene harboring and PBP2a protein expression. Finally, we sought to explore the potentiality of this technique as a rapid screening test ancillary to conventional culture methods.



MATERIALS AND METHODS


Bacteria Isolation and Antimicrobial Susceptibility Testing

Twenty-six SP isolates, previously included in a larger study on susceptibility testing methods comparison (20), were used in this study: 25 were isolated from canine pyoderma and 1 from a dermatitis sample of a dog owner. Only one isolate per subject was collected. Bacteria were isolated in clinical microbiology laboratories of Central Italy during routine work throughout 2019. Identification of the isolates was performed to the species level both by PCR-restriction fragment length polymorphism approach (RFLP), based on the detection of the MboI restriction site on pta locus (21), and by the Vitek-2 system (bioMérieux Inc., Durham, NC), using the most up-to-date GP ID cards, as previously described (20). Before testing, all isolates were cultured from −20°C storage onto Mannitol Salt Agar plates supplemented with 5% v/v Egg Yolk Emulsion and sub-cultured on cation-adjusted Mueller-Hinton agar (CAMHA). The MICs of OXA for the selected isolates, which is the recommended method to phenotypically predict methicillin resistance in SP, were investigated by BMD as previously described (20). Additionally, the MICs for amoxicillin/clavulanate, cephalothin, gentamicin, enrofloxacin, clindamycin, trimethoprim/sulfamethoxazole, doxycycline, and mupirocin were also determined (20). Bacteria resistant to at least three antimicrobial classes were classified as MDR (22). A methicillin-resistant SP isolate, from which the mecA gene was sequenced, was used as a positive control in PCR and immunofluorescence assay.



PCR-Based Identification of mecA Gene

PCR for the mecA gene is the gold standard method for the detection of methicillin resistance (23). DNA from pure SP cultures was extracted by boiling. Bacterial colonies were resuspended in 500 μL of ultrapure molecular biology-grade water and subjected to boiling at 100°C. The suspension was cooled on ice and centrifuged at 14,000 rpm for 10 min. The supernatants were collected for conventional PCR analyses. Single PCR amplifications were performed in 25-μL reaction mixtures using Recombinant Taq DNA polymerase (Takara, Dalian, China) according to the manufacturer's instructions. The chromosomic mecA gene was amplified using 0.4 μM of primer f-AAAATCGATGGTAAAGGTTGGC and r-AGTTCTGCAGTACCGGATTTGC (Sigma–Genosys, Milan, Italy) (24). All PCR were performed in the GeneAmp PCR System 2400 thermocycler (Applied Biosystems, Foster City, CA), according to the following amplification conditions: initial denaturation at 94°C for 5 min, followed by 40 cycles of amplification at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 1 min, and a final extension step at 72°C for 5 min. Positive control, from which the mecA gene was previously sequenced, a negative control (negative sample), as well as a negative reaction mix control (containing the reagents and water instead of DNA), were included in each run. The presence and size of the amplified products were confirmed by electrophoresis on 1.5% agarose gel.



Immunofluorescence

For bacteria fixation, a modified protocol was used (12). Briefly, all isolates were fixed adding 3 volumes of 4% formaldehyde in Tris-buffered saline (TBS) buffer. After 1 h incubation at 4°C, bacteria were washed 3 times through centrifugation and resuspension in TBS buffer. Finally, bacteria were suspended in a 1:1 ethanol/TBS solution and used directly. Bacteria solution could be also stored at −20°C before use. Ten μl of each bacteria solution were pipetted on a glass slide and dried for 3 min at 52°C on a hot plate. Slides were stored in the dark until used.

To permeabilize bacteria, slides were incubated with a lysozyme solution (213 μg/ml in TRIS buffer 50 mM, pH 7; Lysozyme, 8259.1, Carl Roth, Karlsruhe, Germany) for 30 min at room temperature (RT) in a humidified chamber and rinsed in TBS buffer. Slides were blocked with blocking buffer (2% bovine serum albumin in TBS buffer; bovine serum albumin solution, A7034, Sigma-Aldrich, Saint Louis, MO) for 10 min at RT. Since the mecA gene is shared by the Staphylococcus genus (5, 25), we used a specific anti-PBP2a primary antibody validated for application in ELISA and WB to detect MRSA (130-10073, RayBiotech, Peachtree Corners, GA), thus testing its applicability in immunofluorescence and in the detection of MRSP. Slides were incubated overnight at 4°C in a humidified chamber with the rabbit primary antibody diluted 1:200 in blocking buffer. Slides were rinsed in TBS and incubated with a biotinylated goat anti-rabbit secondary antibody (BA-1000, Vector Laboratories, Burlingame, CA) diluted 1:200 in TBS for 1 h at RT. After rinsing in TBS buffer, samples were incubated in a dark humidified chamber with the Alexa Fluor® 488 streptavidin conjugate (S-32354, Life Technologies, Paisley, UK) diluted 1:200 in blocking buffer for 1 h at RT. Finally, the rinsed slides were incubated in the dark with 4', 6-diamidino-2-phenylindole, dilactate (DAPI; D3571, Invitrogen, Eugene, OR) diluted 1:1000 in TBS buffer for 5 min at RT. After carefully rinsing in TBS, slides were coverslipped with ProLongTM Gold antifade mountant (P36930, TermoFisher Scientific, Rockford, USA). As a positive control for the immunofluorescence assay, we used the isolate used for PCR validation, which resulted as methicillin-resistant also by BMD. The same isolate was used as a negative control, omitting the primary antibody. To verify the specificity of the antibody, we selected one of the isolates confirmed for being methicillin-sensitive both by PCR and BMD as additional negative control (Table 1).


Table 1. Results of methicillin resistance investigation in the SP isolates and their MDR status.
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We performed two technical replicates of the immunofluorescence assay. Except for the positive and negative controls, all the slides were blindly evaluated for PBP2a expression by one operator to avoid inter-operator variability. When at least one of the immunofluorescence assays was positive, we considered the PBP2a expressed. Samples were evaluated using a fluorescent microscope Olympus BX51 equipped with the camera Nikon mod.DS-Qi2Mc. NIS-ELEMENTS D software was used for image analysis.



Statistical Analysis

For descriptive statistics data are shown as absolute and relative frequencies. To evaluate the inter-method agreement, we calculated both the categorical agreement and Cohen's kappa. The categorical agreement is represented by the proportion of the isolates producing the same category result (methicillin-sensitive or -resistant) as compared to the reference method. Major error (ME) was reported when the reference test returned a sensitive result, while the method under evaluation returned resistant. Conversely, a very major error (VME) indicates that the reference test returned a resistant result but the method under evaluation returned sensitive (26). Unweighted Cohen's kappa with 95% confidence interval (CI95%) based on bootstrap (10,000 replicates) was calculated and interpreted as previously described (27). Finally, referring to PCR as the gold standard, the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), likelihood ratio for a positive test, likelihood ratio for a negative test, and diagnostic accuracy of the immunofluorescence assay were also calculated according to previous literature (28, 29). Statistical analyses were performed using the software R (R version 4.0.3) (30).




RESULTS

We examined 25 SP isolates from canine pyoderma and 1 from a dermatitis sample of a dog owner (Table 1). Based on MIC determination, 57.7% (15/26) of the samples were resistant to OXA and 52% (13/25; one case not determined) were MDR. The majority of MDR SP were OXA resistant (92.3%, 12/13; Figure 1).
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FIGURE 1. Methicillin resistance and multi-drug resistance in SP isolates. (A) Proportions of multidrug-resistant (MDR) SP and not MDR SP. R, resistant; S, sensitive. (B) Proportions of methicillin-resistant SP (MRSP) and methicillin-sensitive SP (MSSP). (C) Proportions of MRSP and MSSP in MDR SP and not MDR SP.


Based on the results of PCR, 14/26 (53.8%) SP isolates harbored the mecA gene, and, with only one exception, results of MIC evaluation and PCR were in agreement. Specifically, the isolate SP11 was classified as resistant to OXA with a MIC of 1 mg/L, but PCR did not detect the mecA gene for this SP. Consequently, one ME was produced and the categorical agreement between the two methods was 96.1% (25/26).

Overall, a clear division between OXA MICs was found between mecA-positive and -negative isolates. The majority of mecA-positive SP (10/14, 71.4%) showed an OXA MIC > 32 mg/L while, except for SP11, all mecA-negative isolates had an OXA MIC ≤ 0.25 mg/L (11/12, 91.6%; Supplementary Figure 1A). A low level of resistance to OXA was found also for the isolates SP14 and SP21, but, in these cases, PCR detected the mecA gene (Table 1).

In the immunofluorescence assay, the PBP2a expression has a clear membranous pattern with isolate-dependent variability: while in some isolates the expression was evident in most of the bacteria on the slide, in others PBP2a was expressed by a minor proportion of SP, sometimes making the detection challenging (Figure 2 and Supplementary Table 1). The agreement between the two immunofluorescence replicates was almost perfect (k = 0.82, CI95% = 0.52–1.00), since only for 2/26 (7.7%) isolates the results disagreed. In both cases, the positive bacteria identified on the slides were scarce. However, when at least one of the two replicates showed detectable PBP2a protein, the isolate was classified as positive. Overall, 9/26 isolates resulted positive (Table 1), with an apparent prevalence of 34.6% vs. a true prevalence of 53.8% (based on PCR results; Table 2). Indeed, although the agreement with PCR was substantial (k = 0.62, CI95% = 0.34–0.91), in 5/26 (19.2%) isolates PBP2a was not detected while PCR demonstrated mecA gene harboring (Figure 3). The isolate SP11, where PCR and MIC showed opposite results, was correctly classified as negative for PBP2a expression through both immunofluorescence replicates. Consequently, the categorical agreement with PCR for the mecA gene was 80.8% (21/26), while with OXA MIC was 76.9% (20/26). Particularly, in 3/5 (60%) cases in which PBP2a expression was not evident by immunofluorescence, the MICs ranged between 0.5 and 1 mg/L (Supplementary Figure 1B), while when it was ≥8 mg/L PBP2a expression was generally detected (9/11, 81.8%).
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FIGURE 2. Immunofluorescence targeting PBP2a protein in SP, showing isolate-dependent variability in PBP2a expression level. (A) Negative control. Insert: a cluster of SP whose cell walls stained negative and only the nucleoid can be seen (blue). (B) A cluster of SP clearly expressing PBP2a protein (green) is shown; the majority of SP does not express the protein. Insert: a magnification of cell walls staining positive, with a well-defined membranous pattern. (C) Several SP, both in clusters and sparse, stained positive, while a large proportion of them is negative. Insert: bacteria with cell wall expression of PBP2a protein. (D) Most of the SP showed positive cell walls. Insert: a cluster of bacteria where most of them have distinct positivity of the cell walls, together with other negative bacteria where only the nucleoid is stained. Blue: DAPI; Green: Alexa Fluor® 488.



Table 2. Measures of diagnostic test accuracy.
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FIGURE 3. Proportions of mecA+ and mecA− SP tested by PCR among cases with detected and not PBP2a expression by immunofluorescence assay.


Since no false-positive results were obtained, both the specificity and the positive predictive value (PPV) reached 100%, while the sensitivity and the negative predictive value (NPV) were lower. Overall, the diagnostic accuracy of the method was 80.8% (CI95% = 60.6–93.4%; Table 2).

Finally, in our case series, all the SP isolates showing positivity by immunofluorescence were MDR bacteria.



DISCUSSION

Pyoderma is a common skin problem in the canine species and frequently leads to antimicrobial use in clinical practice (7). Since the spreading of resistant bacteria is growing and therapeutic options are limited, antimicrobial management optimization is crucial (1, 2, 31). SP, one of the most important etiological agents involved in canine pyoderma (32), can harbor the mecA gene that, coding for the PBP2a protein, mediates the methicillin resistance (4).

We tested a new technique potentially applicable in diagnostics as a rapid screening test to detect PBP2a expression. This would help to identify methicillin-resistant staphylococci, providing the clinician with an initial guide for starting the therapy while waiting for antimicrobial susceptibility test results.

Comparing the immunofluorescence assay to PCR for the mecA gene, the gold standard for identification of MRSP, the agreement was substantial, but in 19.2% of cases it failed to detect MRSP. Given the specificity of the antibody chosen, we had no false-positive results and the specificity was 100%. However, the sensitivity of the assay was much lower, being equal to 64.3%. Often, the lack of detection of methicillin resistance involved the isolates with low MICs (0.5–1 mg/L). This could be due to the lower sensitivity of immunofluorescence compared to PCR. Additionally, an isolate-dependent variability in PBP2a expression level was observed in our study. When the positive bacteria on the slide are a few, they could be missed, resulting in false-negative results. In our case series, in 2 methicillin-resistant SP isolates, one of the replicates failed to detect the expression of the PBP2a protein. Hence, repeating the assay in duplicate can improve the diagnostic accuracy. Additionally, mecA gene expression can be induced by OXA and cefoxitin stimulation (23, 33), but the isolates used in our study for immunofluorescence were not previously exposed to antimicrobials, in order to mimic diagnostic conditions. As a result, the PBP2a protein could have a lower or no expression in some isolates, affecting the general sensitivity of the method. Finally, the sample size we used was relatively limited, hence the lacking of PBP2a detection in a few samples might be overweighed. Testing the method on a larger number of samples might help obtain a more precise evaluation of its performance.

Whit one exception, the results of MIC and PCR overlapped in all cases. The mechanism of OXA resistance, in this case, remains to be determined. Notably, immunofluorescence classification of this isolate was in agreement with PCR, which is why the categorical agreement with BMD was lower compared to those with PCR.

Despite its limitations, immunofluorescence has several advantages. In our study, the diagnostic accuracy reached 80.8%, showing high reliability when methicillin-resistant SP are identified (PPV = 100%; NPV = 70.6%). In agreement with previous studies reporting a high prevalence of MDR among MRSP (14, 34), in our case series, all of the isolates expressing PBP2a protein were also MDR. Accordingly, the detection of PBP2a expression could help suspect MDR. Results of immunofluorescence targeting PBP2a protein can be rapidly obtained, especially if the primary antibody incubation time is shortened. The method might also be easily applied on cytological samples with the potential to get the results within the same day, so it would be worth testing it in this application. As a further development, a modified method could be employed in immunohistochemistry, allowing the study of the resistant bacteria directly on tissue samples and representing a new interesting tool for both research and diagnostics. However, the suitability of the selected antibody in immunohistochemistry has to be determined. Moreover, since the mecA gene is shared by several staphylococci, including SA (5, 25), the methicillin resistance could be detected independently from the staphylococcal species isolated in both human and animal hosts.

To the best of the author's knowledge, two commercially available kits can be used for the rapid detection of PBP2a protein on cultured colonies. The Alere PBP2a Culture Colony Test is a sensitive and specific immunochromatographic assay to test isolates. Although the test itself is very simple and rapid, the colonies should be cultured for at least 24 h and the highest sensitivity is reached when bacteria are harvested from the edges of the cefoxitin zone of growth inhibition (23, 25). The other is the PBP2a latex agglutination test, whose sensitivity and specificity are almost comparable to PCR (35, 36). However, it is technically more complicated and needs additional equipment (3). Being performed on isolates, these commercial tests strictly depend on the timing of bacteria growth. Compared to those tests, the immunofluorescence assay has a lower sensitivity but a corresponding specificity. It is a simple technique and can be carried on in pathology laboratories that routinely perform immunocytochemistry or immunohistochemistry (ICC/IHC) and are equipped with a fluorescent microscope. It is rapid and, if applied on cytological samples, it might be carried out independently from bacteriological culture. Finally, it provides the unparalleled possibility to study the expression of PBP2a by directly visualizing the morphology, opening new possibilities for research purposes.

In conclusion, we demonstrated that immunofluorescence can be successfully used to detect the PBP2a protein in SP isolates, hence methicillin-resistant bacteria. When compared to the gold standard method (PCR for mecA gene), immunofluorescence targeting PBP2a protein showed good diagnostic accuracy, with 100% specificity, although the sensitivity is lower. It is a rapid and easy method that can represent a new interesting tool for both research and diagnostics. It would be worth testing its performance on cytological samples to further accelerate the diagnosis of methicillin resistance in SP.
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Pasteurella multocida is a versatile zoonotic pathogen. Multiple systems have been applied to type P. multocida from different diseases in different hosts. Recently, we found that assigning P. multocida strains by combining their capsular, lipopolysaccharide, and MLST genotypes (marked as capsular: lipopolysaccharide: MLST genotype) could help address the biological characteristics of P. multocida circulation in different hosts. However, there is still lack of a rapid and efficient tool to diagnose P. multocida according to this system. Here, we developed an intelligent genotyping platform PmGT for P. multocida strains according to their whole genome sequences using the web 2.0 technologies. By using PmGT, we determined capsular genotypes, LPS genotypes, and MLST genotypes as well as the main virulence factor genes (VFGs) of P. multocida isolates from different host species based on their whole genome sequences published on NCBI. The results revealed a closer association between the genotypes and pasteurellosis rather than between genotypes and host species. With the advent of high-quality, inexpensive DNA sequencing, PmGT represents a more efficient tool for P. multocida diagnosis in both epidemiological studies and clinical settings.

Keywords: Pasteurella multocida, genotyping, whole genome sequence, PmGT, genotypes


INTRODUCTION

Rapid and accurate diagnosis of sources of infections is critical for both medical and veterinary activities, and it is important for improved understanding of disease mechanisms and measures to control the illness (1). Microbial typing is an important link for the diagnosis of pathogens associated with diseases. The most widely used typing methods consist of serological typing systems and PCR-based molecular typing methods (2, 3). The establishment of discriminatory typing systems help in the understanding and control of pathogens, especially those with multiple serovars and/or genotypes from different environmental or host sources. Whole genome sequencing combined with the high-end computational technology is such an emerging approach for microbial diagnosis (4). Using the whole genome sequencing technologies, it is possible to determine the causative agent of infectious diseases rapidly and accurately, including newly emerged ones (5, 6). However, interpretation of the sequencing results to formulate a definitive diagnosis still requires technical experts with computational and bioinformatics skills. Therefore, a practical, automated platform that combines whole genome sequencing with computational technologies to provide diagnostic outcomes would be beneficial in advancing the field.

Pasteurella multocida is an important zoonotic pathogen and it can colonize and cause infections in a wide range of domestic and wild animals including food producing animals (e.g., poultry, pigs, beef, sheep) and companion animals (e.g., cats and dogs) as well as in humans (7–9). Animal diseases associated with P. multocida such as fowl cholera in poultry and other birds, progressive atrophic rhinitis and pneumonic pasteurellosis in pigs, haemorrhagic septicaemia and respiratory diseases in cattle and buffalos, leporine atrophic rhinitis and pneumonic pasteurellosis, are of great economic significance in agriculture (9). In humans, opportunistic infections of soft tissue, including wound dermonecrosis, respiratory disease with chronic pulmonary, urinary tract infection and bacteremic meningitis have also been reported (9). Most of these infections are associated with animal biting, scratching, kissing, and/or licking (10–12). In this regard, P. multocida represents a risk to public health. P. multocida strains from different hosts are serologically classified into five serogroups (A, B, D, E, F) (13–15) and/or 16 serovars (serovars 1 to 16) (16), according to their capsular and lipopolysaccharide (LPS) antigens, respectively. However, these two traditional serological typing methods require high-quantity antisera that are challenging to prepare, particularly for clinical use, such those methods are no longer widely used for large-scale epidemiological studies (7, 17).

In 2001, a multiplex PCR-based method was established to type the five serogroups into five capsular genotypes (A, B, D, E, F) (18), and in 2015, another multiplex PCR-based method was also developed to classified the 16 serovars into eight LPS genotypes (L1~L8) (19). In 2004 and 2010, two multilocus sequencing typing systems were also developed to genotype P. multocida strains (https://pubmlst.org/pmultocida/) from multiple mammalian hosts and birds, respectively (20, 21). In 2017, a virulence genotyping system based on the detection of different virulence factor gene (VFG) profiles was also reported for distinguishing P. multocida strains from different hosts (22). Compared to the traditional serological typing methods, these molecular DNA-based typing systems are indeed highly effective and accurate, and they are now widely used to determine the epidemiological and genetic characteristics of clinical isolates (23–27).

Despite of more than 135 years of research, differences on the molecular biological characteristics of P. multocida prevalence in different host species remain to be addressed. For example, P. multocida type A strains have been recovered from avian species, pigs, bovine species, and many other host species (8, 9), but little is known about differences on those type A isolates from different hosts. Recently, we developed a system to assign P. multocida strains from different host species by combining their capsular, LPS, and MLST genotypes (marked as capsular genotype: LPS genotype: MLST genotype), as well as determine the VFG profiles, which contributes to address the molecular biological characteristics of P. multocida prevalence in different host species (7, 23, 27). However, this strategy requires bioinformatics experts for data analysis and interpretation. Here, we report the development of an automated platform to type P. multocida strains from multiple hosts that combines the use of whole genome sequencing.



MATERIALS AND METHODS


Bacterial Strains and Nucleotide Sequences

P. multocida strains used in this study include one isolate of bovine origin (strain HB01), one isolate of avian origin (strain HB02), and 50 isolates of porcine origin (strains HB03, HN04, HN05, HN06, HN07, HNA01~HNA22, HND01~HND21, HNF01 and HNF02) (Supplementary Table S1). All of these strains are from our laboratory collection, for which we have previously sequenced their whole genome sequences (27–30).

Nucleotide sequences specific for the determination of P. multocida strains (KMT1, 460 bp), and their the five capsular genotypes (A, 1044 bp; B, 760 bp; D, 657 bp; E, 511 bp; F, 851 bp); as well as their eight LPS genotypes (L1, 1307 bp; L2, 810 bp; L3, 474 bp; L4, 550 bp; L5, 1175 bp; L6, 668 bp; L7, 931 bp; L8, 255 bp) were extracted from the genome sequences of the different P. multocida strains according to the positions documented in previous publications (18, 19) and were deposited in GenBank under accession numbers MT570166, MN938443~MN938455 (Supplementary Text 1).

The nucleotide sequences of 23 types of virulence genes commonly detected in P. multocida epidemiological studies, including those encoding fimbriae and other adhesins (ptfA, fimA, hsf-1, hsf-2, pfhA, and tadD), toxin (toxA), iron acquisition proteins (exbB, exbD, tonB, hgbA, hgbB, fur, and tbpA), sialidases (nanB and nanH), hyaluronidase (pmHAS), outer membrane proteins (OMPs) (ompA, ompH, oma87, and plpB), and superoxide dismutase (sodA and sodC), were amplified from the genomic DNA of P. multocida HN06 and HB01 by PCR assays using the protocols documented elsewhere (23, 31). These nucleotide sequences were deposited in GenBank under accession numbers MT570167~ MT570189 (Supplementary Text 1).

The publicly available whole genome sequences of 262 P. multocida strains from bovine species [n = 106; including those recovered bovine haemorrhagic septicaemia cases (32)], avian species (n = 39), porcine species (n = 66), leporine species (n = 20), ovine species (n = 6), humans (n = 13), canines (n = 3), murine species (n = 2), horses (n = 2), cats (n = 2), alpacas (n = 2) and 1 synthetic DNA sequence in NCBI genome database were downloaded for use (Supplementary Table S1).



System Implementation

The PmGT platform was integrated on a CentOS server, mainly providing two kinds of online services: genotyping tool, and data query and display. To establish the genotyping online service, we first used Apache (https://www.apache.org) as the web container. Then, we downloaded the BLAST package (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/) from NCBI, which was thereafter installed and configured on the web container. PHP was used as the server-side language and the browser-side script used jQuery, which is a fast, small, and feature-rich JavaScript library. The view pages were constructed with Hypertext Markup Language (HTML) and Cascading Style Sheets (CSS). For the target strain, the format of the sequence was first verified by the web user interface and then the sequence data was uploaded to the server through the PHP program which subsequently called the localized BLAST to align the uploaded sequence with the reference database. The nucleotide sequences specific for the determination of P. multocida strains, capsular genotypes, LPS genotypes, and the 23 types of virulence factor genes (VFGs) were packaged and used as the reference database for sequence alignment. Finally, the result was returned and displayed in the web page. In addition, if the user selected the option of “MLST genotyping,” the http request function “curl_setopt” in PHP was used to request PubMLST's RESTful interface (http://rest.pubmlst.org/db/pubmlst_Pmultocida_seqdef/sequence) and the function “curl_exec” was used to catch the response which thereafter was parsed to the result and displayed in the genotyping page.



PCR Detection of Capsular Genotypes, LPS Genotypes, MLST Genotypes, and Virulence Genes of P. multocida Strains From Pigs

Capsular genotypes and LPS genotypes of P. multocida strains from our laboratory collection were determined using multiplex PCR-based assays, as documented elsewhere (18, 19). Profiles of 23 types of virulence genes mentioned above were determined by PCR assays, as described previously (23). Sequence types (STs) were determined according to the protocols described in Pasteurella multocida MLST database (https://pubmlst.org/organisms/pasteurella-multocida/multi-host).



Data Availability

Nucleotide sequences specific for P. multocida and its capsular genotypes, LPS genotypes, as well as VFGs were publicly available in GenBank under accession numbers MN938443-MN938455 and MT570167~MT570189. The typing system developed in the present study is available at: http://vetinfo.hzau.edu.cn/PmGT.




RESULTS


Development and Implementation of PmGT

The general process for genotyping is summarized as: when a query sequence is submitted via the web user interface, this sequence will be then submitted to the CentOS server via HTTP protocol. Thereafter, the sequence is evaluated by the PHP program, and the passed sequence will be BLASTed against the genotype database to yield a result, which will be returned to the webpage through the PHP program (Figures 1A,B). Through the above procedures, the genotyping module of PmGT (http://vetinfo.hzau.edu.cn/PmGT) was developed (Figure 1).


[image: Figure 1]
FIGURE 1. Development of the P. multocida genotyping and host prediction platform. (A) Flowchart showing the system design; (B) Main functions of the web platform; (C) Overview of the genotyping system of P. multocida.


Currently, PmGT provides the above services includes five menus: (1) the “Home” page gives a brief introduction of P. multocida etiological characteristics to help the users understand the bacterium; (2) the “Isolates” page displays the genotypes of P. multocida strains based on their whole genome sequences that are publicly available in NCBI; this page also provides the link for the users to download the genomes of these P. multocida strains from NCBI; (3) the “Genotyping” page enables the users to determine whether a putative isolate is a P. multocida and genotype P. multocida strains by using the whole genome sequence assembled from the sequencing reads (Figure 1C); (4) the “About” page summarizes the guidelines for the use of this web tool; (5) the “Contact” page provides the contact information of the developers.



PmGT Shows the Same Accuracy With PCR Methods in Genotyping P. multocida Strains

To test the accuracy of PmGT, we used two methods to type 52 P. multocida isolates (HB01, HB02, HB03, HN04, HN05, HN06, HN07, HNA01~HNA22, HND01~HND21, HNF01, and HNF02) from our laboratory collection (27). First, we submitted their whole genome sequences to PmGT for genotyping. As a comparison, we also determined the capsular genotypes, LPS genotypes, sequence types, as well as the profile of the abovementioned 23-kinds of virulence genes by using PCR assays. All these 52 strains were genotyped by PmGT and through this online genotyping platform (Table 1). Genotyping by PCR assays confirmed these capsular, LPS, and MLST genotypes. PCR results of capsular and LPS genotypes are provided in Supplementary Figures S1, S2.


Table 1. Genotypes of 52 Pasteurella multocida strains determined via the PmGT Platform.

[image: Table 1]

Determination of the 23 types of virulence genes for each of the 52 strains by using this online system revealed that several genes (ptfA, fimA, oma87, and sodC) were broadly presented in the genome sequences genotyped (Figure 2). However, several genes (hsf-1, hsf-2, pfhA, and tadD) were heterogeneously distributed, and in particularly, none of the 52 sequences genotyped carried the toxA or tbpA genes (Figure 2). These results were also confirmed by PCR assays (Supplementary Table S1).


[image: Figure 2]
FIGURE 2. Heatmap showing the distribution of the 23 types of virulence genes (VFGs) among the 52 P. multocida strains from pigs. Boxes in red indicate a VFG is presence in the strain while boxes in green represent a VFG is missing in the strain.




Genotypes of P. multocida From Different Hosts

To understand the genotypes of P. multocida strains circulation in different host species, the 262 whole genome sequences of P. multocida strains were genotyped by PmGT. The results revealed that P. multocida isolates from different hosts displayed a certain preference for “capsular/LPS/MLST genotypes” (Figure 3). For example, most of the porcine strains were determined as capsular genotypes A (52%) and D (39%), LPS genotypes L3 (36%) and L6 (61%), sequence types ST3 (29%), ST11 (22%), and ST10 (34%), respectively; while most of the genotyped bovine strains were determined as capsular genotypes A (72%) and B (28%), LPS genotypes L3 (67%) and L2 (27%), and sequence types ST1 (59%) and ST44 (25%), respectively (Figure 3). When combining the capsular genotypes and the LPS genotypes, it revealed that most of the genotyped avian P. multocida were typed as A:L1 and A:L3, while most of the genotyped bovine P. multocida were typed as A:L3 and B:L2; the genotyped porcine P. multocida mainly belonged to D:L6, A:L3, and A:L6; while the genotyped leporine P. multocida mainly belonged to A:L3; most of the genotyped human P. multocida were typed as A:L3 and A:L1 (Figure 4A). If the capsular genotypes, LPS genotypes, and MLST genotypes were combined, most of the genotyped avian P. multocida were typed as A:L1:ST128, while most of the genotyped bovine P. multocida were typed as A:L3:ST1 and B:L2:ST44; the genotyped porcine P. multocida mainly belonged to D:L6:ST11, A:L3:ST3, and A:L6:ST10; while the genotyped leporine P. multocida mainly belonged to A:L3:ST12 (Figure 4).


[image: Figure 3]
FIGURE 3. Heatmap revealing the association between capsular/LPS/MLST genotypes and P. multocida strains from different host species determined by PmGT. (A) Heatmap revealing the association between capsular genotypes and P. multocida strains from different host species; (B) Heatmap revealing the association between LPS genotypes and P. multocida strains from different host species; (C) Heatmap revealing the association between MLST genotypes and P. multocida strains from different host species. Percentages of sequences typed are shown with different colors displayed at right corner.
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FIGURE 4. Column and pie charts showing the distribution of capsular: LPS genotypes and/or the capsular: LPS: MLST genotypes of P. multocida strains from different host species determined by PmGT by using the whole genome sequences. (A) Column chart showing the distribution of capsular: LPS genotypes of P. multocida strains from different host species; (B–K) Pie charts showing the distribution of capsular: LPS: MLST genotypes of P. multocida strains from avian species, bovine species, canis, cats, humans, horses, leporine species, pigs, ovine species, and rodents, respectively.


Virulence genotyping using the system developed herein revealed that the presence of multiple VFGs, including ptfA, fimA, hsf-2, exbB, exbD, tonB, hgbA, hgbB, fur, nanB, nanH, ompA, ompH, oma87, plpB, sodA, and sodC, was a broad characteristic of P. multocida strains from multiple host species (Figure 5). However, several VFGs were only determined in the genome sequences of P. multocida from certain hosts. For example, toxA, a gene encoding a dermonecrotic toxin, was found only in strains from pig, sheep, and alpacas, while tbpA, a transferrin binding protein coding gene, was found only in strains from cattle, sheep, and alpacas (Figure 5).


[image: Figure 5]
FIGURE 5. Heatmap revealing the association between virulence genes and P. multocida strains from different host species.





DISCUSSION

P. multocida is the causative agent of multiple diseases with a wide spectrum of host species, including humans and other primates (7–9). In addition, P. multocida isolates recovered from different hosts with different diseases can be classified in many different serovars/genotypes according to different typing systems (7, 9). Relying on only one or two typing systems is difficult to address the characteristics of P. multocida isolates from different host species and/or their association with different diseases. For example, P. multocida isolates from different host species might have the same capsular genotypes but possess different LPS genotypes and/or MLST genotypes; even those from different host species that share the same capsular, LPS, and MLST genotypes might carry different VFGs (27, 33). Therefore, we have proposed a combined “capsular: LPS: MLST” genotyping system that includes virulence genotyping to discriminate P. multocida isolates from different host species and/or those associated with different diseases (7). However, this combined genotyping system is multiplex PCR-based and is laborious and time-consuming.

Advances in bioinformatics and bioinformatical tools enable the application of whole genome sequence data for inclusion of various demographic information for bacterial characterization, such as capsular and LPS genotyping; the presence of adhesins, toxins, or other virulence factors (34). In the present study, we reported the development of a genotyping platform for distinguishing P. multocida isolates according to the bacterial whole genome sequences. Validation of the PmGT platform was performed on a collection of P. multocida isolates from our laboratory. Results revealed that this genotyping system provides consistent results of determining the capsular-, LPS-, MLST genotypes, and VFGs, as compared with that obtained using multiplex PCR-based typing systems. Compared to the multiplex PCR-based typing systems (18, 19, 21, 22) and traditional serological typing systems (13, 16), this genotyping system takes less time to yield results and does not require high-quality antisera, which represents a more efficient and cost-saving tool for characterizing P. multocida isolates in both epidemiological studies and clinical settings.

By using PmGT, the capsular-, LPS-, MLST genotypes, and VFGs of P. multocida strains from different hosts were determined according to the whole genome sequences. These results agree with those of the epidemiological studies (23, 24, 26, 35). For example, P. multocida serovars B: 2 and A: 3 strains are frequently associated with bovine haemorrhagic septicaemia and respiratory diseases, respectively (36, 37). It is known that P. multocida serogroups A and B are assigned to capsular genotypes A and B by multiplex PCR, respectively (18); while P. multocida Heddleston serovars 2 and 3 are assigned to LPS genotypes L2 and L3 by multiplex PCR, respectively (19). That is why the capsular: LPS genotypes of most of the bovine strains were determined as A: L3 and B: L2, respectively. In addition, P. multocida strains isolated from bovine haemorrhagic septicaemia are commonly determined as ST122 (38), this sequence type can be reassigned to ST44 by using the multihost MLST database (27). These findings could explain why P. multocida strains associated with bovine haemorrhagic septicaemia were typed as capsular: LPS: MLST genotype B: L2: ST44. Similar findings were also observed in P. multocida strains from the other host species. In particularly, most of the P. multocida strains from pigs were determined as capsular: LPS: MLST genotypes D: L6: ST11, A: L3: ST3, and A: L6: ST10. These results are also in agreement with the results of our previously epidemiological study (23), suggesting that these three genotypes, particularly genotype D/L6/ST11, are likely to be strongly associated with swine respiratory diseases. However, during our test we also found the capsular-, LPS-, and/or MLST-genotypes of several strains could not be determined by PmGT according to the whole genome sequences. After check the data we put forward several reasons to explain this result: (1) most of these non-typeable genomes are sequenced and assembled using the second-generation sequencing technologies and the quality of these genomes are not high, some of the genes used for capsular/LPS/MLST genotyping fell within the gaps between genome contigs in the assemblies (7); (2) the genome sequences might be those of the capsular nontypeable strains reported (23, 39); (3) several strains belong to novel sequence types and the current Pasteurella multocida MLST database do not include these sequence types.

In conclusion, we developed an online platform for P. multocida genotyping (PmGT platform), which combines whole genome sequence analysis tools with web 2.0 technologies. By using this system, we determined the genotypes of P. multocida isolates from different host species. Overall, this system represents a more convenient tool for P. multocida diagnosis in both epidemiological studies and clinical settings. More importantly, our study provides an example to develop rapid and efficient tools for bacterial diagnosis by using their whole genome sequences in the coming age of artificial intelligence.
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African swine fever (ASF) is a highly lethal hemorrhagic viral disease of domestic pigs caused by African swine fever virus (ASFV). A sensitive and reliable serological diagnostic assay is required, so laboratories can effectively and quickly detect ASFV infection. The p30 protein is abundantly expressed early in cells and has excellent antigenicity. Therefore, this study aimed to produce and characterize p30 monoclonal antibodies with an ultimate goal of developing a monoclonal antibody-based enzyme-linked immunosorbent assay (ELISA) for ASFV antibody detection. Three monoclonal antibodies against p30 protein that were expressed in E. coli were generated, and their characterizations were investigated. Furthermore, a blocking ELISA based on a monoclonal antibody was developed. To evaluate the performance of the assay, 186 sera samples (88 negative and 98 positive samples) were analyzed and a receiver-operating characteristic (ROC) analysis was applied to determine the cutoff value. Based on the ROC analysis, the area under the curve (AUC) was 0.997 (95% confidence interval: 99.2 to 100%). Besides, a diagnostic sensitivity of 97.96% (95% confidence interval: 92.82 to 99.75%) and a specificity of 98.96% (95% confidence interval: 93.83 to 99.97%) were achieved when the cutoff value was set to 38.38%. Moreover, the coefficients of inter- and intra-batches were <10%, indicating the good repeatability of the method. The maximum dilution of positive standard serum detected by this ELISA method was 1:512. The blocking ELISA was able to detect seroconversion in two out of five pigs at 10 Dpi and the p30 response increasing trend through the time course of the study (0–20 Dpi). In conclusion, the p30 mAb-based blocking ELISA developed in this study demonstrated a high repeatability with maximized diagnostic sensitivity and specificity. The assay could be a useful tool for field surveillance and epidemiological studies in swine herd.

Keywords: African swine fever virus, blocking ELISA, diagnosis, monoclonal antibodies, p30


INTRODUCTION

African swine fever (ASF), caused by African swine fever virus (ASFV), is a highly contagious hemorrhage lethal disease of domestic and wild pigs and is responsible for serious economical losses, international trading, and adverse sociophysical impacts (1–6). It is causing a serious deterioration and incalculable economic impact due to its fast spread. The disease was first reported in Kenya in the 1910s, and 51 countries are currently affected by African Swine Fever (OIE) (7–10). ASFV is a large and complex double-stranded DNA virus with icosahedral morphology (5, 6, 11). Although it was generally considered that there is only one serotype of ASF virus, the classification of ASFV isolates in eight different serogroups based on a hemadsorption inhibition assay (HAI) (12). However, genetic characterization of all the ASF virus isolates known so far has demonstrated 24 geographically related genotypes with numerous subgroups (1, 7, 10). ASFV was first reported in China in August 2018; analysis showed that the causative strain belonged to the p72 genotype II and CD2v serogroup 8 (13, 14).

Due to the presence of seropositive animals to subacute or chronic forms of ASF, there is always a need for an accurate serological diagnosis. Serological assays are the most commonly used diagnostic tests due to their simplicity, comparatively low cost, and their necessitating few specialized pieces of apparatus or facilities. Since there is no vaccine against ASF, the presence of ASFV antibodies always indicates current or historic infection (7, 15). Also, 2–10% of animals recover from the acute form may act as persistent viral shedding sources (7). Studies have shown that the infectious virus genome was detected in tissues (retropharyngeal and submandibular lymph nodes, bone marrow, and tonsil) but was not detected in whole blood from the recovered animals (16). In addition, there were reported variant strains in China, with relatively weak virulence and atypical clinical symptoms (17, 18). Since the antibody IgG appears 7–10 days post-infection and persists for months and even lifetime (7, 15). Therefore, a sensitive and reliable serological diagnostic assay is required, so laboratories can effectively and quickly detect ASFV infection. Corresponding to this, identifying potential antigenic ASFV protein targets that suit to develop a diagnostic assay is very important, of which the p30, p72, and p54 are the best targets (19–25).

The major capsid protein p72 is used to establish numerous ELISA-based serological assays (24, 25). Among them, the p72 protein is mostly used in research. It has good immunogenicity, strong conservation, and high expression. The blocking-ELISA for ASFV antibody detection depends on the use of monoclonal antibodies against p72 (Ingenasa-Ingezim PPA COMPAC K3; Ingenasa, Madrid, Spain) (26, 27), but the detection time upon using p30 protein as the antigen can be earlier than that of p72 protein (20). The p54 protein in different regions has a certain variation in the amino acid sequence, which is easy to cause false-negative results, so it is usually not used as a detection antigen for ASF (20). Compared with the p54 and p72 proteins, the p30 protein is produced earlier and can neutralize the virus before or after the virus adsorption to the cell. The p30 protein is abundantly expressed early in cells and has excellent antigenicity (20); it is also an important target for early diagnosis of the virus (28–30). Therefore, p30 protein can be used as an antigen to develop the early detection antibody method of ASFV infection.

In the current study, monoclonal antibodies (mAbs) against recombinant protein p30 were generated and their characterizations were investigated. Due to the high specificity of blocking ELISA, a blocking ELISA based on p30 mAb was developed. The established blocking ELISA showed high diagnostic sensitivity and specificity for ASFV antibody detection, providing a new tool for ASFV antibody detection.



MATERIALS AND METHODS


Production of Recombinant p30 in Escherichia coli

The ASFV CP204L (582 bp) gene sequence from positive samples during the surveillance was used for the preparation of p30 recombinant protein fragments. His-tagged full-length CP204L constructs were cloned into the pET-30a vector, and recombinant proteins were expressed in E. coli, as described previously (31, 32). CP204L was amplified by PCR using a forward primer 5′-GGCCATGGCTATGGATTTTATTTTAAATAT-3′ and a reverse primer 5′-CCGCTCGAGTTTTTTTTTTAAAAGTTTA-3′. The primers were designed based on African swine fever virus isolate Pig/HLJ/2018 (accession. no. MK333180.1) (16, 17). The single underline is the sequence of the restriction sites of NcoI and XhoI. Briefly, polymerase chain reaction (PCR) amplified CP204 gene (582 bp) and pET-30a vector were digested with NcoI and XhoI (TakaRa, TakaRa Biotechnology Co., Ltd., Dalian, China) restriction enzymes and accordingly ligated with T4 DNA ligase. Recombinant genes were then transformed to Transetta (DE3) E. coli competent cells (TransGen Biotech Co., Ltd., Beijing, China) and incubated overnight at 37°C in an agar plate containing kanamycin. Subsequently, perfection of the correct insert was checked by PCR and positive samples were confirmed by DNA sequencing (Sangon Biotech Co., Ltd., Shanghai, China).



Expression and Purification of Recombinant ASFV-P30 Protein

Expression of the p30 protein was facilitated by adding 1 mM isopropyl-β-D-1-thiogalactoside (IPTG), and successful expression was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of cell lysates. To purify p30 recombinant protein, bacterial cells were harvested by centrifugation, resuspended in pre-cold PBS (50 ml/liter of bacterial culture) (Dalian Meilun Biotechnology Co., Ltd., Dalian, China), and lysed by high-pressure crushing. After centrifugation at 12,000 rpm for 30 min, supernatants were collected and filtered through a 0.22-μm filter and purified using a Ni-NTA resin-based column. The protein sample p30 was taken for analysis by SDS-PAGE; anti-His mAb (Proteintech Group, Inc., Rosemont, IL, USA) and ASFV-positive serum were used as primary antibodies for Western blot verification.



mAb Production

As previously described (33, 34), 4–6-week-old BALB/C mice were immunized with 100 μg/mouse of purified p30 protein mixed with an equal volume of incomplete Freund's adjuvant (Sigma-Aldrich (Shanghai) Trading Co. Ltd., Shanghai, China). Mice were immunized intraperitoneally three times with 2 weeks between each immunization. The mice were euthanized 3 days after the final immunization, after which splenocytes were collected and fused with SP2/0 myeloma cells. After fusion, cells were cultured in 96-well plates (Corning Incorporated Co., Ltd., Kennebunk, ME, USA) in HAT selection media. Cell supernatants were assayed 10 days post cell fusion, and wells with confluent hybridomas were initially screened by indirect ELISA using p30 recombinant protein as a coating antigen. Then, the positive culture supernatants were screened for p30-specific antibodies by immunofluorescence assay (IFA) on PMA cells infected with ASFV which was isolation during the surveillance. Hybridoma clones that produced p30-specific antibodies were subcloned into single-cell clones (monoclones).



Indirect ELISA

Purified recombinant p30 protein constructs were coated on flat-bottom polystyrene plates (1 μg/ml; 100 μl/well) in carbonated coating buffer (pH 9.6) and incubated overnight at 4°C. The plate was washed five times with PBST (0.05% Tween in PBS, v/v), and the plate was blocked with 5% skimmed milk in PBS, for 1 h at 37 °C. After washing the plates as above, 50 μl undiluted hybridoma supernatants was added. Positive serum from mice immunized with p54 recombinant protein and negative serum from unimmunized mice, diluted 1:10,000, were also included in duplicate as a control. The plate was incubated for 30 min at 37°C, and a washing step was repeated. Thereafter, horseradish peroxidase (HRP) conjugated goat anti-mouse IgG (Proteintech Group, Inc., Rosemont, IL, USA) diluted 1:10,000 was added and incubated for 30 min at 37°C. Following washing five times, reaction was developed by adding a chromogenic substrate solution (TMB) (Beyotime Biotechnology Co., Ltd., Shanghai, China) for 10 min and stopped with Stop Solution for TMB Substrate (Beyotime Biotechnology Co., Ltd., Shanghai, China). The plates were read at 630 nm.



IFA

IFA tests on ASFV-infected cells were conducted on porcine alveolar macrophage (PAM) cells infected with ASFV (The virus was isolated and produced by PAM cells, and the virus TCID50 was measured by the Reed–Muench method. The virus was stored at −80°C. The virus was isolated and stored in the Animal Biosafety Level 3 Laboratory of Huazhong Agricultural University.). PAM cells were collected from 20 to 30-day-old pigs, and the cells were plated on 96-well plates in 10% FBS (Gibco, Thermo Scientific, USA) RPMI 1640 medium (Gibco, Thermo Scientific, Waltham, MA, USA) at 37°C with 5% CO2 and infected with ASFV at an MOI of 0.1. At 36 hpi, cell monolayers were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. The above operations are carried out in the Animal Biosafety Level 3 Laboratory of Huazhong Agricultural University. Cells were incubated with anti-p30 mAb followed by incubation with FITC conjugated goat anti-mouse IgG (ABclonal Technology Co., Ltd., Wuhan, China). Nuclei were stained with DAPI, and the plates were examined using the fluorescence microscope (EVOS FL Auto, Thermo Fisher Scientific, USA).



Serum Standard and Testing Samples

The serum samples were used for blocking ELISA development and validation. One hundred and eighty-six serum samples were analyzed with the established blocking ELISA, including 88 negative sera and 98 ASFV-positive sera. These 88 samples were collected before the outbreak of ASFV in China and were confirmed to be negative by the commercial ASFV antibody detection kit (INgezim PPA COMPAC, Ingenasa, Madrid, Spain). All the 98 ASFV-positive samples used in this study were from clinically infected pigs, and their positivity was determined by the commercial ASFV antibody detection kit (INgezim PPA COMPAC, Ingenasa, Madrid, Spain). ASFV-positive and -negative sera were kindly gifted by the National African Swine Fever Reference Laboratory of the China Animal Health and Epidemiology Center.



Procedure for ASFV Indirect ELISA and Blocking ELISA

The purified p30 mAb was labeled with horseradish peroxidase (HRP) (Shandong Galaxy Bio-Tech Co., Ltd., Jining, China) to establish a blocking ELISA antibody detection method. Purified recombinant p30 protein constructs were coated on flat-bottom polystyrene plates (0.5 μg/ml; 100 μl/well) in carbonated coating buffer (pH 9.6) and incubated overnight at 4°C. The plate was washed five times with PBST (0.05% Tween in PBS, v/v), and the plate was blocked with 2% skimmed milk in PBS, for 1 h at 37°C. After washing, 100 μl of the diluted control and testing sera was added and incubated at 37°C for 30 min, and a washing step was repeated. All control and testing sera samples were diluted 1:1 in dilution buffer (0.01% Tween 20 in 1× PBS). Next, 100 μl of biotinylated anti-p30 mAb (HPR-anti-p30 mAb; 1 μg/ml) was added into each well, and the plate was incubated at 37°C for another 30 min. Following extensive washing, reaction was developed by adding chromogenic substrate solution (TMB) (Beyotime Biotechnology Co., Ltd., Shanghai, China) for 10 min and stopped with Stop Solution for TMB Substrate (Beyotime Biotechnology Co., Ltd., Shanghai, China). The plates were read at 630 nm, and the raw data were transformed to an Excel sheet and consequently the percent of inhibition (PI value) of each test sample was calculated using the formula: PI (%) = [(OD630 value of negative controls – OD630 value of sample)/OD630 value of negative controls] ×100%, as described by Wang et al. (35).



Cut-Off Value, Diagnostic Sensitivity, and Specificity Determination

To calculate the optimal cutoff value, and associated diagnostic sensitivity and specificity, serum samples from individual pigs of known ASFV-positive and -negative testing sample were tested by blocking ELISA. Receiver operating characteristic (ROC) analysis and degree of agreement (kappa value) were analyzed using SPSS software for windows, version 26.0 (IBM, Armonk, NY, USA). Using the commercial blocking ELISA kit as a standard evaluating method, the sensitivity and specificity of the established ELISA were calculated by the web-based MedCalc statistical software [https://www.medcalc.org/calc/diagnostic.test.php (accessed on 7 June 2021)].



Assessment of Blocking ELISA Specificity and Repeatability

To confirm the specificity, the developed blocking ELISA was used to detect six polyclonal anti-sera against other swine viruses (PCV2, PCV3, CSFV, PRV, PRRSV, O-FMDV).

The repeatability of blocking ELISA was assessed by running 10 control sera (three positive control, three medium-positive control, and four negative control). The within-run assay precision was calculated using a standard serum tested on three plates in one run, and the between-run precision was calculated from a standard serum tested in three different runs. Means, standard deviations, and percent coefficient of variation (% CV) were calculated using SPSS software for windows, version 26.0.



Detection Antibody in ASFV-Infected Pig Sera, ASFV Positive Standard Serum

ASFV-infected pig sera were collected at different time-points (0, 5, 10, 15, and 20 Dpi) from experimentally infected pigs. Five sera were collected at each stage. The ASFV-infected pig sera were donated by Harbin Veterinary Research Institute. The ASFV-positive standard serum (no. 202101) and the ASFV-positive standard serum against CD2v-negative (no. 202101) (swine sera infected with ASFV delete the CD2v gene) were purchased from the China Veterinary Drug Administration. The ASFV-positive standard serum and the ASFV-positive standard serum against CD2v-negative at different dilutions were titrated with twofold dilutions from 1:4 to 1:1,024. All collected serum samples were tested by the p30 mAb-based blocking ELISA.




RESULTS


Antigen Preparation

The synthetic DNA fragment of the CP204L gene from ASFV-positive DNA was cloned and expressed in E. coli as a His-tagged recombinant protein. The p30 protein was expressed at a high level but formed inclusion bodies. Coomassie blue staining showed a sharp band at the predicted size of the purity His-tagged p30 (~36 kDa) in sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1A). The identity of the recombinant protein was further confirmed by Western blot analysis using an anti-His mAb (Figure 1B) and the ASFV-positive serum (Figure 1C).


[image: Figure 1]
FIGURE 1. Analysis of p30 protein. (A) SDS-PAGE analysis of recombinant p30 protein. The recombinant protein can be seen at 36 kD (Black). (B) Western blot analysis of recombinant p30 protein with anti-His tag antibody. The recombinant protein can be seen at 36 kD (Black). It can be seen that the recombinant protein can react specifically with anti-His mAb. (C) Western blot analysis of recombinant p30 protein with ASFV positive serum. The recombinant protein can be seen at 36 kD (Black). It can be seen that the recombinant protein can react specifically with ASFV positive serum; M: protein Marker; 1: Negative control; 2, 3, 4: p30 protein.




Generation of MAbs Against ASFV p30

To generate anti-p30 mAbs, mice were immunized with recombinant p30 protein. After the fusion process, supernatants from the resulting hybridoma cells were screened by p30 indirect ELISA, Western blot analysis (Figure 2A), and IFA using PAMs infected with ASFV (Figure 2B). One mAb from each primary clone, mAb 2D6, 6B3, and 10B8, was selected for further characterization. The different mAbs at different dilutions were titrated with 2-fold dilutions from 1:1,000 to 1:1,024,000 (Figure 2C). Furthermore, isotypes of mAbs were characterized using the mouse Ig isotyping kit (Southern Biotechnology Associates, Inc., Birmingham, USA) and all were found to be IgG1 with kappa light chain (Table 1).


[image: Figure 2]
FIGURE 2. Selection of p30-specific mAb for use in blocking ELISA. (A) Western blot analysis anti-p30 mAbs. The three anti-p30 monoclonal antibodies can react specifically with recombinant protein at 36 kD (Black). (B) IFA performed on PAMs that were infected with ASFV. Cells were incubated with p30-specific mAbs listed on the top of each panel and stained with FITC-conjugated goat anti-mouse IgG (Green). Cell nucleus was counterstained with DAPI (Blue). Scale bars, 200 μm. (C) Different mAbs titer test results. The OD value of mAb-2D6 (Red) at any dilution is higher than mAb-6B3 (Blue) and mAb-10B8 (Green). It is shown that mAb-2D6 has the highest antibody titer.



Table 1. Identification of subclasses of p30 monoclonal antibodies.
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Assessing Potential Uses of p30 Monoclonal Antibodies for Blocking ELISA

To evaluate the potential use of these anti-p30 monoclonal antibodies as a diagnostic reagent for ASFV antibody detection, blocking ELISA based on each monoclonal antibody was investigated. Five positive sera and five negative sera were selected to determine which p30 monoclonal antibody will have a good performance to be applied in blocking ELISA. Each sample was tested with the blocking ELISA at a dilution of 1:2, and the percent of inhibition (PI value) of each sample was calculated (Figure 3). The result revealed that all test-positive samples were able to block mAb-2D6 by greater than others.


[image: Figure 3]
FIGURE 3. Investigation of p30 monoclonal antibodies on blocking ELISA for ASF detection. The percent of inhibition of five positive samples (Red) and five negative samples (Blue) were determined, and the average percent of inhibition of negative and positive samples was displayed.




Standardization and Determining the Negative Cut-Off Value for Blocking ELISA

After optimizing the protocol for competitive ELISA, a total of 186 pig serum samples (88 negative samples and 98 positive samples) were tested to assess the performance of the assay. These samples were classified as ASFV seronegative or ASFV seropositive according to their known origin and using a commercial ASFV antibody detection kit (INgezim PPA COMPAC, Ingenasa, Madrid, Spain). All samples were tested in duplicate by the established blocking ELISA, and the percent of inhibition value of each sample was calculated. An ROC curve statistical analysis was performed and allowed us to determine the cutoff value and estimate the diagnostic sensitivity and specificity of the assay (Figure 4A). In addition, an interactive dot plot diagram outlined the blocking value of these samples, as shown in Figure 4B. An AUC of 1 represents a perfect test, and an AUC above 0.9 indicates high accuracy of the assay. Based on the ROC analysis, the area under the curve (AUC) of the established test was 0.997 (95% confidence interval: 99.2 to 100%). Besides, a diagnostic sensitivity of 97.96% (95% confidence interval: 92.82 to 99.75%) and a specificity of 98.96% (95% confidence interval: 93.83 to 99.97%) were achieved when the cutoff value was set to 38.38%, demonstrating the high accuracy of the assay.


[image: Figure 4]
FIGURE 4. ASFV p30-based blocking ELISA analysis of serum samples. The analysis was performed on known ASFV-negative samples (n = 88) and known ASFV-positive samples (n = 98). (A) ROC analysis of blocking ELISA results while the area under the curve (AUC) of the test was 0.997. (B) Interactive dot plot diagram showing the blocking value of serum samples while the cut-off value was set to 38.38%.




Assessment of Blocking ELISA Specificity and Repeatability

To confirm the specificity, the developed blocking ELISA was used to detect six polyclonal anti-sera against other swine viruses (PCV2, PCV3, CSF, PR, PRRSV, O-FMDV). All sera yielded a negative result in the blocking ELISA with a blocking value much lower than the cutoff value. Thus, non-specific positive swine sera were clearly discriminated from the ASFV-positive sera, suggesting that the established blocking ELISA has a satisfactory analytical specificity.

Reproducibility determines whether an entire experiment or study can be reproduced. In this study, 12 serum samples (eight positive samples and four negative samples) were selected for testing by the developed blocking ELISA while the intra- and inter-assay variations were determined by calculating the coefficient of variation (CV%). The coefficient of variation (CV) <10% was considered to have an adequate repeatability. In this study, an intra-assay CV ranging from 1.09 to 8.56% and an inter-assay CV ranging from 1.21 to 9.92% were observed, indicating that the p30-based blocking ELISA is highly repeatable.



Antibody Response to p30 in ASFV-Infected Pigs

Next, we applied the p30-based blocking ELISA to determine the humoral immune response in ASFV-infected pigs. The ASFV-specific antibody response was determined using blocking ELISA. As shown in Figure 5, the antibody response against p30 protein was detected seroconversion as early as 10 Dpi in two out of five pigs and the p30 response peaked around 20 Dpi.


[image: Figure 5]
FIGURE 5. Kinetics of antibody response in serum from ASFV-infected pigs. Serum samples were collected from six pigs infected by ASFV at 0, 5, 10, 15, and 20 days post inoculation. The dashed line represents the cut-off of blocking ELISA.




Analytical Sensitivity of the p30-Based Blocking ELISA

After the assay conditions were optimized, the analytical sensitivity of the p30-based blocking ELISA was evaluated using the ASFV-positive standard serum and the ASFV-positive standard serum against the CD2v-negative one. The maximum dilution of ASFV-positive standard serum detected at different dilutions was 1:512, and the ASFV-positive standard serum against CD2v-negative maximum dilution was 1:64, indicating that the p30-based blocking ELISA is highly sensitive (Figure 6).


[image: Figure 6]
FIGURE 6. Sensitivity assay. The ASFV-positive standard serum (Red) and the ASFV-positive standard serum against CD2v-negative (Blue) at different dilutions were titrated with 2-fold dilutions from 1:4 to 1:1,024. The dashed line represents the cut-off of blocking ELISA.





DISCUSSION

ASFV causes a serious deterioration and incalculable adverse economic impact around the world especially in China which has the largest pig industry (13, 16, 17). Currently, there is no vaccine or other treatments available for ASFV. The principal strategy for control remains early detection, quarantine, and depopulation of affected herds. Cost-effective detection strategies are needed for conducting high-throughput surveillance (2, 7, 24–27). Although the seroconversion time was later than the virus genome-detected time, no significant symptoms were found in the variant strain-infected animals, and the infected pigs underwent intermittent detoxification (18). In addition, in several areas (Africa and Europe), many pigs or wild boar survived infection and presented no clinical signs of ASFV at the time of samplings, without the presence of ASFV attenuated variants (36–38); thus, we need to accurately detect the antibody of the animal to be tested to facilitate the determination of the infection of the pigs. Therefore, a sensitive and reliable serological diagnostic assay is required, so as laboratories can effectively and quickly detect ASFV infection (18, 26).

ELISA is considered a common tool to carry out serological surveillance. Among these ELISA methods, two main types of ELISAs have been employed in antibody detections. One is indirect ELISA, where coated antigens capture specific antibodies in serum samples directly. The other is blocking or competitive ELISA, where virus-specific antibodies in samples react with antigens to block or compete with the binding of a mAb to the antigens. The specificity of iELISA is generally influenced by high background due to the non-specific reaction of serum antibodies to contaminant antigens in the tests (39). In this study, we established a blocking ELISA for the detection of antibodies against ASFV in pig serum. The ELISA is a rapid, economical, and sensitive diagnostic method for screening large numbers of sera for antibodies. Additionally, the specificity of this method is supposed to be even higher due to the usage of mAbs. Blocking ELISAs were widely used for a broad range of applications concerning serological diagnosis of various diseases in different animal species (40, 41).

The p30 mAb-based blocking ELISA demonstrated good diagnostic sensitivity of 97.96% and specificity of 98.96%. Based on the selected cutoff value of 38.38%, 1 out of 88 negative sera samples showed false-positive results, with a PI value of 50.01, while 2 out of the 98 positive serum samples showed false-negative results with PI values of 36.59 and 38.03%. It has been reported that intrinsic and external factors, such as autoantibodies, sample quality, and sample storage conditions, can affect the serologic testing (41). Physical and chemical parameters can also affect the test results in the laboratory, such as hemolysis and lipemia (42). In our study, of the two false-negative serum samples and the one false-positive sample, these three serum samples were confirmed as negative by IFA.

The p30 mAb-based blocking ELISA was further validated for detecting seroconversion and monitoring the dynamic of antibody response in experimental pigs infected with ASFV. The blocking ELISA was able to detect seroconversion in two out of five pigs at 10 dpi. It detected an increasing trend of antibody response against p30 protein through the time course of the study (0–20 dpi). The detection of seroconversion at 10 dpi was consistent with the findings in previous studies (23, 43–45), so this detection method can be used as an early detection kit. The maximum dilution of the ASFV-positive standard serum and the ASFV-positive standard serum against the CD2v-negative one at different dilutions were 1:512 and 1:64, respectively, indicating that the p30-based blocking ELISA was highly sensitivity and it can detection for variant strains.

Furthermore, with the emergence of domestic attenuated strains and atypical clinical symptoms, antibody detection methods can be used as an effective means to detect infections. The antibody detection methods can be used to screen ASF antigen–antibody double-negative pigs upon introducing pigs into farm. Due to its simplicity concerning the coating antigen production, easiness to perform, and low cost, the test will be a useful tool for field surveillance and epidemiological studies in swine herd. The non-invasive test for a complete epidemiological investigation in the field is very important, especially ASF. In subsequent studies, an attempt should be made to establish an antibody detection method for oral fluid.



CONCLUSION

This study prepared three monoclonal antibodies against the structural p30 protein of ASFV, and their diagnostic application was investigated. The p30 mAb-based blocking ELISA developed in this study demonstrated a high repeatability with maximized diagnostic sensitivity and specificity in laboratory settings. Through the aforementioned experiments and analysis, we conclude that the newly developed mAb 2D6-based blocking ELISA method offers a promising approach for a rapid and convenient ASFV serodiagnosis. The assay could be a useful tool for field surveillance and epidemiological studies in swine herd.
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Vesicular stomatitis virus (VSV) causes a disease in susceptible livestock that is clinically indistinguishable from foot-and-mouth disease. Rapid testing is therefore critical to identify VSV and rule out FMD. We previously developed and validated a multiplex real-time reverse transcription polymerase chain reaction assay (mRRT-PCR) for detection of both VS New Jersey virus (VSNJV) and VS Indiana virus (VSIV). However, it was subsequently apparent that this assay failed to detect some VSNJV isolates in Mexico, especially in genetic group II, lineage 2.1. In order to enhance the sensitivity of the mRRT-PCR for VSNJV, parts of the assay were redesigned and revalidated using new and improved PCR chemistries. The redesign markedly improved the assay by increasing the VSNJV detection sensitivity of lineage 2.1 and thereby allowing detection of all VSNJV clades. The new assay showed an increased capability to detect VSNJV. Specifically, the new mRRT-PCR detected VSNJV in 100% (87/87) of samples from Mexico in 2006-2007 compared to 74% for the previous mRRT-PCR. Furthermore, the analytical sensitivity of the new mRRT-PCR was enhanced for VSNJV. Importantly, the modified assay had the same sensitivity and specificity for VSIV as the previously published assay. Our results highlight the challenges the large genetic variability of VSV pose for virus detection by mRRT-PCR and show the importance of frequent re-evaluation and validation of diagnostic assays for VSV to ensure high sensitivity and specificity.

Keywords: vesicular stomatitis, real time PCR, diagnostic, genetic diversity, epidemic lineage


INTRODUCTION

Vesicular stomatitis virus (VSV) is an arbovirus and prototype of the Rhabdovirus viral family and vesiculovirus genus from which vesicular stomatitis Indiana virus (VSIV) and vesicular stomatitis New Jersey virus (VSNJV) constitute the main serotypes (1). VSV has a single-stranded negative-sense RNA genome structured in five different genes, encoding five structural proteins: nucleoprotein (N), phosphoprotein (P), matrix (M), glycoprotein (G) and the large RNA-dependent polymerase (L) (2).

The genetic diversity of VSNJV has been associated with at least six different phylogenetic clades, which are directly linked to the geographical regions where these viruses are typically circulating (3). The homology among VSNJV has been calculated between 79.56 and 85.16% and 91.04 and 94.66% at the nucleotide and amino acid levels, respectively (3).

In southern Mexico, where VSV is endemic, clinical cases are recorded on an annual basis (4). These VSV endemic zones are colonized by multiple lineages belonging to North American Clade I (3). Most VSV outbreaks recorded in the United States have been linked to endemic ancestors from these regions (4–6).

Between 2005 and 2011 two interesting epidemiological events occurred in Mexico. The emergence of a highly virulent epidemic lineage 1.1 (7), which affected central and northern Mexico was reported, and was subsequently isolated in the US in 2012 (4). Concurrently, an incursion of multiple lineages belonging to the Central America clade II were described for the first time in Mexico (4). Although these lineages were initially found to produce clinical infections in livestock in southern Mexico, by 2011 clinical cases associated with these lineages were detected in central Mexico. This implies that VSV may spread from Central America into the US via Mexico.

VSV clinical manifestations, such as epithelial lesions, resemble the ones produced by foot and mouth disease virus (FMDV), one of the most economically devastating livestock diseases worldwide (8). As such, the differential diagnosis of VSV is performed on a regular basis. Real-time reverse transcription polymerase chain reaction (rRT-PCR) is one of the quickest diagnostic and most valuable tests for this purpose (9–12). In this context, we consider it imperative to have continuous validation of this diagnostic mRRT-PCR assay to ensure the accuracy and reliability over time, especially given the genetic heterogeneity of VSV and the possibility for sequence mutations within the target gene.

We initially published the development and the validation of a mRRT-PCR that targets a specific region of the L gene; an assay capable of detecting and serotyping VSIV and VSNJV strains from field samples in a single reaction (13). This was followed by a reevaluation and subsequent validation using representative strains of different VSNJV genetic groups (3), to extend its range of detection associated with genetic groups II, IV, V, and VI (10).

Herein, we are presenting the results of the second redesign and validation of our mRRT-PCR assay to enhance the detection of VSNJV associated with the genetic group II. We aimed to evaluate the performance of our mRRT-PCR assay to detect samples from both the Central American lineage 2.1 recently introduced in Mexico and the epidemic lineage 1.1. The results of this study are discussed in terms of the importance of maintaining a continuous validation program of the mRRT-PCR protocols used in the detection of VSV. This highlights the relevance of molecular epidemiology studies using multiple methods to promote the detection of new lineages of this virus and the consequent improvement of routine diagnostic tools.



METHODS


Sample Collection

A total of 17 tissue suspensions from epithelial samples collected during 2008 from naturally infected cows in eight different states of Mexico were obtained from the Mexico-United States Commission for Prevention of Foot-and-Mouth Disease and other Animal Exotic Diseases (CPA). These samples represent the genetic diversity of VSNJV in Mexico from 2005 to 2011 and include VSNJV associated with genetic clades I including a sample representing the endemic lineages in Mexico, as well as samples from lineages 1.1 and 1.2 (the most recent common endemic ancestor of lineage 1.1) (n = 6) and lineage 2.1 (n = 11) (Figure 1A). These samples were from a molecular epidemiology study conducted in Mexico and were previously determined to be positive for VSNJV by double antibody sandwich ELISA (DAS ELISA) for VSV antigen detection, viral isolation, conventional RT-PCR, and sanger sequencing (4). Specific details about these samples are presented in Figure 1.


[image: Figure 1]
FIGURE 1. General information and analysis of the 17 epithelial samples obtained from naturally infected livestock with VSNJV in Mexico during 2008. (A) Phylogenetic analysis reconstructed by maximum likelihood method representing the genetic relationship of VSNJV in the 17 tissue suspensions used for the validation of this study (highlighted in red). The analysis was enhanced using VSNJV isolates representing different genetic groups of this serotype. (B) Results of the comparison of the 2010 protocol using different master mix kits. (C) Gel visualization of the amplicons from the mRRT-PCR reactions using the original 2010 protocol.




RNA Extraction and mRRT-PCR Performance

Viral RNA was extracted using the MagMax™-96 viral RNA isolation kit (AM1836, Applied Biosystems) and a KingFisher automated extraction system (ThermoFisher Scientific) following the manufacturer's instructions. The presence of VSNJV by mRRT-PCR was evaluated using an Applied Biosystems 7500 real-time PCR platform. Initially, samples were evaluated using the 2010 protocol and conditions (10). Briefly, master mix preparation was carried out using the Platinum Quantitative RT-PCR Thermoscript One-Step System kit (Applied Biosystems #11731015), in a final volume of 25 ul. Amplification conditions were as follows: one cycle of reverse transcription for 30 min at 50°C, followed by 1 min at 95°C, and 45 cycles of 95°C for 15 s, 54°C for 30 s, and 72°C for 1 min (Data collection). Additionally, to evaluate the potential effect of the master mix kit in the reaction, we performed this protocol using the TaqMan™ Fast Virus 1-Step Master Mix kit (Applied Biosystems #4444434) in a final volume of 25 ul. Amplification conditions for this kit are as follows: For reverse transcription 1 cycle of 5 min at 50°C followed by 95°C for 20 s, and 45 cycles of 95°C for 15 s and 60°C for 45 s (Data collection).



Primers, Probes and Amplification Conditions Developed for the 2021 Protocol

The set of primers and probes included in the 2021 protocol for the VSIV component, produce a predicted amplicon size of 227 bp. The nucleotide locations in the L gene are based on the VSIV strain Mudd-Summers (GenBank: MN164438.1). Primers are described as: 7230F 5'-TGATACAGTACAATTATTTTGGGAC-3' (7230-7254 nucleotides), and 7456R 5'-GAGACTTTCTGTTACGGGATCTGG-3' (7456-7433). The probe IN 22 was labeled at the 5'-end with the reporter dye VIC and MGB (minor groove binder) was incorporated at the 3'-end. 5'-VIC-ATGATGCATGATCCTGCTCTTC-MGB-3' (7274-7295). The primers and probes included in the VSNJV component produce a predicted amplicon size of 266 bp. The nucleotide locations in the gene L are based on the VSNJV strain NJ0612NME6 (GenBank: MG552609.1) Primers were described as:7230F-1: 5'-TGATTCAATATAATTATTTTGGGAC-3' (7133-7157), 7230F-2: 5'-TGATTCAATATAATTACTTTGGAAC-3 (7133-7154) and REV2: 5'-AGGCTCAGAGGCATGTTCAT-3' (7398-7379). Probes were labeled at the 5'end with the reporter dye FAM and MGB was incorporated at the 3'end. These were identified as: M1 5'-FAM-TTTATGCATGATCCCGCAATACG-MGB-3' (7177-7199), M2 5'-FAM-TTTATGCATGACCCTGCCATAAG-MGB-3' (7177-7199), and short probe 5'-FAM-TTGCACACCAGAACAT-MGB-3' (7237-7252). Details about the development of the 2021 protocol are presented in the results and discussion sections.

The master mix for the reaction was made with the TaqMan™ Fast Virus 1-Step Master Mix kit in a final volume of 25 ul. Final 1× mix included: RNase-Free Water 12.25 μl, 4× TaqMan Fast Virus 1-step Master Mix 6.25 μl, Forward primer mix (7230F +7230F-1 +7230F-2: 0.2 μM each) 0.5 μl, reverse primer mix (7456R + REV2: 0.2/0.8μM, respectively) 0.5 μl, and probe mix (short + M1+ M2 + IN 22: 0.1, 0.05, 0.05, 0.1μM, respectively) 0.5 μl, and RNA template 5 μl. Amplification conditions were as described above for the TaqMan™ Fast Virus 1-Step Master Mix kit. More information about this is available in the Supplementary File 1.



Amplification Efficiency, Analytical Sensitivity and Diagnostic Specificity

The determination of amplification efficiency and analytical sensitivity of the new protocol were performed as previously described (14). Several 10-fold dilutions of a known titer of either VSNJV or VSIV reference strains (Ogden and San Juan, respectively) were prepared and triplicates of each dilution were assessed by mRRT-PCR to ascertain the limit of detection, defined as the last dilution where all repetitions were positive in all three replicates. To assess the accuracy of the results, this experiment was performed three times.

For the diagnostic specificity a total of 80 negative cattle epithelial tissues were evaluated, as well as different viruses associated with the production of vesicular lesions in livestock. This analysis comprised of six FMDV strains including serotypes A, O, Asia 1, SAT 1, SAT 2 and SAT 3, two strains of swine vesicular disease virus (SVDV) and two strains of Senecavirus A (SVA).



Phylogenetic Analysis

To evaluate the genetic relationship between the 17 viruses included in this study and the six genetic groups of VSNJV, a phylogenetic analysis was reconstructed by Maximum likelihood method under the general time reversible model, with a bootstrap analysis of 1,000 replicates to assess the accuracy of the reconstruction. Analysis was conducted on the software MEGA X (15). Alignments were conducted with Jalview version 2.11.1.3 using the Clustal W algorithm.



Sanger Sequencing

Primers used for the purpose of sequencing were the previously described 7230F-1 and REV2 located in the gene L. PCR products were purified using QIAquick PCR purification kits (Qiagen). Sanger sequencing of these products was performed using a BigDye Terminator Cycle Sequencing kit (Applied Biosystems). Sequencing reactions were run on a 3500xL genetic analyzer (Applied Biosystems) and the raw data was analyzed using Geneious Prime version 2021.0.3 (Biomatters Ltd.).




RESULTS AND DISCUSSION

The results indicated that our 2010 protocol was unable to detect 8 out of the 11 samples associated with clade II lineage 2.1 and one sample associated with endemic lineages of Mexico (Figure 1B). Conversely, this protocol was able to detect all samples associated with clade I lineages 1.1 and 1.2. When PCR products were visualized by agarose gel electrophoresis, amplification products matching the expected size of VSNJV amplicon were observed in most of the mRRT-PCR negative reactions indicating failure of VSNJV detection in these samples by mRRT-PCR might be associated with mismatches in the probes. In addition, the presence of weak bands (low amount of amplicons) observed in some samples was potentially due to issues with the primers (Figure 1C). We then evaluated the potential effect of the TaqMan™ Fast Virus 1-Step Master Mix kit and the new cycling conditions on the performance of the 2010 protocol. Interestingly, the use of this new kit and amplification conditions allowed for the detection of all samples, albeit at suspicious or high Ct values and weak curves (Figure 1B), demonstrating the positive effect that the use of this kit and amplification conditions have for this protocol.

To assess the presence of mutations potentially causing specific mismatches between regions of the L gene and the primers and probes of this assay, Sanger sequencing was conducted using the forward and reverse primers described in our 2010 protocol (10). Consistent with the results observed in the analysis of negative reactions in the agarose gel, a total of seven mutations were present in all samples associated with the lineage 2.1 viruses in both the primers and probe regions; mismatches at forward primer (n = 3), probe 1 (n = 3) and reverse primer (n = 1) (Figure 2A). Though using TaqMan fast enabled the 2010 mRRT-PCR to detect VSNJV in all samples tested, we hypothesized that the mismatches in the primers and probes diminished the overall performance of the assay, especially the analytical sensitivity. Based on these results, and to improve the assay to better detect VSNJV from a Central America origin, primers and probes were modified based on the sequences obtained from the Mexico isolates and were further evaluated. Overall, we included a new forward primer (NJ-7230F-2), replaced the 2010 probe 1 with probes M1 and M2 (representing clades I and II), and substituted probe 2 with a shorter probe at the same location (Figure 2A). For the VSIV component of the assay, the only modification in relation to the 2010 protocol, was the addition of five nucleotides at the 3' end of the IN 22 probe to promote the stability of this reagent in the reaction. Blast analysis of IN 22 probe showed 100% of identity with all VSIV isolates reported in GenBank database including all isolates reported from the most recent VSIV outbreak in the USA (16).
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FIGURE 2. Development and validation of the new set of primers and probes for the VSVNJ component. (A) Detection of mutations associated with viruses from lineage 2.1 in the target region of the L gene. The sequence of new primers and probes designed to update the 2010 protocol are shown. The performance of the 2010 protocol using either the original or with a combination between some of the original and the new designed primerson (B) 11 samples from Central American lineage 2.1, and (C) 6 samples representing 1.1, 1.2 and endemic lineages from Mexico. (D) Comparison in the analytical sensitivity between the two versions of the 2010 using several 10-fold dilutions of RNA extraction from a representative virus of lineage 2.1.Upper and lower means were calculated using JMP PRO software with the standard error set at p < 0.05. Numbers under different symbols represents the differences in the Ct values between samples evaluated by the two versions of the 2010 protocol. Asterisks represent statistically significant values (p < 0.05) obtained by the paired T-test conducted in GraphPad 9.0.0; symbols represent the average of three replicates.


To evaluate the effect of the newly designed primers and probes in the detection of lineage 2.1, the 2010 protocol was performed using either the original primers and probe set or a combination including some of the original assay and the newly designed primers and probes (see Methods section for exact information about this mix. Both versions were performed using the TaqMan™ Fast Virus 1-Step Master Mix kit.

Compared to the results obtained using the 2010 protocol with the original set of primers and probes, the 11 samples associated with lineage 2.1 showed a statistically significant (p < 0.05) decrease in the Ct values (between −10.25 and −11.88), producing a significant 3.5-4 log10 improvement in terms of diagnostic sensitivity for this lineage when using a combination primer and probe mix containing some of the original set and the new set (Figure 2B). Conversely, no statistically significant differences were found in the six samples associated with lineages 1.1, 1.2 and endemic Mexico (Figure 2C). Furthermore, the increase in the diagnostic sensitivity for the detection of samples from lineage 2.1 was evidenced when the performance of the 2010 protocol was compared again using either the original or a mix containing both new and old primers and probes (Both using the TaqMan™ Fast Virus 1-Step Master Mix kit) using multiple 10-fold serial dilutions of viral RNA from a sample belonging to the 2.1 lineage (NJ1008TBB) (Figure 2D). Although both assays exhibited comparable amplification efficiency R2 values (~0.99), the 2010 protocol using a mix between the original and new set of primers and probes appeared statistically (p < 0.05) 1,000 times more sensitive than the same protocol using the original set of primers and probes, showing the positive effect that the new set of primers and probes have in the detection of lineage 2.1 (Figure 2D).

Based on the results expressed above, we changed the conditions of our 2010 protocol to include a primer-probe mix containing a combination of some of the original set and the newly designed set of primers and probes. We also incorporated the TaqMan™ Fast Virus 1-Step Master Mix kit and the amplification conditions for this kit to establish the improved assay referred to as the 2021 protocol.

To get a better perspective of the overall performance of the 2021 protocol, a validation testing was performed. The validation analysis showed that the 2021 protocol is highly sensitive for the detection of VSNJV and VSIV serotypes (1.3 and 1.05 TCID50/ml, respectively), both the PCR efficiency and amplification factor parameters were found to be optimal (17) (Figures 3A,B). No positive reactions were obtained after 45 cycles of amplification when negative epithelial samples were tested, resulting in a diagnostic specificity of 100%. In addition, no cross-reactivity was observed when representative isolates of FMDV, SVDV and SVA were evaluated with this protocol. Based on these results, samples were considered positive with Ct values <36, suspicious between Cts 36-40 and negative with a Ct > 40. Furthermore, comparability testing of the 2021 protocol on additional real-time PCR machines including the CFX96 Touch (BIO RAD) and the QuantStudio 7 Pro (Applied Biosystems) gave similar results indicating the robustness of this assay across platforms.


[image: Figure 3]
FIGURE 3. Determination of the amplification efficiency and the analytical sensitivity values of the 2021 protocol using reference strains of each serotype. Initial validation of the 2021 protocol was conducted on the (A) VSNJV and (B) VSIV components of this protocol. In each graphic are depicted values of PCR efficiency, amplification factor, and R2 correlation values associated with the PCR efficiency. The analytical sensitivity of each component is shown in the rectangle that corresponds to the last dilution where all three replicates were detected.


To further validate the performance of the 2021 assay, a historical collection of VSV samples stored at the NCFAD were tested and compared to previous results. These samples included VSNJV samples from Mexico (n = 87) collected between 2006 and 2007, Colombia (n = 78), VSIV from Colombia (n = 74) collected between 1996 and 2002 as well as multiple VSNJV samples (n = 11) (representative of all six genetic groups) and VSIV (n = 4) representing multiple lineages from the Americas received from PIADC.

Interestingly, with the VSNJV samples from Mexico, we observed an overall slight decrease in the mean of the Ct values between the original 2010 protocol (10), and the newly established 2021 protocol (Figure 4A). Within this group, a statistically significant (p < 0.05) decrease in the Ct values was recorded in a total of 20 samples, showing an improvement in analytical sensitivity for these samples. The 2021 protocol was also able to detect 100% of the samples (87/87) compared with a detection rate of 74.1 % (65/87) using the 2010 protocol. This represents an increase of 25.9% in the diagnostic sensitivity for detection of lineages circulating in Mexico. Similar results were found in the overall mean Cts during the evaluation of VSNJV samples from Colombia (Figure 4B). In this context, we saw a significant (p < 0.05) decrease in Ct values in a total of 25 samples and an increase in the diagnostic sensitivity of 1.2% for the detection of all samples. Conversely, a slight increase in the overall mean of Ct values was seen in the 2021 protocol when compared with the 2010 protocol during the evaluation of VSIV from Colombia (Figure 4C). Furthermore, we recorded an improvement in the diagnostic sensitivity for VSIV, from 94.5% (70/74) to 100% when using the 2021 protocol.
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FIGURE 4. Validation of the 2021 protocol for detection of VSV. Validation was performed using a set of VSNJV field samples from (A) Mexico, (B) Colombia, and VSIV field samples from (C) Colombia. (D) Isolates representing the different genetic groups of VSNJV and VSIV. Comparisons were established using historical values obtained during the validation of the 2010 protocol. Upper and lower means of Cts were calculated using JMP PRO software with the standard error set at p < 0.05.


Finally, similar to the 2010 protocol, the 2021 protocol was able to detect not only all reference VSNJV isolates representing all genetic groups of this serotype, but also all isolates associated with VSIV (Figure 4D). In case of VSNJV, there was a slight decrease in the Ct values for isolates representing the genetic groups III, IV, V, and VI. We observed a slight increase in the Ct value for the detection of the isolate associated with the genetic group II. VSIV isolate IN97CRB, also had an increased Ct (Figure 4D). Furthermore, low Ct values (Cts of 18-19) were obtained with the 2021 protocol, detecting viral isolates NJ0612NME6, and IN0919WYB1 associated with the 2012 VSNJV and 2019 VSIV outbreaks in the US, respectively (16, 18). Interestingly, during the revision process of this manuscript, we were able to evaluate the ability of the 2021 protocol to detect a group of five representative isolates (NJ0911CPB7, NJ0911CPB1, NJ1011TBP3, NJ0911TBB3, NJ0911CPB10) of the central American lineage 2.2 circulating in Mexico during 2011 (4), confirming the ability of this protocol to detect additional VSNJV lineages from central America (Ct values ranged between 17 and 19).

Overall, our data shows that the updating the primers and probes for VSV mRRT-PCR and using TaqMan™ Fast Virus 1-Step Master Mix kit substantially improves the detection of the Central America VSNJV lineage 2.1. This new assay is a vast improvement over previous ones for the detection of VSNJV group II which has high genetic variability. As lineage 2.1 has the potential to cause outbreaks in northern Mexico and the southern USA (4), it could be readily identified using this assay thereby making it an important diagnostic tool. Currently, studies are being conducted in Mexico to determine the molecular epidemiology of this lineage.

We think that the combination of two main factors contributed to the improved performance of the 2021 protocol. The most important changes were the sequence of the primers and probes that were redesigned in the new assay to accommodate mutations in the mRRT-PCR target on the L gene. The other important change was the TaqMan™ Fast Virus 1-Step Master Mix kit in place of the Platinum Quantitative RT-PCR Thermoscript One-Step System kit. The effect of this variable was evidenced by the overall improvement of the 2010 protocol. However, the inclusion of the new set of primers and probes in the VSNJV component of this assay was clearly a key factor to improve the detection of the central American lineage 2.1 Regarding the improvement in the sensitivity of the VSIV component of the assay, the most likely explanation may be associated with the use of the new amplification kit and conditions. However, at this point, we can't rule out the potential positive effect that the increase in the length of probe IN 22 might have in the performance of this component of the assay.

Considering the absence of sequencing information from the historical Mexican samples (2006-2007), we cannot rule out the possibility that some of these samples were associated with central America lineages, as they were identified in Mexico in 2005 (4). This may therefore explain improvement in the diagnostic sensitivity observed with the 2021 protocol for VSNJV samples from Mexico. Along with the molecular changes to the assay and based on the information provided by the manufacturer, one of the features of the TaqMan™ Fast Virus 1-Step Master Mix kit is its ability to better handle PCR inhibitors which may explain the added improvement this chemistry also provides to the assay. This feature may be especially important considering that the main target of this protocol is the use of clinical samples mostly represented by epithelial tissues.

The results presented in this study show the difficulties involved in the diagnosis of VSV by mRRT-PCR assay due to the heterogeneity of VSNJV. Based on these findings, we consider it imperative to perform continuous molecular epidemiology studies to increase the knowledge regarding the tremendous genetic diversity associated with this virus. In this context, although we demonstrate the capability of our protocol to detect VSNJV from all genetic groups, we consider that one of the main limitations of this study is the reduced number of samples used to support the development of the new primers and probes presented herein. Thus, we consider it imperative to conduct future validations using a vast number of samples to deeply cover the genetic variability within the different genetic groups.

Furthermore, this study exposes the necessity to keep a continuous validation program in diagnostic laboratories to ensure the correct performance of VSV mRRT-PCR using recent field isolates and the evaluation of new master mix kits.

In conclusion, we consider that the 2021 protocol presented herein, represents an excellent option not only for diagnostic purposes, but also for research laboratories that perform various studies with VSV (19–21).
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(Sequence
type)
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§T3
sT3
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ST
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ST
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ST12

accession
numbers

CP006976
LYOX00000000
CP003328
PPVEOO000000
PPVFO0000000
CP003313
CP007040
PPVG00000000
PPVHO00000000
PPVIO0O000000
PPV.JO0000000
PPVK00000000
PPVLO0000000
PPVMO0000000
PPVNOO000000
PPVO00000000
PPVP0O0000000
PPVQO0000000
PPVR00000000
PPVS00000000
PPVT00000000
PPVU00000000
PPW00000000
PPVWO00000000
PPVX00000000
PPVY00000000
PPVZ00000000
PPWAO0000000
PPWB00000000
PPWC00000000
PPWDO00000000
PPWEO00O00000
PPWF00000000
PPWG00000000
PPWH00000000
PPWI00000000
PPWJ00000000
PPWKO00000000
PPWL00000000
PPWNO0000000
PPWNMO0000000
PPWO00000000
PPWP00000000
PPWQ00000000
PPWR00000000
PPWS00000000
PPWT00000000
PPWU00000000
PPWV00000000
PPWWO00000000
PPWX00000000
PPWYO00000000
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Measure

Apparent prevalence
True prevalence

Sensitiity

Specificity

Positive predictive value
Negative predictive value
Likelyhood ratio for positive test
Likelyhood ratio for negative test
Diagnostic accuracy

Closs;, 95% confidence interval.
inf, infinity; NA, non applicable.

Estimate

34.6%
53.8%
64.3%
100%
100%
70.6%
inf
0.357
80.8%

Clos,

17.2-66.7%
33.4-73.4%
35.1-87.2%
64.0-100%
56.6-100%
44.0-89.7%
NA
0.177-0.721
60.6-93.4%
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sample Pathogen

2 E. coli F5
4 E.coli F5

15 M. haemolytica
19 M. haemolytica
20 M. haemolytica
21 M. haemolytica

BLAST results —accession no.

MH916617, KR870316, KR606337, KP054295, JX987524, GUI51525, FJ864678, M35282 (100% identity)
MH916617, KR870316, KRE06337, KP054295, JX987524, GUI51525, FJ864678, M35282 (100% identity)
(CP017484-17552, CP026857-58, CP029638, LS483299, CP023043-44, CP023046-47, CPO0B957, CP004752-53,
CP011008-99, CP006619, CPO05972-74, CPO05383, AY702561, AY702512 (100% identity)

CP017484-17552, CP026857-58, CP029638, L.5483299, CP023043-44, CP023046-47, CP006957, CP004752-53,
‘CP011098-99, CP006619, CP005972-74, CPO06383, AY702651, AY702512 (100% identity)

CP017484-17552, CP026857-58, CP029638, LS483299, CP023043-44, CP023046-47, CP008957, CP004752-53,
CP011008-99, CP006619, CPO05972-74, CPO05383, AY702551, AY702512 (100% identity)

(CP017484-17552, CP026857-58, CP029638, LS483299, CP023043-44, CP023046-47, CPO0B957, CP004752-53,
CP011098-99, CP006619, CP005972-74, CPO05383, AY702561, AY702512 (98.96%—98.73% identity)

Comparison of percentage identity with already published sequences.
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Positive control  No. of repeats Mean Cq value Standard deviation ()

BRSV 13 217 1.00
BCoV 18 210 092
E coli F5 13 13.7 097
H. somni 13 165 0.48
[ 13 190 083
M. haemolytica 13 162 0.44
M. bovis 18 188 070
Mycoplasma spp. 13 202 0.60
P multocida 13 140 0.35
RVA 13 163 076

T pyogenes 18 125 0.46
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Number of positive nasal swab pools

Number of positive feces pools

Dairy calves overall Veal calves overall Dairy calves overall Veal calves overall

Pathogens 0-10days ~3weeks ~3months N=435(%) ~2weeks ~3months N=>56(%) 0-10days ~3weeks ~3months N=434(%) ~2weeks ~3months N =55 (%)
N =168 (%) N=154 (%) N =113 (%) N=29(%) N=27(%) N =168 (%) N =154 (%) N =112 (%) N=28(%) N=27 (%)

BRSV 00 10.7) 2(18 30.7) 0 00 00
BCoV 00 8(5.2) 2(1.8 10(2.3) 7(24.1) 3(11.1) 10(17.9) 1(0.6) 2(1.3 4(3.6) 7(1.6) 4(14.3) 3(11.1) 7(12.7)
v (@) 00 00 00 13.5) 3(11.1) 4(7.4)
M. bovis 00 10(6.5) 9(8.0) 19 (4.4) 16(55.2)  8(29.6) 24 (42.9) © © 1(0.9) 10.2) © © ©
Mycoplasma spp.  16(9.5)  54(34.4)  45(39.8) 114(262) 16(652 17(63.0) 33 (68.9) © © © © © © ©
M. haemolytica 5(3.0) 23(14.9) 48 (42.5) 76(17.5) 10(34.5) 20(74.1)  30(53.6)
H. somni 3(1.9) 8(52) 19(168) 3069  2(69 13482 15(268)
P. multocida 22(18.1) 68 (44.2) 77(681)  167(38.4) 17(586) 23(85.2) 40 (71.4)
T. pyogenes 27 (16.1) 62 (40.3) 22(19.5)  111(265)  6(20.7) 7(25.0) 13(23.2)
E coliF5 8(4.8) © © 8(1.9 © © ©
RVA 57(33.9) 51(33.1) 11(9.8) 19(27.4) 5(17.9) 137) 6(10.9)

Number of positive pools, followed by prevalence (%) in parentheses.

N, number of analyzed pools; %, percent of positive pools. Gray cell: analysis not relevant.
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Number of positive nasal swab pools Number of positive feces pools

Dairy calves Overall+ Veal calves Overalls Dairy calves Overall* Veal calves Overalls

Pathogens 0-10days ~3weeks ~3 months ~2weeks ~3 months 0-10days ~3weeks ~3 months ~2weeks ~3 months
N=83(%) N=83(%) N=83(%) N=16(%) N=17(%) N=83(%) N=83(%) N=82"(%) N=16"(%) N=17 (%)

BRSV 0 10.2) 2(24) 2(24) 00 0(0) 0(0)

BCoV 00 5(6.0 2(2.4) 672  5@1.9  3(177)  6@8  1(1.9) 1(1.2) 4(49) 6(2) 450 3(17.7) 6359

DV 00 00 00 00 163 3(7.7) 435

M. bovis 00 7(8.4) 896  13(157) 12(750) 6(353)  13(765) © ) 101.2) 101.2) © © 00

Mycoplasma spp. 12 (14.5)  38(46.8)  37(446) 53(639) 13(81.3)  13(765)  16(94.1) © o © 0(0) o o 00

M. haemolytica 5(6.0) 17205  40(482) 45(42) 8(50.5)  15(882)  16(94.1)

H. somni 3(36) 7(8.4) 14(169)  17(205) 1(63) 8(47.1) 8(47.1)

P multocida 19(229) 43(518)  61(735) 67(807) 14(875)  15(882)  16(94.1)

T. pyogenes 23(27.7)  44(830) 22(265 51(61.5) 5(31.3) 5004 7@41.2)

E coliF5 6(72) © © 6(72) © © 0(0)

RVA 37(446)  40@82)  11(184) 55(663  4(25.0) 169 5(29.49)

Nurmber of herdis with at least one positive pool in the age group, followed by prevelence (%) in parentheses.
N, number of analyzed pools; %, percent of positive pools. Gray cell: analysis not relevant.

*Across all age groups in the herd.

*In one herd, we obtained no fecal samples.
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Pathogen

BRSV

E. coli F5

H. somni

DV

M. haemolytica

M. bovis

Mycoplasma spp.

P multocida

RVA

T. pyogenes

Target gene

F

168 rRNA

PB1

S0dA

oppD

168 rRNA

kmt1

NSP3

plo-Pyolysin

Name

BRSV-F-485F
BRSV-F-569R
BRSV F Tagman-546

BCoV-F
BCoV-R

BCoV-P
E. coli F5-F

E. coli F5-R

E. coli F5-P
HS-F

HS-R

Hs-P

IDV-F

IDV-R

DV-P

M. hae-F

M. hae-R

M. hae-P
PMBI96-F
PMB1086-R
Mbovis1016
Mycoplasma-F
Mycoplasma-R
Mycoplasma-P
PM-ny-F
PM-ny-R
PM-P

Rota A-F

Rota A-ny-R
RotaA-P

T. pyogenes-F
T. pyogenes-R
T. pyogenes-P

Sequence (5'-3)

AAGGGTCAAACATCTGCTTAACTAG
TCTGCCTGWGGGAAAAAAG
FAM-AGAGCCTGCATTRTCACAATACCACCCA-BHQ1

GTTGGTGGAGTTTCAACCCAG
GGTAGTCCTCAATTATCGGCC

FAM-CATCCTTCCCTTCATATCTATACACATC-BHQ1
GAGGTCAATGGTAATCGTACATC
CGCTAGGCAGTCAYTACTGC
FAM-GATCTTGGGCAGGCTGCTATTAGTGGT-BHQ1

GAAGATACTGACGCTCGAGT
TTCGGGCACCAAGTRTTCA

FAM-TCCCCAAATCGACATCGTTTACAGCGTG-BHQT
GCTGTTTGCAAGTTGATGGG
TGAAAGCAGGTAACTCCAAGG
FAM-TTCAGGCAAGCACCCGTAGGATT-BHQ1
GCCGTTGTTTCAACCGCTAAC
CGTGTTCCCAAACGTCTAAGAC
FAM-TCGGATAGCCTGAAACGCCTGCCAC-BHQ1
"TCAAGGAACCCCACCAGAT
AGGCAAAGTCATTTCTAGGTGCAA
FAM-TGGCAAACTTACCTATCGGTGACCCT-TAMRA
GATCCTGGCTCAGGATGAAC
CGTTGAGTACGTGTTACTCAC
FAM-GGCTGTGTGCCTAATACATGCATGTCG-BHQ1

GACTACCGACAAGCCCACTC
CTATCCGCTATTTACCCAGTGG

FAM-GTGCGAATGAACCGATTGCCGCG- BHQ1

ACCATCTACACATGACCCTC
CACATAACGCCCCTATAGCC

FAM-ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-
TAMRA

CATCAACAATCCCACGAAGAG
TTGCAGCATGGTCAGGATAC
FAM-CCGTGACTCAAGGACTGAACGGCCT-BHQ1

Length (bp)

85

17

115

136

7

125

Reference

Hakhverdyan et al. (66)

F, R, and P (modified):
Decaro et al. (65)

This study

F and P: this study; R:
Angen et al. (64)

Hause et al. (50)

This study

Sachse et al. (68)

This study

Fand R: this study; P:
Goecke et al. (30)

F and P: Pang et al
(67); R: this study

F (modified) and R:
Kishimoto et al. (25); P:
this study
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Dilution

10
107!
1072
108
1074
10-8
108
107
1078

Efficiency

Numbers: Cq values.

Assays

BRSV BCoV E. coli F5 H. somni DV M. haemolytica M. bovis  Mycoplasma spp. P multocida RVA T. pyogenes
Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark Rotor- BioMark
gene gene gene gene gene gene gene gene gene gene gene
127 NA 18.6 126 126 33 9.0 83 23.6 11.0 1.0 25 126 2.5) 13.0 8.4 109 8.9 18.4 83 (1) 2.5)
155 180 220 165 155 77 114 @7 265 143 141 28 159 33 159 39 188 89 216 89 128 (25
186 18.8 25.4 19.5 19.6 130 145 25 301 17.4 17.7 58 19.1 6.0 195 76 17.7 6.7 254 12.4 1565 25
224 210 286 214 286 158 176 62 341 214 204 93 226 91 229 109 211 103 281 157 194 60
254 254 328 247 286 176 209 90 - - 246 124 262 128 268 150 246 141 820 185 236 99
282 27.9 354 - (381 209 245 126 - - 280 160 295 159 209 173 278 167 349 287 270 133
23 - - - @78 289 287 168 - - 811 190 333 187 329 199 310 198 - 260 303 174
[T - = = - - 822 1983 - = - 22 - 212 33 - - ae - -~ 882 =
- - - - - - - - - - - - - @n - - - - - - - -

1.08 079 098 118 078 1.02 099 097 0.92 1.03 0.97 1.01 0.95 1.09 098 1.09 0.97 1.08 099 099 0.92 0.83

egative sample; NA, sample was not analyzed. Number in parentheses is not included in the efficiency calculation.
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Sample  Material BRSV BCoV  M.bovis Mycoplasmaspp. M. haemolytica H.somni 1DV P multocida RVA  E. coli F5

1 Feces - - - - 290
2 Feces - - - 17.0 22.4
3 Feces o - . 6.5 .
4 Feces - - - - 215
5 Feces - - - - 276
6 Feces - - - - -
7 Feces - - - - -
8 Feces - = - = =
9 Feces - - - - -
10 Feces 19.0 - - - -
11 Feces - - - - -
12 Feces - - - - -
18 Feces - - - - -
14 Nasal swab - - - 24.0 - - - -

15 Nasal swab - - - 234 224 - - 17.2

16 Nasal swab - - - - - - - -

17 Nasal swab - - - - - - - -

18 Nasal swab - = = ~ =t - - =

19 Nasal swab - - 17.4 13.1 15.0 - - 18.3

20 Nasal swab - - 159 155 181 - - 17.5

21 Nasal swab o . = 152 16.8 186 ot 210

22 Nasal swab - 26.2 16.5 128 138 - - 189

23 Nasal swab & e 259 113 14.7 195 = 19.9

24 Nasal swab - - - NA - 20.0 - 18.2

25 Nasal swab - - - NA 172 - - 18.6

26 Nasal swab - - - NA 20.7 14.1 - 19.7

27 Nasal swab - - - NA - 205 - 17.7

28 Nasal swab - - - NA - - - 213

29 Nasal swab - - - NA - - - -

30 Nasal swab = b = NA 225 19.1 e =

31 Nasal swab i = = NA 213 232 o »

32 Nasal swab - - - NA 20.66 - - 27.4

Numbers: Cq values.

egative result; NA, sample was not analyzed. Gray cell: analysis not relevant.
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Isolate Mic* Category PCR |l MDR

Pos ctr R + E: o +
Negctr s - - -
SPO1 s - - -
SP02 s - - -
SPO3 s - - -
SPO4. R + + +
SPOS R + + +
SP0S R + + +
SPO7 R + + +
SP08 <0.125 s - = e
SP09 8 R + + +
SP10 <0125 s - - -
SP11 1 R - - +
SP12 >32 R + + +
SP18 532 R + = 4
SP14 1 R + - -
SP15 025 s - - -
SP16 <0.125 s = = =
SP17 >32 R + E +
SPi8 <0.125 s - - -
SP19 >32 R & - +
SP20 <0.125 s - - =
sP21 >32 R + + +
sP22 05 R + - -
sP23 1 R + - ND
sP24. <0.125 s - - -

R, resistant; S, sensitive; ND, ot determined; SP24, human isolate.
Resuits of BMD were previously published (15).
'The immunofiuorescence (IF) results after 2 replicates are shown.
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Epitope

IDV/OK/or IDV/660
IDV/OK/or IDV/660
IDV-NP

IDV-HEF
IDV/OK/Whole-Viral-Ag
IDV/660/Whole-Viral-Ag
DV peplide

DV peptie
DV peptide
IDV peptide

HICV/Whole-Viral-Ag
IDV/OK/Whole-Viral-Ag
HICV/Whole-Viral-Ag
Peptide 11DV (PID1)

Peplide 2 IDV (PID2)
Peptice 3 IDV (PID3)
Peptice 4 IDV (PID4)
Peptide 1ICV (PIC1)

Peptice 2 ICV (PIC2)
IDV-Polypeptide
ICV-Polypeptide

Hi test

Microneutralization assay

Sequence

Whole virus
Whole virus

40-600 AA

60-400 AA

Sucrose purified virus
Sucrose purified virus
SVNPGARPOACGTEQ
(206-220a2)
SVNPGAKPOACGTEQ
(206-220a2)

SVNPGARPQVCGTEQ
(206-22022)
SVNPGAKPQVCGTEQ
(206-22022)
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pPB2 58.5%
PB1 66.7%
P3 57.29%
HEF 56.7%
NP 51.4%
NS 47.5%
P42 52.4%

Sequence similarity between ICV and IDV is as follows: PB2 gene, 58.5%; PBI1 gene,
66.7%; P3 gene, 57.29%; HEF gene, 55.7%; NP gene, 51.4%; NS gene, 47.5%; and P42
gene, 52.4%.
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Healthy (n = 5) Sick (n = 10)

Bacteria 0.80 0.72 + 0,06 (05-1.0)
Virus 0,01 0,004 (0.01-0.03) 001
Fungi 0.16 +0.02 (0.1-02) 029 0,18 (0.11-1.5)
Apicomplexa 0.14 4 0,02 (0.1-0.16) 024.+0.12(0.1-13)
Archaea 003 002

# of reads* 386,375 £113,142 (139,505-753,414) 663,318 + 188,828
(80,491-1,965,941)

The percentages and standard errors were estimated out of total number of read (for
fungi and apicomplexa out of total number of domain eukaryote reads). The values in the
parenthesis indicate the range; n = number of samples.

*The mean number of reads with standard error of mean and the range are included.
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Bacterial species Percentage of bacterial reads

Healthy (n = 5) Sick (n = 10)
Anaplasma phagocytophilum 0 12.2:£56.1
Staphylococous aureus 90£04 79£17
Staphylococcus simulans 0 1.4£07
Streptomyces sp. ICC1 0 1.4+09

The percentages and standard error were estimated out of total number of bacterial reads.
n = number of samples.
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Hi_Log
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Total no. 450

Correlation cosfficient
Significance level P
Corelation coefficient
Significance level P
Correlation coefficient
Significance level P
Correlation coeficient
Significance level P
Cortetation coefficient

Significance level P

HEF-iELISA

0517
<0.0001
0.648
<0.0001
0.622
<0.0001
0.556
<0.0001

NP-iELISA

0517
<0.0001

0.484
<0.0001
0.435
<0.0001
0512
<0.0001

FFN (Log)

0.548
<0.0001
0.484
<0.0001

0.581
<0.0001
0.705
<0.0001

HiLog

0.622
<0.0001
0.435
<0.0001
0.681
<0.0001

0.732
<0.0001

Correlation coefficient values were 0.581 between HI and FFN, 0.548 between HI and HEF-IELISA, and 0.522 between iELISA based on HEF and FFN-log2.

IFA Log

0.656
<0.0001
0512
<0.0001
0.705
<0.0001
0.732
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sample ID*

SAMN18751441
SAMN18751440
SAMN18751442

SAMN18751435
SAMN18751436
SAMN18751437

SAMN18751439
SAMN18751438
SAMN18761447

SAMN18761443
SAMN18751444
SAMN18751445
SAMN18751446
SAMN18751448
SAMN18761449

Age (years)

3
21
18

25
21
22

NA
7
18

1
17
15
9
o
25

Temperature (*C)

39.66
38.94
40.33

40
40
40.33

40.56
NA
40.56

NA
37.22
37.22
37.22
37.22
37.22

Metagenome
analysis

0
1
1

oo oooo

*The metagenome data can be accessed at https://www.ncbi.nim.nih.gov/sra/PRINA722464.

NA, not available; PCR and Next-Generation Metagenomic analyses: 0 - negative and 1 - positive.

PCR

coooo

Presence of
morulae

No
Yes
Yes

No
No
No

No
Yes
No

No
No
No
No
No
No

Clinical parameters and history

Inappetence, Tick exposure.
Depression; ederma.

Depression, petechiae and
inappetence, low hematocit values.

Depression, petechiae, inappetence.
Inappetence.

Depression, inappetence, tick
exposure, edema and petechiae.

Depression and tick exposure.
Low hematocrit values.

Depression, petechiae and
inappetence.

None reported.
Healthy
Healthy
Healthy
Healthy
Healthy
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Cq value

Min Max Median score Mean age # detected as the
only pathogen

Pathogen  Scored as H s H s H s H s H s In combination
sick (%) with (%)
VB 648 181 128 275 218 4 7 445 550 A7 19 PM (56)
MH (37)
HS 69.4 156 119 248 254 4 7 758 858 3 7 PM (68)
MH (47)
MH 60.0 105 1.1 26.7 24.4 3 ¥ 65.0 749 23 17 PM (56)
MB (30)
PM 61.0 125 129 252 266 3 7 611 709 51 7 MH (30)
MB (25)
™ 366 138 178 268 254 2 7 235 476 66 22 PM (31)
MH (19)

The median clinical score and mean age for the healthy (H) and sick (S) observation units and the number of healthy (H) and sick (S) observation units where the pathogen was detected
as the only pathogen. Finally, the pathogens which the respective pathogen was most often found in combination with are shown.
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Pathogen

P multocida

M. bovis

H. somni

M. haemolytica

T. pyogenes

Variables

Fixed effects
Intercept
Cq>213
Cq<213
Age 1w
Age Bw
Age 2wai
Age 3m

Random effect
Group ID

Fixed effects
Intercept
Cq>213
Cq=213
Age 1w
Age Bw
Age 2wai
Age 3m

Random effect
Group ID

Fixed effects
Intercept
Cq>17.4
Cqs 174
Age tw
Age 3w
Age 2wai
Age 3m

Random effect
Group ID

Fixed effects
Intercept
Cq>222
Cq=222
Age 1w
Age 8w
Age 2wai
Age 3m

Randonm effect
Group ID

Fixed effects
Intercept
Cq>23.7
Cq=23.7
Age 1w
Age 3w
Age 2wai
Age 3m

Random effect
Group ID

Estimate

-1.33

0.44

-0.30

1.66
1.85

-131

0.77

-0.29

1.63
1.96

-1.33

238

-0.34

1.75
1.95

-1.31

0.37

-0.28

1.67
1.88

-1.29

-0.18

-0.26

1.78
1.98

SE

0.19
0.2
0.29

0.32
0.28

0.19
038
028

0.31
027

0.18
0.75
028
0.30
027

0.18
0.23
0.28

031
027

0.19
024
0.29

0.31
027

0.34

0.32

0.30

0.31

0.33

sD

0.58

0.56

0.54

0.56

0.58

The estimates describe the log-transformed fixed effects of Cq cut-off and age and
standard error (SE) and p-value (p) are provided for the estimates. Variance (c?) and

‘p-value < 0.01,

-value < 0.001).

tandard deviation (SD) are provided for the random effect, GrouplD ("p-value < 0.05,
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Light chain type
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Monoclonal antibodies

6B3
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Age groups

Suckling pig
Nursery pigs

Growing and fattening pigs
Lactating sow

Pregnant sow

Backup pigs

Total

Sample
number

45
45
35
80
40
30
275

Positive rate (positive
number)

77.8% (35)
48:8% (22)
57.1% (20)
53.7% (43)
10% (4)
16.6% (5)
46.9% (129)

PAstV1

31

Number of positive samples

PAstV2

13
12
10
14
o
[
49

PAstV3

36

PAstv4

41

PAstV5
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Genotype

PAstV1

PAstV2

PAstV3

PAstv4

PAstVS

Primer name

PAStV1-F
PAstV1-R
PAstV2-F
PAstvV2-R
PAStV3-F
PAstV3-R
PAstV4-F
PAstV4-R
PAstV5-F
PAstV5-R

Sequence (5/-3)

GGCCGTGGCAGGAGCAGATC
GACTGAGGTTTACCCCGTCT
ACCACCGCGCAGGAGG
TGTTGYTCAAGRGCAGC
GATGTGATGACCCTCTATGGG
GCCGGTCAAGCATCTCATCAG
TGGGGTCCTGAAGCATTTGC
AATGGGGACCATCCACA
AATGTGCGKGTGAAAGA
TGAAATGTGACTTCACCTGA

GenBank accession

NC_026379

NC_023674

NC_019494

JF713713

JX556693

Product size (bp)

124

573

176

485

305

Target gene

ORF2

ORFlab

ORFlab

ORFlab

ORFfab

Position

4,300-4,424

2,587-3,109

3,879-4,053

2,777-3,261

3,319-3,623
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Viruses Sequence (§/-3) Target genes Product size (bp) Reference

PRV F: CGGCTTCCACTCGCAGCTCTTCTC 9E 388 MN443981.1
R: TCTGGGTCATCACGAGCACGTACAGC

CSFV F: ACAGCCACGATTTGCAACTGTATG E2 347 FJ598612.1
R: TCTCAGAGTTGTTGGGCTCACTGC

PoRV F: GATGCTAG GACAAAATTG vPe 309 MG086585.1
R: CGCTTCAGATTGCGGAGCTAC

TGEV F: GACAAACTCGCTATCGCATGGTG N 638 KU981074.1
R: CACAGATGGAACACATTCAGCCAG

PEDV F: ATTCGCTGGCGCATGCGCCGTGGTG N 509 JN601062.1
R: ACAGCAGCCACCAGATCATCGCGTG

EV-G F: AGACTGGAGCTAGCTCCACTGCTAG vP1 302 MT274669.1
R: GACCTGGACTTGAACTGGGTGCTGT

sw F: CACCTGACTGCCCACAGAGTCCCTGT vP1 813 MK039162.1
R: CCGCCACGTGCTTTACAGCGGTGCTT

PRRSV F: TGTATCGTGCCGTTCTATCTTGCTGT ORF5 547 EF6350086.1

R: AGAGACGACCCCATTGTTCCGCTG
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Samples

(Herd)

Ist stage
v

Determination of overall prevalence
(Any reactive sample for any serovar
regardless of the titer was considered)

2nd stage
v

Ranking technique application
(Each sample was analyzed individually to
predict the most likely infecting serogroup)

3nd stage

v

Determination of the most likely infecting serogroups in the herd
(Elimination of cross reactions and samples in which it was not
possible to determine the infecting serogroup)
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Strain

M02/20-52
M02/20-121
M02/20-144.
M02/20-126
M02/20-111
M02/20-03
M02/20-18
M02/20-114
M02/20-1156
MO02/20-46
M02/20-1556
M02/20-136

Species

L. borgpetersenii
L. borgpeterseni
L. Kirschneri

L. kirschneri

L. kirschneri

L
L
L
L
L
L
L

santarosai

. santarosai
. santarosai
. santarosai
. noguchii

. interrogans

. interrogans

Serogroup

Sejroe
Sejroe

Autumnalis
Grippotyphosa
Ioterohaemorthagiae
Autumnalis
Tarassovi

Not determined
Autumnalis

Panama

Canicola
Ieterohaemorrhagiae
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Case

4

Strain

M02/20-126
M02/20-46
M02/20-18
MO02/20-52

M02/20-121

M02/20-136

M02/20-03

M02/20-165

M02/20-144

M02/20-111

M02/20-115

M02/20-114

Serogroup strain

Grippotyphosa
Panama
Tarassovi

Sejroe

Sejroe

Ioterohaemorrhagiae
Autumnalis
Canicola
Autumnalis
Ioterohaemorthagiae

Autumnalis

Not determined

Serology (MAT)

Challenge strain titer

126: 800
46: 1600
18: 800
52: 800

121: 800

136: 1600

03: 3200

166: 3200

144: 6400

111: 1600

116: 3.200

114: 800

Serovar/serogroup titer

Grip/Grip: 400*
Pan/Pan: 800
Tara/Tara: 400*

Gua/Sej: 100

Hard/Sej: 400*

Hbov/Sej: 400*
Gua/Sej: 100

Hbov/Sej: 400*

Copellct: 800*
lelet: 200

But/Aut: 1600*
Cyn/Cyn: 200
Can/Can:800*
Pan/Pan:400
But/Aut: 800*
Grip/Grip: 400
Cop/let: 400
Can/Can:100
Aut/Aut: 1600*
Brat/Brat:200
Pom/Pom: 100

Negative

Serogroup (ranking technique)

Grippotyphosa
Panama
Tarassovi
Sejroe

Sejroe

Ieterohaemorthagiae
Autumnalis
Canicola
Autumnalis
Ieterohaemorthagiae

Autumnalis

Not determined

Grip, Grippotyphosa; Pan, Panam; Tera, Terassovi; Gue, Guaricura; Sej, Sejroe; Hard, Hardjo-Prajitno; Hbov, Herdjo-Bovis; Cope, Copenhageni; lct, Ioterohaemorhagiae; But,
Butembo; Aut, Autumnalis; Cyn, Gynopteri; Can, Canicola; Brat, Bratislava; Pom, Pomona.
*Highest titer found and considered the most likely.
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Dog ID

Bitch A

Puppy A1
Puppy A2
Puppy A3
Puppy Ad
Puppy AS
Puppy A6

In-clinic ELISA titer

1:160
<1:20
<1:20
<1:20
<1:20
<1:20
1:20

HI titer

1:320
1:80
1:80

80
1:40
1:80
1:80

The bitch was infected in kennel by CPV one week post-partum and puppies were
promptly separated from the dam and remained healthy. Blood samples were collected
45 days post-partum from the puppies and the bitch.
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Pathogen

Fungal
Nosema ceranae

N. apis
N. bombi
Aspergillus flavus

Viral
Sacbrood virus

Korean Sachrood virus

Chinese Sacbrood virus
Bacterial

Melissococcus plutonius

Insect pests

Aethina tumida (Small hive
beetle)

Vespa velutina nigrithorax
(yellow-legged Asian hornet)

2Samples collected from the field.
bPool of adult honey bees were used for extraction of nucleic acid for LAMP assay.
CIndividual adult honey bee was used for extraction of nucleic acid for LAMP assay.

9IN.D., not determined.

Target gene

168 rRNA
16S rRNA

Polar tube protein
3(PTPO)

16S rRNA
SSU rRNA
18S rRNA
188 rRNA

SBV-pol gene
SBV-pol gene
VP1 gene

VP1 gene

DNA gyrase
subunit B

28S rRNA

COox1
(cytochrome.
oxidase subunit 1)

Specimen

Adult bees®
Adult bee®
Adult bees®,
Spores
Adult bee®
Adult bees®
Adult bees®
Adult bees®

Adult bees®
cerana indica
Larvae,

Pre pupae
Adult bees®,
Larvae
Larvae

Adult bee®,
Larvae

tumida
Aduts,
Pupae,

Eggs

V. velutina
nigrithorax
Aduls,
ILanva,

Egg,

Nest material

Detection limit

03ng
1001g
1pg

100fg

4.57 x 10" spores/ul
ND*

10° copies/reaction

10 copies/reaction
ND

1,000 copies/reaction
1pg

2fg

12pg

Spg

Loop primers.

No
Yes
Yes

Yes
Yes

No
No

Yes
Yes

No

No

yes

yes

Field samples®

Yes
No
Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

References

@)
@
@)
@
@
[0}
@n
9
)
60

61

(652

(659)

(64)
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Eartag Genotype ~CWD Inoculum

1853
1548
1542
1656
831

1801

96

GG
GG
GG
GG
GG
GG

wTD

wTD

Racoon GWD
Racoon CWD
Neg. control
Neg. control

NT indicates that samples were ot tested.
@This animal has not developed clinical signs at the time of this stucy.
PIDEXX HerDCheck WD Ag test.
¢Values below 0.18 are negative.

Months post-
incubation (mo.)

214
24
34.5
256.7
42
84.1

PEIA O.D.

4.00
4.00
4.00
NT
©0.07
©0.08
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#1548 6 MPI #1548 18 MPI #1553 6 MPI #1553 18 MPI #1542 6 MPI #1542 30 MPI #1555 6 MPI #1555 30 MPI Neg

42°C 400mM Nal 390+212 147450 713+£185 137+£20 500+ 138 163+856 63.6 + 9.1 355+176 570+ 136
42°C 500mM Nal 257 £6.7 725%£19 233+ 103 183+£6.0 650+ 156 17.0£5.1 56.5 £ 6.2 305 £ 106 443+47
48°C 400mM Nal 91.5+21 238+56 847+168 218+26 500+29 17.5+£35 51.0+£100 583+£76 42343
48°C 500mM Nal 330+£200 108£29 367+£208 113+£1.0 50375 113+15 316 £1.7 223+95 288 +£32
42°C 400mM NaCl 625 +6.2 435 + 99 49+ 16 38.7+215 687482 403+ 156 543+15 63.7 £ 6.9 63.5 + 13.1
42°C 500mM NaCl 623 £11.7 453£32 75.0 £99 370+78 54.0 £ 2.6 33079 5156 £70 545+ 6.4 846+29
48°C 400mM NaCl 325+109 2065+95 338+ 166 115+34 376+29 17.5+63 346 £33 278+ 108 439+ 116
48°C 500mM NaCl 2604167 190456 870469 110£26 387£29 150£20 31.7£87 247+114 530161

All times were recorded in hours.
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Biomarker Baseline  4hpi.  24hpi.  48hpi.  72hpi.
n=31 n=31 n=30 n=27 n=29

ADA, 1180 1153 187.0 1127 1087
UL (46.7-258.6) (46.7-850.6) (46.7-301.9) (35.3-596.6) (54.7-338.6)
Hp, 033 031 0.45 037 023
wo/mi (0.08-1.61) (0.05-1.65) (0.09-0.98) (0.06-1.27) (0.03-0.80)
Cortisol, 032 033 030 022 020
ng/mi (0.11-045) (0.10-2.28) (0.11-0.69) (0.08-1.35) (0.08-0.48)

p.i., post-injection.
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Rabbit sample

Vibrio parahaemolyticus
Escherichia coli O157:H7
Saimonella

Vibrio cholerae

Yersinia enterocolticaO9
Listeria monocytogenes
Negative

0D450

0.1230
0.0457
0.1267
0.0598
0.0443
0.0758
0.0751

S/N

164
061
1.69
0.80
0.59
1.01
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Cutoff value Positive Negative PPV (%) NPV (%)

™ N ™ P

20.4675 (fusion protein)® 122 18 54 o 1000 75.00
208890 (LPS)a 122 18 52 2 98.39 7429
20.4530 (fusion protein)® 103 13 70 5 95.37 84.34
208105 (LPS)® 107 9 68 7 93.86 88.31
28412 (p-ELISAP 139 1 53 1 99.29 98.15
>30.21 (p-ELISAP 114 2 73 2 9828 97.33

a, goat sera; b, cattle sera. TP, true positives; TN, true negatives; FF, false positives; FN, false negatives; PPV, positive predictive valuie (TP/TP+FP)x 100; NPV, negative predictive vallie
(TN/TN+FN) x 100.
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Samples GPCR (commercial kit) Summary

Positive Negative
cdPCR Positive 44 6 50
Negative 1 18 19

Summary 45 24 69





OPS/images/fvets-07-621840/math_1.gif
Copy number (copies/ml)
6.02 x 107 (copies/mol ) x C (g/ml)
= 7 (bp) x (1.09 x 10-2g/bp ) (¢/mol )
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ASFV isolate GeneBank accession Target sequence

number

ASFV/pig/China/CAS19-01/2019 MN172368.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
ASFV/LT14/1490 MK628478.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
CzechRepublic 2017/1 LR722600.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
taibntMoldova2017/1 LR722599.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
ASFV-wbBSO1 MK645909.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
Belgium2018/1 LR536725.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
ASFV-SY18 MH713612.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
Georgia 2007/1 NC_044959.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
47/Ss/2008 NC_0449556.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG
ETH/1a KT795359.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTGGAGGGCGCCGTTTACACG
AnhuiXCGQ MK128995.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
ETH/2a KT796358.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTGGAGGGCGCCGTTTACACG
POL/2015/Podlaskie MH681419.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTAGAGGGCGCCGTTTACACG
F MH026917.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
ETHA KT796354.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTGGAGGGCGCCGTTTACACG
ETH/AA KT795353.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCCTTGGAGGGCGCCGTTTACACG
BAT1 NC_044942.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Ken05/Tk1 NC_044945.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

NHV NC_044943.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

L60 NC_044941.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

BA71V U18466.2 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

E75 NC_044958.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

OURT 88/3 NC_044957.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Benin 97/1 NC_044956.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

BEN/1/97 EF121428.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Za AY578708.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Wo AY578707.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Wart AY578706.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Vie AY578705.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Ten AY578704.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCT TTAGAGGGCGCCGTTTACACG

Pr5. AY578703.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Prd AY578702.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

ol AY578701.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Mk AY578700.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

M1 AY578699.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Ker AY578697.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

K1 AY578696.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

F6 AY578694.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCT TTAGAGGGCGCCGTTTACACG

E70 AY578692.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

cro3.5 AY578691.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Cam AY578689.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Warthog AY261366.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Warmbaths AY261366.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Tengani 62 AY261364.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Pretorisuskop/96/4 AY261363.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

Mkuzi 1979 AY261362.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

26544/0G10 NC_044947.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTAGAGGGCGCCGTTTACACG

R35 MH026920.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
N10 MH025919.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
Ken06.Bus NC_044946.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
UgHO03 EF121429.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
Kn AY578698.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTTTGGAGGGCGCCGTTTACACG
RSA_2_2008 MN336500.1 ACGTTTCCTCGCAACGGATATGACTGGGACAACCAAACACCTGTAGAGGGCGCCGTTTACACG
CsFv AF092448 No matches

PPV AY583318.1 No matches

PRRSV MH600776.1 No matches

PEDV KY496315.1 No matches

PCV2 MK604485 No matches

The left grey sequence is sense primer, the right grey sequence is anti-sense primer, and the middle grey sequence is MGB probe. Moreover, the bold letters indicate the mutated bases.
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Positive Hl test  Negative HI test Total

Positive in-clinic ELISA test 52 3 55 (40.4%)
Negative in-clinic ELISA test 73 8 81(59.6%)
Total puppies. 125 (91.9%) 11(8.1%) 136
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No. puppies with protective MDA titer (%)

No. puppies In-clinic ELISA test Hitest

Gender

Female 60 24 (40) 51(85°

Male 76 31 (40) 74 (97
Age

<40 days old 16 4(25) 16 (100)

40-50 days old 76 35 (46) 65 (85)°

>50 days old a4 16(36) 44 (100
Breed size

Small 19 3(16) 19 (100)

Medium 51 2447 46 (90

Large 66 28(42) 66 (100°

abegignificant difference between categories of the same variable (p < 0.05).
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Isolate name Collection date Country Province of origin Accession

number

SP-vC2* 12/01/2017 Spain Valladolid MN692784
SP-VC3 17/01/2017 Spain Valladolid MW251343
SP-VC4 17/01/2017 Spain Burgos MW251344
SP-VC16 01/03/2017 Spain Zaragoza MW251345
SP-VC18 07/03/2017 Spain Segovia MW251346
SP-VC19 07/03/2017  Spain  Segovia MW251347
SP-vC27 06/06/2017 Spain Ourense MW251348
SP-VC29 06/06/2017 Spain Ourense MW251349
SP-VC46 11/01/2018  Spain  Valladolid MW251350
SP-VC51* 02/02/2018 Spain Ourense MN692788
SP-VC62 02/02/2018 Spain Ourense MW261361
SP-VC53 05/02/2018 Spain Teruel MW251352
SP-VT13 14/02/2018 Spain Valladolid MW251353
SP-VC54 14/02/2018 Spain Castelién MW251354
SP-VC55 15/02/2018 Spain Girona MW251355
SP-VC57* 02/03/2018 Spain Castelién MN692789
SP-VC61 18/04/2018 Spain Castellén MW251356
SP-vCe2* 03/05/2018 Spain Castelién MN692790
SP-VC63 08/06/2018 Spain Zaragoza MW251357
SP-VCe6 30/05/2018 Spain Ourense MW251358
SP-VCe8 20/06/2018 Spain Zaragoza MW251359
SP-VC75 05/09/2018 Spain Castelién MW251360
SP-VC77 05/09/2018 Spain Ourense MW251361
SP-vCst 06/10/2018  Spain  Ourense MW251362
SP-vC87 07/10/2018  Spain Lérida MW251363
SP-VT86 07/11/2018 Spain Barcelona MW251364
SP-VT87 20/11/2018  Spain  Valladolid MW251365
SP-VT108 10/01/2019 Spain Barcelona MW251366
SP-VC89 18/01/2019 Spain Ourense MW251367
SP-VC90 22/01/2019 Spain Ourense MW251368
SP-VC92 24/01/2019 Spain Ourense MW251369
SP-VC93 25/01/2019 Spain Ourense MW251370
SP-VC94 08/02/2019 Spain Ourense MW251371
SP-VC95 12/02/2019 Spain Ourense MW251372
SP-VC98 12/02/2019 Spain Ourense MW251373
SP-vCo7 14/02/2019 Spain Ourense MW251374
SP-VC98 19/02/2019  Spain  Ourense MW251375
SP-VC99 19/02/2019 Spain Ourense MW251376
SP-VC100* 28/02/2019 Spain Ourense MN692791

SP-VC101 28/02/2019 Spain Ourense MW251377
POR-VC102 14/03/2019 Portugal ~ Coimbra MW251378

A complete sequence of the S gene was obtained for all PEDV isolates.
*PEDV isolates previously sequenced by de Nova et al. (15).
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