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Leptospirosis is recognized as the most globally widespread reemerging zoonosis and represents a serious threat for both human and animal health. Indeed, leptospirosis is linked to more than 60,000 human deaths per year and to incalculable economic burden as consequence of medical treatment costs and livestock loss. The increasing number of reports from species of pathogenic Leptospira spp. group II causing disease in both humans and animals constitutes an additional concern to the complex epidemiology of this zoonotic agent. Diagnostic methods based on qPCR have improved the diagnosis of Leptospira spp. in terms of cost, time, and reliability, but most of the validated assays fail to detect species from the pathogenic group II. Hence, the current study was aimed to develop and validate a novel multiplex qPCR to enable the specific and selective detection of the whole group of infectious Leptospira spp., including both pathogenic groups I and II and moreover, selectively discriminate between them. To fit the “fitness of purpose” for the specific detection of infectious Leptospira spp. and further discrimination between both pathogenic groups three target regions on the 16S RNA gene were selected. These targets facilitated a broad and selective spectrum for the detection of all infectious Leptospira spp. with the exclusion of all saprophytic groups and the novel clade of environmental Leptospira spp. The analytical sensitivity (ASe) showed by the new assay also enables a wide window of detection for the agent at different stages of infection since the assay was able to efficiently detect at 95% of confidence ∼5 leptospires/reaction. From the evaluation of the analytical specificity (ASp) by in silico and in vitro approaches, it was congruently revealed that the primers and probes selected only recognized the specific targets for which the assay was intended. Bayesian latent class analysis of performance of the new assay on 684 clinical samples showed values of diagnostic sensitivity of 99.8% and diagnostic specificity of 100%. Thus, from the evaluation of the analytical and diagnostic parameters, the new multiplex qPCR assay is a reliable method for the diagnosis of Leptospira spp.
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INTRODUCTION

Leptospirosis is globally recognized as the most widespread reemerging zoonosis (Adler, 2015). This severe infectious disease has an estimated incidence of 1.03 million cases in humans every year, with approximately 59,000 deaths (Costa et al., 2015; Torgerson et al., 2015). Leptospirosis is also causing major health problems in many animal species including: dogs, cattle, swine, horses, sheep among others (Ellis, 2015). In humans, leptospirosis presents a variety of clinical manifestations, from asymptomatic subclinical infection to severe potentially fatal disease (Vk et al., 2018). Meanwhile, in animals, the disease is essentially different from human leptospirosis and it is characterized by acute clinical features, with presence of abortion and/or multiple organ injuries as principal clinical signs, but chronic infections can also occur, resulting in significant economic losses (Stobart Gallagher and Dunn, 2019). Therefore, leptospirosis is considered a global life-threatening disease in public health which can have a major impact on animal health.

Leptospirosis is caused by Gram-negative infectious spirochetes of the genus Leptospira, family Leptospiraceae (Levett and Picardeau, 2018). The initial classification of this genus only comprised two species: Leptospira interrogans (pathogenic strains) and Leptospira biflexa (saprophytic strains) (Johnson and Rogers, 1964; Johnson and Harris, 1967). From these two species, further classifications have been established based on different criteria including: similarity of surface-exposed epitopes as determined by using the cross-agglutinin absorption test (CAAT) (Fairbrother, 1984), phenotypic characteristics (Johnson et al., 1970), and DNA base composition (Ramadass et al., 1990a, b, 1992). Thus, more than 24 serogroups and 300 serovars have been recognized to date (Paiva-Cardoso et al., 2013; Valverde Mde et al., 2013). However, it is important to denote that despite the serologic classification has been widely accepted, it lacks taxonomic standing. In fact, initial studies have been conducted in order to replace this classification with a genomic approach (Levett and Picardeau, 2018).

Based on genetic analysis, the 16S RNA gene has been found as a proper marker for classification purposes in Leptospira genus. The topology obtained based on the analysis of this marker clearly showed an obvious phylogenetic divergence from both historically recognized species (interrogans and biflexa). However, a new branch in the phylogenetic tree comprised by the sequence of L. inadai was also found (Hookey, 1993). Since this last strain bisected the pathogenic and saprophytic known clades, it was denominated “intermediate” (Hookey, 1993). Since then, these three genetic clades have been consistently obtained in the genomic classification of Leptospira spp. by using not only the 16S DNA but other genomic markers including the whole genome (Fouts et al., 2016). Nonetheless, it is important to clarify that despite the phylogenetic division in three clades, the species belonging to both pathogenic and intermediate clades are considered “Infectious Leptospira spp.,” being both pathogenic in different mammal species including humans (Fouts et al., 2016). Hence, a more suitable classification for this clade has been suggested as pathogenic Leptospira spp. group II (Vincent et al., 2019). Indeed, some of the species from the “intermediate” or pathogenic Leptospira spp. group II clade have been increasingly found in febrile cases in humans (Levett et al., 2006; Chiriboga et al., 2015; Tsuboi et al., 2017; Puche et al., 2018) and causing disease in different animal species (Zakeri et al., 2010; Romero-Vivas et al., 2013). Hence, these reports highlight the relevance of studying this group of Leptospira spp. (intermediate or pathogenic group II) whose role in the epidemiology dynamic and maintenance of the disease, as well as the link between different host species and humans remain unclear.

Since the clinical signs of the disease are not pathognomonic, laboratory confirmation of leptospirosis is mandatory for definitive diagnosis (Musso and La Scola, 2013). The diagnostic methods include either direct or indirect detection (Marquez et al., 2017). Within the indirect methods, the microscopic agglutination test (MAT) is considered the gold-standard for serological diagnosis, although the ELISA methods have shown promising levels of sensitivity and specificity (Penna et al., 2017). However, there are several bottlenecks that complicate the use of serological methods including: time-consuming, the need to maintain live strains which can be easily mixed up as well as the fact that cultures can easily contaminate by saprophytic Leptospira spp. or other bacteria (Goris and Hartskeerl, 2014). In the case of the direct detection methods, the Leptospira spp. culture is not suitable for clinical diagnosis since Leptospira spp. are difficult to isolate because of its slow growth (∼13 weeks) with a low probability of recovery and a high rate of contamination (Nisansala et al., 2018). Immunofluorescence assays (IFAs) targeting the exposed surface of proteins, such as OmpL54, on intact leptospires have been also developed as diagnostic methods (Pinne and Haake, 2011). However, this method required the specific recognition of surface-exposed protein epitopes by OmpL54-specific antibodies mainly raised against recombinant proteins; hence, epitopes of native surface-exposed proteins may not be recognized (Pinne and Haake, 2011), making the IFA prompt to yield false-negative results (Goris and Hartskeerl, 2014).

In the molecular era, the advantages of real-time polymerase chain reaction (qPCR) technology have motivated its use for the diagnosis of leptospirosis on different clinical specimens including whole blood (Villumsen et al., 2012), serum (Smythe et al., 2002; Ooteman et al., 2004; Musso et al., 2014), urine (Miotto et al., 2018), kidney, liver, placenta (Fornazari et al., 2012), and other tissue samples. However, most of the validated qPCR assays for diagnostic purposes have been designed to target highly polymorphic genes such as lipL32 (Stoddard, 2013) and lfb1 (Merien et al., 2005) which detect only the pathogenic group I of Leptospira genus, failing in the recognition of the species from “intermediate” clade (Tsuboi et al., 2017; Thibeaux et al., 2018). This last issue has been suggested as a potential aspect that contributes to the under-report of Leptospira spp. in several geographic regions (Tsuboi et al., 2017). To overcome this problem, the current study was aimed to validate a multiplex qPCR to selectively detect infectious Leptospira spp. and differentially discriminate between pathogenic Leptospira spp. group I (pathogenic clade) and pathogenic Leptospira spp. group II (intermediate clade). The assay presented here was validated to target three specific regions of the 16S RNA gene of the genome of Leptospira spp.: a particular region for the specific detection and discrimination of infectious Leptospira spp. and other two regions for the specific detection and discrimination of both pathogenic and intermediate groups (hereafter called pathogenic I and II, respectively). This novel multiplex assay enables a broader detection of the infectious Leptospira spp., representing an additional advantage for its use in epidemiological studies. The results obtained from the evaluation of the analytical and diagnostic parameters make the current validated assay suitable for diagnostic purposes.



MATERIALS AND METHODS


Ethics Statement

No ethical approval was required as sampling was not undertaken by the authors.



Leptospira spp. Strains and Samples


Strains

A total of 12 Leptospira spp. strains were used in the current study (Table 1). This collection included eight strains from the Leptospira spp. pathogenic group I, three strains from the Leptospira spp. pathogenic group II, and one strain from the saprophytic group (Table 1). In the cases of the strains Leptospira inadai and Leptospira perolatii, plasmids containing the genetic background of target regions for these strains were synthetized by IDT Integrated DNA technologies.


TABLE 1. Summary of microorganism used in this study.
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Samples

A total of 684 samples submitted for the molecular diagnosis of Leptospira spp. at Veterinary Diagnostic Laboratory (VDL) of the University of Illinois during the years 2012–2018 were used to evaluate the performance of the novel multiplex qPCR assay. The samples included urine, blood, kidney, placenta, liver, and fetal tissues (Supplementary Table S1) obtained from different animal species including wild and domestic animals (Supplementary Table S1).



Assay Design


Sequence Dataset Selection and Analysis

A total of 59 sequences of Leptospira spp. available for the rrs gene (16S RNA) at GenBank Database, including 35 complete genome sequences were downloaded and used in the analysis (Supplementary Table S2). The dataset from the 35 complete genome sequences included: the 23 previously validly described Leptospira spp. and the 12 new Leptospira spp. recently proposed by Thibeaux et al. (2018).

Since Thibeaux et al. (2018) used a matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry method (Rettinger et al., 2012) to classify the novel Leptospira spp. found (Thibeaux et al., 2018), a phylogenetic analysis using the complete gene of 16S RNA was accomplished in the current study, to confirm the clade-based classification of these strains. The phylogenetic analysis was conducted following a Bayesian inference approach as described (Perez et al., 2012a). Based on the classification obtained from the phylogenetic analysis (Supplementary Figure S1), three groups of sequences were obtained and visually inspected to select the target regions by using multiple alignments with the algorithm Clustal W method included in the BioEdit program version 7.2.5 (Hall, 1999).



Primer and Probe Design

Different sets of primers and probes were designed with three main purposes (i) selective and differential targeting of infectious Leptospira spp. without detecting saprophytic Leptospira spp. Group, (ii) specific and differential detection of pathogenic group I, and (iii) specific and differential detection of pathogenic group II. All primers and probes were designed using the software Oligo 7.6 (Molecular Biology Insights, United States) as described (Acevedo et al., 2013). Briefly: the parameters were set to select the primer and probe for TaqMan assay by means of the priming efficiency of each primer and probe following the conditions optimized in Rios et al. (2018) with a subsequent in silico evaluation for the specificity using GenBank nr database and BLASTn searches as described by Rios et al. (2018). To avoid inefficient amplification reactions such as primer-dimer formation, all primers were also checked for their thermodynamic properties, secondary structures, and primer–primer interactions using the OligoExplorer v1.2 and the OligoAnalyzer v1.1.2 software programs (Gene LinkTM, United States). Finally, the most promising primers/probe sets, to selectively detect infectious Leptospira spp. and discriminate between the different species of pathogenic group I and II of the Leptospira spp. were selected (Table 2).


TABLE 2. Primers and probe selected for the development of multiplex qPCR assay.
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Internal Control

In order to assess the presence of inhibitors or additional incidents that could take place during the DNA isolation procedure, a commercially available exogenous internal control (IC) was included in the assay. Thus, XenoTM DNA control (Thermo Fisher Scientific) was added to the samples during the DNA isolation step (section “Nucleic Acid Isolation”). This IC contains a unique artificial sequence that does not interfere with the sequence of the target and its amplification signal is detected on Cy5 channel.



Nucleic Acid Isolation


DNA Isolation From Tissues, Blood, and Urine

Total nucleic acid was extracted by an automatic extraction protocol using KingFisher Flex (Thermofisher scientific) with MagMax CORE Nucleic Acid Purification Kit (Thermofisher scientific). In all cases, the manufacturer’s instructions were followed for each type of sample, briefly: for urine samples, 1.2 mL of urine was centrifuged at 6000 g for 10 min, the resulting pellet was re-suspended in 200 μL of 1X phosphate buffered saline (1X PBS), and used as starting material for the extraction process. In the case of tissue samples (kidney, placenta, liver), 25 mg of tissue was homogenized in 1 mL of 1X PBS using a Bead Bug Microtube Homogenizer (Benchmark Model D1030) at 3800 r/min during 1 min, 100 μL of this tissue homogenate was then used as starting material. In the case of blood samples, 200 μL was directly used in the extraction process.

All the starting materials were added to a 96-well S-block containing the bead mix (2:1 ratio by volume of magnetic beads and Proteinase K), and shaken on a platform shaker at 100–150 r/min for 2 min. Lysis and washing buffers were added according to the manufacturer’s instructions, 1 μL of the IC (approximately 2000 copies/μL) (see section “Internal Control”) was added during the extraction step. Finally, the DNA was extracted using MagMax Pathogen High Volume DW 96 protocol.



Standards Construction for Both Pathogenic Groups I and II of Leptospira spp.

Quantitative standards of Leptospira spp. genomic DNA were prepared from pure cultures of representative strains for each pathogenic group. Thus, DNA extracted from cultures of L. interrogans serovar Pomona and Leptospira broomii were quantified by a Qubit dsDNA broad range (2–1000 ng) Assay Kit in a Qubit 4.0 fluorometer (Invitrogen Corporation, Carlsbad, CA, United States), according to the manufacturer’s instructions; a sample volume of 1 μL was added to 199 μL of a Qubit working solution. Numbers of genomes were calculated assuming a Leptospira spp. genome size of 4.63 Mb by using the webtool http://scienceprimer.com/copy-number-calculator-for-realtime-pcr. Hence, a total of 1.3 × 107 DNA copies/μL and 9.1 × 107 DNA copies/μL were obtained for the standard from L. interrogans serovar Pomona and L. broomii, respectively.



Simple qPCRs, Duplex-qPCR, and Multiplex System qPCR

All qPCR experiments were performed on an Applied Biosystems 7500 Fast Real-Time PCR System instrument (Thermo Fisher Scientific, Waltham, MA, United States). Through the optimization of the protocols, several experimental steps were accomplished to set up the reagent concentrations and the thermocycling parameters, briefly: three different concentrations of primers/probe [0.3 μM (forward and reverse primers)/0.15 μM (probe), 0.4 μM (forward and reverse primers)/0.20 μM (probe), and 0.5 μM (forward and reverse primers)/0.25 μM (probe)], and two thermocycling conditions (standard and fast two-step cycling) were assessed. Amplification efficiencies were calculated for each primers/probe set by standard curves using serial dilution from standards obtained, efficiency and standard errors were determined by employing Biogazelle qbase + software as described (Perez et al., 2017). A fast two-step cycling thermal profile (95°C for 30 s followed by 40 cycles of 95°C for 5 s, an annealing/elongation by 60°C for 20 s with acquisition of fluorescent data) was finally selected.

To assess the effect of interference of one set (primers/probe) over the other, the assays were first optimized in single format and finally optimized as a duplex-qPCR (for the detection of infectious Leptospira spp. and the detection of pathogenic group I)/simple-qPCR system (confirmation of pathogenic group II). Finally, all amplification reactions were conducted in final volume of 20 μL containing 5 μL of DNA template and the composition of the reaction was established as the lower concentration of primers and probes with the higher level of efficiency for the reaction (Table 3).


TABLE 3. Composition of mix for the qPCR multiplex assay for the detection of infectious Leptospira spp. and differentiation between both pathogenic groups I and II.
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Limit of Quantification, Efficiency, and LIMIT of Detection

The limit of quantification (LoQ) was defined as the linear range of the assays and it was estimated from evaluating serial four-fold dilutions in nuclease-free water of quantified DNA standards obtained as described in 2.4.3; amplification efficiencies were determined as previously described by Perez et al. (Perez et al., 2017) employing Biogazelle qbase + software. The limit of detection (LoD) for the multiplex-qPCR assay was estimated by evaluating serial four-fold dilutions in nuclease-free water of quantified DNA standards obtained as described in the section “Standards Construction for Both Pathogenic Groups I and II of Leptospira spp.” The dilutions assessed ranged from 107 RNA copies/μL to 10–2 DNA copies/μL for both L. interrogans serovar Pomona and L. broomii. Each dilution was tested in a set of 10 replicates. Thus, the LoD of the assays was determined using a Probit regression analysis implemented in the MedCalc Statistical Software version 19.0.7 (MedCalc Software bvba, Ostend, Belgium1 2019). The LoD was defined as the concentration (copies of the gene/μL) that yielded 95% positive results along with the 95% confidence interval (CI) (Vaks et al., 2016).



Analytical Sensitivity

Analytical sensitivity (ASe) was determined by dilution-to-extinction (DTE) experiments using four-fold serial dilutions of cultures of L. interrogans, serovar Pomona, and L. broomii into five different appropriate matrices. These matrices consisted of Leptospira-free tested bovine placenta tissue, canine urine, feline liver tissue, canine kidney tissue, and bovine blood. In addition, the matrix effect on the efficiency and sensitivity of the assays was also assessed. Like for the LoD, the Se for each clinical matrix was determined using a Probit regression analysis implemented in the MedCalc Statistical Software version 19.0.7 (MedCalc Software bvba, Ostend, Belgium1; 2019). The Se was defined as the concentration (copies of the gene/μL) that yielded 95% positive results along with a 95% CI (Vaks et al., 2016).



Analytical Specificity

The specificity of the multiplex qPCR was assessed by the analysis of DNA of 12 Leptospira spp. included in the study and other non-Leptospira spp. causing disease with clinical signs resembling Leptospira spp. infection in different animal species (Table 1). All the samples were tested in triplicate by two different operators. In addition, all the amplification products obtained from the infectious Leptospira strains were purified from the agarose gel using QIAquick Gel Extraction Kit (Qiagen GmbH), and submitted for sequencing that was conducted under BigDyeTM terminator cycling conditions by an external laboratory ACGT Inc., Urbana, IL, United States. The quality of each sequence obtained was analyzed manually and the sequence similarity was checked against sequences deposited in the EMBL/GenBank using a BLAST search at NCBI site2. Sequences from each fragment amplified for each primer pair are available in Supplementary Text S2.



Intra- and Inter-Assay Variability

The repeatability of the multiplex qPCR assay was calculated as reported by Rios et al. (2018), briefly: three different concentration of both Leptospira spp. strains L. interrogans serovar Pomona and L. broomii were used, strong positive (106 DNA copies/μL), medium positive (104 DNA copies/μL), and weak positive (102 DNA copies/μL). The intra-assay variability was assessed by evaluating 20 replicates of each dilution, whereas the inter-assay variability was determined by analyzing each condition in independent runs conducted by two operators on different days. The coefficient of variation (CV) was obtained using the formula CV = SD [Ct-value]/overall mean[Ct-value] × 100, previously reported by Perez et al. (2012a).



Interpretation of Results

Since non-specific amplifications from primer/primer or primer/probe interactions were not obtained after 55 cycles, a cut-off value for multiplex qPCR assay was established following the expression (1), to avoid miss amplifications or fluorescence artifacts. Thus, it was determined that all the samples yielding a cycle threshold (Ct) value below 40 (Ct < 40) were considered positive.
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Evaluation of the Diagnostic Performance


Comparison of the Performance on Clinical Samples

The performance of the new multiplex qPCR presented here on the 684 samples assessed (see section “Samples” and Supplementary Table S1) was compared with the results obtained from the qPCR assay routinely used for the diagnosis of Leptospira spp. at VDL (Smythe et al., 2002).



Bayesian Latent Class and Statistical Analysis

Bayesian methods have been increasingly used to assess the reliability of diagnostic tests in the absence of a true gold standard. In fact, Bayesian Latent class methods are currently suggested by the OIE for estimation of diagnostic sensitivity and specificity (OIE, 2014). Thus, the diagnostic performance of the new multiplex qPCR assay presented here was estimated by two different approaches without a perfect reference test (“without gold-standard”), (i) a two-test one-population Bayesian model defined by Li and Liu (2019) that allowed for a conditional covariance dependence (correlation) among tests for the evaluation of this particular model an in-house script was generated (Supplementary Text S1), and (ii) a three-test one-population Bayesian Latent class method based on Lahuerta-Marin et al. (2018) with two assays with conditional covariance dependence and the third one conditional independence, for this particular model the webtool Modelling of Infectious Disease Centre3 was used. For each model, a non-informative beta (1,1) prior was used. The data consisted of results obtained from the comparison of the new multiplex qPCR assay presented here and the qPCR assay routinely used at VDL for Leptospira spp. diagnosis (Smythe et al., 2002). Models were run in WinBUGS 1.4.3 (Lunn et al., 2000) with convergence estimates derived using 2,000,000 iterations of simulation with sampling done every 100 iterations. The first 5000 iterations were discarded as burn-in convergence was assessed by evaluation of the history, trace plots, and calculation of the Gelman-Rubin statistic diagnostic which compares within and between chain variability of the two chains that were run. Posterior medians with 95% probability intervals (PIs) corresponding to the 2.5th and 97.5th percentiles of the Monte Carlo sample were used to summarize parameter estimates of DSe and DSp for the assays compared.

The significant differences among the efficiency values from the different experimental conditions and matrices assessed were analyzed by a fit curve with non-linear regression, with 95% CIs of the parameters, using GraphPad Prism v8.3 (GraphPad software, Inc.). In all cases, a p-value < 0.05 was considered statistically significant.



Verification of the Performance on Clinical Samples

The accuracy of the predictions assessed for the different assays was also evaluated by sequencing the products obtained. The amplification products from the qPCR multiplex assays proposed here were cleaned and submitted for direct sequencing, whereas in the case of the amplicons obtained from the qPCR assay (Smythe et al., 2002) routinely used for the diagnosis of Leptospira spp. at VDL, the products were cleaned and cloned into the PGEM-t-easy vector (Promega, Madison WI, United States) following the manufacturer’s directions and read using the T7 and SP6 primers.



RESULTS


The Establishment of the Multiplex qPCR Assay


In silico and in vitro Evaluation of the Target Regions Primers and Probe

The development of new qPCR assays targeting the 16S RNA gene for the diagnosis of Leptospira spp. has become a current need claimed by the scientific community (Tsuboi et al., 2017). This target region has been considered more suitable not only for clinical but also for epidemiological studies. Thus, to fit the “fitness of purpose” for the specific detection of infectious Leptospira spp. and further discrimination between both pathogenic groups, three target regions on the 16S RNA gene were selected (Figures 1A,B).
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FIGURE 1. In silico analysis and locations of the target regions selected for the detection of Leptospira spp. (A) Whole genome representation of Leptospira spp., the targeted 16SRNA gene is denoted. (B) Location of the three target regions selected, the region targeted for the specific detection of infectious Leptospira spp. groups is denoted as 1 and highlighted in blue, the region targeted for the specific detection of pathogenic group I is denoted as 2 and highlighted in red, and the region targeted for the specific detection of pathogenic group I is denoted as 3 and highlighted in green; primer region analysis on all available sequences of Leptospira spp. (see Supplementary Table S1), for each target region the sequences of primers and probe are denoted, a total of 39 sequences for pathogenic group I, nine sequences for pathogenic group II and 11 sequences for saprophytic group were used. Dots indicate perfect match with the top sequence, letters indicate mismatches, insertions were denoted with black rectangles, all the polymorphisms tested using representative Leptospira spp. strains were denoted with an asterisk (∗), polymorphisms tested using genetic constructions were denoted with symbols (ψ,ϕ). The sizes for the amplicons of each target region are also denoted. The Whole-genome representation of Leptospira was used from the freely available NCBI source.


For the specific detection of the whole infectious Leptospira spp. group, the primer pair/probe set selected (Table 2) was highly conserved for both pathogenic groups (<3 mismatches for all the sequences assessed) and highly discriminatory from the saprophytic group (Figure 1B). Thus, considering the 48 sequences belonging to infectious Leptospira spp. group, it was observed that on the region of the forward primer infL-78F22, 25 sequences from the Leptospira spp. pathogenic group I were 100% identical, 15 sequences (from both pathogenic group I and II) presented one mismatch (18C × T), two sequences from the pathogenic group I presented two mismatches (17T × C/18C × T), five sequence from the pathogenic group II presented two mismatches (18C × T/21A × G), and one sequence from the pathogenic group II also presented two mismatches (18C × T/21A × G) (Figure 1B). For the region targeted by the probe infL-179U20, it was found that 36 sequences from the pathogenic group I were 100% identical, two sequences from pathogenic group I presented one mismatch (19C × T), one sequence from the pathogenic group I presented two mismatches (8C × A/19C × T), four sequences from the pathogenic group II presented two mismatches (3T × G/19G × T), and five sequences from the pathogenic group II presented two other mismatches) (1T × C/19G × T) (Figure 1B). In the case of the region of the reverse primer infL-264R21, all the sequences from the pathogenic group I were 100% identical, and all the sequences from pathogenic group II presented one mismatch (2C × T) (Figure 1B).

For the specific detection of Leptospira spp. pathogenic group I, the primer pair/probe set selected (Table 2) was highly conserved for this specific group (Figure 1B). Indeed, the primers forward and reverse LP-1077F19 and LP1206R23 as well as the probe LP-1175U23 showed a 100% sequence identity when compared to the 39 sequences assessed belonging to the Leptospira spp. pathogenic group I (Figure 1B). In addition, this primer pair and probe set was also highly discriminatory from Leptospira spp. pathogenic group II and the saprophytic group, showing more than five mismatches with all the sequences from both groups (Figure 1B).

Similarly, for the specific detection of Leptospira spp. pathogenic group II, the primer pair/probe set selected (Table 2) was highly conserved for this specific group (Figure 1B). The primer forward LI-1044F20 showed a 100% sequence identity with all nine sequences assessed from Leptospira spp. pathogenic group II (Figure 1B). For the region targeted by the probe LI-1163U24, it was found that two sequences presented one mismatch (1A × C and 23G × A) (Figure 1B). In the case of the region of the reverse primer LI-1230R20, only one sequence from pathogenic group II presented one mismatch (1C × T) (Figure 1B). This primer pair/probe set was also highly discriminatory from Leptospira spp. pathogenic group I and the saprophytic group, showing more than five mismatches with all the sequences from both groups (Figure 1B).

Since on the target regions for the primer pair/probe set for the specific detection of infectious Leptospira spp. and the discrimination of Leptospira spp. pathogenic group II some sequences presented a few mismatches (Figure 1B sequences denoted), we assessed the impact of these mismatches on the efficiency of detection of strains bearing these mismatches (Figure 2). The results obtained from the serial dilutions of DNA from these strains yielded no significant difference on the efficiency of the reaction among the different Leptospira spp. strains assessed (Figure 2). Thus, it was evidenced that the few mismatches found on the target region of the sequences of both pathogenic groups did not affect the detection and discrimination of infectious Leptospira spp. and Leptospira spp. pathogenic group II by the primers and probe selected.
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FIGURE 2. Evaluation of the effect on efficiency of the reaction caused by each mismatch found on each target region. (A–D) Evaluation of the effect on efficiency of the reaction for the target region of infectious Leptospira spp. group, (E–G) pathogenic group II, and (H) pathogenic group I. All polymorphisms denoted (∗) in Figure 1 were assessed and the efficiency values compared with 100% match for the primers/probe sets represented in (A) and (D) L. interrogans for infectious Leptospira group and pathogenic group I, (B) L. bromii for pathogenic group II. All the mismatches between the template target and the primers and probes are denoted highlighting the position and the replacement. All the Leptospira spp. strains used are denoted. The efficiency values, dynamic range, and linearity of the amplification reaction for the target regions are shown: (A–D) specific for the detection of infectious Leptospira spp. group denoted in blue, (E–G) specific for the detection of pathogenic group II denoted in green, and (H) Leptospira group I denoted in red. n.s: no statistically significant differences.




Feasibility Study

The “fitness of purpose” of the assay presented here was the detection of infectious Leptospira spp. with the further discrimination between both pathogenic groups. A feasible approach is the implementation of a multiplex assay, which is intended to simplify the reaction, reduce the cost and time of execution (Rios et al., 2018). Since the primers/probe sets (Table 2, set 2 and 3) for the differentiation between both pathogenic groups spanned a common target region (Figure 1B), the combination of these primers and probes was not performed to avoid competition or interference. Thus, the two remaining possible combinations of primer/probe sets were assessed: the primers and probe for the specific amplification of infectious Leptospira spp. group, together with the primers for the specific detection of Leptospira spp. pathogenic group I (Table 2, set 1 and 2); and the primers and probe for the specific amplification of infectious Leptospira spp. group, together with the primers for the specific detection of Leptospira spp. pathogenic group II (Table 2, set 1 and 3). Both combinations yielded identical results, however, since the species from Leptospira spp. pathogenic group I have shown a higher prevalence than the species of Leptospira spp. pathogenic group II, for practical purposes, the combination (set1 + set2) was selected for the duplex (Figure 3A) and the set 3 was used in parallel for the conception of the multiplex assay (Figure 3B). Thus, signals of amplification from set 1, set 2, and the IC were obtained when the strain L. interrogans, serovar Pomona was used as reference material (Figure 3A) and subsequently, positive amplifications were obtained from the set 1, set 3, and the IC when the strain L. bromii was used (Figure 3B). Hence, each primer/probe set specifically recognized its corresponding target without interference, and no overlapped signals were obtained (Figure 3). The amplification of the IC did not affect the amplification of the specific targets (Figure 3). Hence, the multiplex assay was finally conceived as a duplex qPCR for the specific detection of infectious Leptospira spp. together with the discrimination of Leptospira spp. pathogenic group I (Figure 3A), with the amplification side-by-side on the same run of Leptospira spp. pathogenic group II (Figure 3B), and the IC in both reaction vessels (Figure 3).
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FIGURE 3. Detection of infectious Leptospira spp. group and differentiation of both pathogenic groups I and II. Schematic representation of the reactions and outcome of the qPCR multiplex assessed on different templates of Leptospira spp. (A) Pathogenic group I representative strain L. interrogans denoted in red and (B) pathogenic group II L. bromii denoted in green. Primers/probe sets for each target region were denoted, 1: infectious Leptospira spp. group (also denoted in blue), 2: pathogenic group I (also denoted in red), and 3: pathogenic group II (also denoted in green). Amplification reactions specific for each target region are denoted, 1: infectious Leptospira spp. group (also denoted in blue), 2: pathogenic group I (also denoted in red), and 3: pathogenic group II (also denoted in green). In all cases, IC: internal extraction control (also denoted in yellow).




Optimization and Evaluation of Analytical Parameters

Optimization is defined to evaluate and adjust the most critical parameters of the assay to ensure that its performance is best suited to the intended application (OIE, 2013). Since the efficiency of the reaction is a significant factor reflecting the capacity of the assay to duplicate the DNA target and it can be affected by non-specific interactions (primer-primer or primer-probe), this parameter was used as reference, to estimate the thermal profile and best concentrations of primers and probes. From the evaluation of three different concentrations of primers and probes, it was consistently obtained for the three targeted regions that the lower concentration of primers and probes showing the higher efficiency values was 0.3 μM for primers and 0.15 μM for probes (Figures 4A–C). When higher concentrations of primers and probes were assessed, no significant differences in the efficiencies of the reactions were obtained (Figures 4A–C). Thus, the composition of the reactions was finally established as described in Table 3.
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FIGURE 4. Dynamic range, limit of detection, matrix-effect, and analytical sensitivity of the novel multiplex qPCR assay. Evaluation of the different concentrations of primers and probes on efficiency and dynamic range of the reaction specific for the detection of (A) infectious Leptospira spp. group (also denoted in blue), (B) pathogenic group I (also denoted in red), and (C) pathogenic group II (also denoted in green). All the values of efficiency of the reaction are shown, the linearity of the reaction is also shown; in all cases, E1 was determined with 0.3 μM primers and 0.15 μM probe, E2 was determined with 0.4 μM primers and 0.2 μM probe, E3 was determined with 0.5 μM primers and 0.25 μM probe, n.s: no statistically significant differences. Evaluation of the LoD, probit function for each specific reaction is shown: (D) reaction targeting infectious Leptospira spp. group (also denoted in blue), (E) reaction targeting pathogenic group I (also denoted in red), and (F) reaction targeting pathogenic group II (also denoted in green); LoD value detected with 95% of confidence is shown. Evaluation of the matrix-effect on efficiency and the linearity of the reaction for each target region: (G) infectious Leptospira spp. group, (H) pathogenic group I, and (I) pathogenic group II. All the efficiency values for each matrix are shown, each matrix is denoted and highlighted (placenta: brown, urine: yellow, kidney: blue, liver: turquoise, blood: red). All the values of efficiency of the reaction are shown, the linearity of the reaction is also shown, n.s: no statistically significant differences. (J) Representative evaluation of analytical sensitivity (ASe) of the multiplex qPCR assay, 95% confidence interval estimated for kidney tissue homogenate matrix is shown (all the remaining matrices yielded same result), value of the ASe determined by probit function is highlighted in bold case.



Limit of Detection, Dynamic Range, and Limit of Quantification

The limit of detection of a PCR assay has been recently defined, as consensus, as the minimal concentration of nucleic acid that yields a positive result at least with 95% of confidence (Forootan et al., 2017). By evaluating 10 replicates for each DNA dilution and the application of a probit function, the LoD for each target region was determined. For the specific detection of infectious Leptospira spp. group, the LoD was 2.2 gene copies/reaction, for Leptospira spp. pathogenic group I, it was 2.1 gene copies/reaction, and for Leptospira spp. pathogenic group II, it was 2.3 gene copies/reaction (Figures 4D–F). Since for all the target regions the LoD was practically the same (∼3 gene copies/reaction) and no significant differences were obtained when the single qPCRs were compared with the duplex qPCR, this value was defined as the LoD for the multiplex assay.

The dynamic range has been defined in MIQE guidelines (Bustin et al., 2009) as the range over which a reaction is linear (Kralik and Ricchi, 2017), in other words, the range in which the target of interest can be accurately quantified. Kralik and Ricchi (2017) also suggested the LoQ in the molecular diagnosis of microorganisms to be set as the lowest quantifiable concentration of the target yielding a CV < 25%. Thus, the results obtained from the three target regions presented in the current assay showed a linear range spanning between_ENREF_25 6.5 × 106 DNA copies/reaction to ∼9 DNA copies/reaction, with this value considered the LoQ for the multiplex assay (Figures 4G–I).



Matrix Effect and Analytical Sensitivity

The matrix samples usually include inhibitory factors that could interfere with the performance of PCR assays (Perez et al., 2012b); hence, the effect induced by the different matrices on which the assays are intended to be used must be assessed (OIE, 2013). As during the optimization for the multiplex qPCR assay, the effect of the different matrices on the performance of the multiplex qPCR assay was determined by estimating the deviation that the different matrices cause to the efficiency of the reactions (Figures 4G–I). No significant differences were obtained for any of the five matrices assessed for the three targeted regions (Figures 4G–I). In addition, all the efficiency values obtained were higher than 94% (Ematrix > 94%), making the qPCR multiplex suitable to be applied in these five matrices in diagnostic evaluations (Figures 4G–I).

Although the LoD is a measure of the ASe, these two parameters differ from each other, in the fact that the ASe is the minimal amount of the nucleic acid target that can be detected in a specific matrix at least with a 95% of confidence (OIE, 2013). Thus, the different components of the matrices could have an impact on the ASe, which could lead to obtaining different Ase for each biological matrix. From the evaluation of the ASe of the three target regions for each matrix assessed, no significant differences were found among them, the ASe for the three targeted regions was 5.2 copies/reaction 95% CI (2.16–22.4 gene copies/reaction) (Figure 4J). Thus, the qPCR multiplex assay was demonstrated to be highly sensitive.



Analytical Specificity

The analytical specificity (ASp) of the Multiplex qPCR assay was determined considering the three major concepts defining this parameter: (i) inclusivity, (ii) exclusivity, and (iii) selectivity. The inclusivity of the assays was shown by the fact that the multiplex qPCR was able to specifically detect all the strains from infectious Leptospira spp. group (Table 1 and Figure 5), as well as to discriminate between the different strains from the pathogenic group I and the pathogenic group II (Table 1 and Figure 5). On the other hand, the exclusivity of the qPCR multiplex assays was evidenced since the assays did not amplify the nucleic acid from the Leptospira spp. saprophytic group (Table 1 and Figure 5) or any other non-Leptospira spp. related microorganism (Table 1). Likewise, the selectivity of the qPCR multiplex assay did not show amplification of any of the five biological matrices assessed (Supplementary Figure S2). Thus, the qPCR multiplex assay selectively detected the target without any interference by the matrices’ components.
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FIGURE 5. Performance of the multiplex qPCR assay on different Leptospira spp. strains. (A) Amplification curves for each sample using different Leptospira spp. strains included in pathogenic group I (L. interrogans, L. weillii, and L. kirschineri), pathogenic group II (L. bromii and L. perolatii), and saprophytic group (L. biflexa), also listed in Table 1. Amplification curves for the infectious Leptospira spp. group are shown in blue, amplification curves for the pathogenic group I are shown in red, amplification curves for the pathogenic group II are shown in green, amplification curves for internal control are shown in yellow, Leptospira spp. used as representative strains are denoted. (B) Confirmation of the amplification products resulting from the multiplex qPCR assay by electrophoresis on 3% agarose gel. In all case, 1—L. interrogans; 2—L. weillii; 3—L. kirschineri; 4—L. bromii; 5—L. perolatti; 6—L. biflexa; and M—molecular weight marker, 100 bp (Thermofisher scientific cat no. 15628019). Specific amplification product sizes are denoted: (infectious Leptospira spp. = 207 bp, pathogenic group I = 152 bp, and pathogenic group II = 206 bp). Confirmation by sequencing of the amplification products was also accomplished (see Supplementary Text S2).




Precision of the Multiplex qPCR Assay

Precision has been defined as the degree of agreement of measurements under specified conditions. In the practice, the precision of qPCR assays could be determined by two conditions termed repeatability and reproducibility (Kralik and Ricchi, 2017). For the case of the multiplex qPCR assay developed in the current study, we assessed the precision of the test determined by the repeatability intra and inter assay, considering within-laboratory variations. Thus, for the intra-assay repeatability, from 20 replicates included in the same experiment, the highest level of variability was obtained from the target region specific for the detection of infectious Leptospira spp. group, with a CV = 1.4% (Table 4). Hence, this value was considered as maximum intra-variability of the multiplex qPCR assay. In the case of the inter-assay repeatability, from the 20 replicates evaluated by two operators on different days, the highest level of variability was also obtained from the target region specific for the detection of infectious Leptospira spp. group, with a CV = 1.84% (Table 4). In all cases, a CV lower than 2.0% was obtained for all the targeted regions when intra and inter runs variabilities were assessed, this result is indicative of a highly repeatable and reproducible assay.


TABLE 4. Repeatability intra-assay and reproducibility inter-assay for the multiplex qPCR assay.
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Diagnostic Performance of the qPCR Multiplex Assay

The results yielded by the multiplex qPCR assay in comparison with the qPCR assay for the diagnosis of Leptospira spp. (Smythe et al., 2002) (currently in use at VDL) on 684 clinical samples are summarized in Table 5. Whereas most of the outcome from both methods agree [621 out of 684 (90.7%)], detecting positive and negative samples to Leptospira spp., certain discrepancies were observed (Table 5). Thus, 41 (∼6%) samples resulted positive to Leptospira spp. by the new multiplex qPCR assay (34 samples tested positive for pathogenic group I and seven samples tested positive for pathogenic group II) and negative by the assay in use at VDL (Smythe et al., 2002), whereas 22 (3.2%) samples resulted positive to Leptospira spp. by the assay in use at VDL (Smythe et al., 2002) and yielded negative for the new multiplex qPCR assay.


TABLE 5. Performance of both qPCR on 684 clinical samples1 submitted at VDL suspected of Leptospira spp. infection.

[image: Table 5]In order to get deep insight regarding the discrepancies showed by both diagnostic tests, Bayesian statistical analyses were performed. On the one hand, a clear limitation of classical latent class model comes from the identification of different populations with different prevalence (Lahuerta-Marin et al., 2018). However, more extended models have made suitable the use of one population with higher level of accuracy, those satisfying the condition of Expression (2) (Toft et al., 2005). Similarly, Li and Liu (2019) also proposed two simpler and feasible models to compare two tests on only one population in absence of a gold standard and under a conditional covariance dependency. Results obtained from the evaluation of the model proposed by Li and Liu (2019) available as WinBugs script (Supplementary Text S1), yielded values of diagnostic sensitivity of DSe(TestA) = 96.45% and DSe(TestB) = 96.66% and diagnostic specificity of DSp(TestA) = 95.18% and DSp(TestB) = 96.68%, where Test A is the qPCR assay in use at VDL (Smythe et al., 2002) and Test B the qPCR multiplex assays developed here (Supplementary Table S3). Thus, both diagnostic parameters for both assays were only slightly different, with a higher level of sensitivity and specificity for the new qPCR multiplex assay developed. However, after the confirmation of the amplification product by sequence analysis and considering these results obtained from sequencing as a third test, fulfilling the requirements of Expression (2), the values for both diagnostic parameters changed drastically (Table 6). A decrease in the value of DSe to 59.6% by the assay in use at VDL (Smythe et al., 2002) was observed, the DSp of this tests was not affected whereas both parameters for the qPCR multiplex assay developed here considerably improved with a DSe = 99.8% and a DSp = 100%. These results were mainly influenced by the fact that the 22 samples that tested positive by the qPCR assay reported by Smythe et al. (2002) and negative by the multiplex qPCR were identified by sequencing as L. biflexa and Leptospira meyeri from the saprophytic group (Supplementary Text S2). All 41 samples that were positive by the multiplex qPCR but not detected by the qPCR assay reported by Smythe et al. (2002) were identified as infectious Leptospira spp. In addition, this analysis determined a prevalence for infectious Leptospira spp. of 14.9%, from which the predictive values for the new assay revealed a high level of accuracy in the test (see Table 6, positive and negative predictive values). It is important to denote that, in all cases, all parameters were obtained from a high level of convergence of chain on the model used as shown in all the histograms obtained (Supplementary Figure S3).
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TABLE 6. Diagnostic parameters for the multiplex qPCR assay assessed by Bayesian Latent class analysis§.
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DISCUSSION

Leptospirosis represents a global threat for both human and animal health (Adler, 2015). In the recent years, the number of reports associating species from the pathogenic Leptospira spp. group II to cases of disease in humans (Levett et al., 2006; Chiriboga et al., 2015; Tsuboi et al., 2017; Puche et al., 2018) and animals (Zakeri et al., 2010; Romero-Vivas et al., 2013) has increased. This issue constitutes an additional concern to the complex epidemiology of this zoonotic agent, which is linked to more than 60,000 deaths in humans per year (Picardeau, 2017) and incalculable economic burden due to the cost of medical treatments (Torgerson et al., 2015) and livestock losses (Ellis, 2015). One of the major problems when establishing a proper control measure against Leptospira spp. is that the disease is basically underreported for many reasons, including difficulty in distinguishing clinical signs from those of other endemic diseases and the lack of appropriate diagnostic laboratory services. Despite that molecular methods, mainly those based on qPCR, have improved the diagnosis of Leptospira spp. in terms of cost, time, and reliability, most of the validated assays have been designed to target highly polymorphic genes such as lipL32 (Stoddard, 2013), and lfb1 (Merien et al., 2005) of the pathogenic group I, failing to detect species from the pathogenic group II (Tsuboi et al., 2017; Thibeaux et al., 2018). Hence, in the current study, we developed and validated a novel qPCR multiplex to enable the specific and selective detection of the whole group of infectious Leptospira spp. including both pathogenic groups I and II and moreover, selectively discriminate between them.

The use of 16S RNA gene for the development of the current assay resulted in an advantageous target, enabling the detection of the whole group of infectious Leptospira spp. and the reliable differentiation between both groups (I and II), currently reclassified as P1 and P2 (Vincent et al., 2019). The fact that the 16S RNA gene has been vastly supported as a good phylogenetic marker for Leptospira spp. classification (Fouts et al., 2016; Santos et al., 2018; Vincent et al., 2019) guarantees that this gene contains regions enabling the differentiation between the major groups of the Letospira spp. Moreover, using all sequences available at the GenBank database ensured that the design of the primers and probes in the current study had a broad and selective spectrum for the detection of all infectious Leptospira spp., with the exclusion of all saprophytic group and the novel clade of environmental Leptospira spp. with the species idonii as species type (Vincent et al., 2019). The format selected for the Taqman-type detection also holds additional advantages since its interpretation is straightforward, and also allows the combination of several wavelengths into the same vessel of reaction (Belak, 2007). The low impact showed by the mismatches found in the targeted regions on the efficiency of the amplification reactions is a clear indication that the multiplex assay validated has a high detection capacity. Thus, this assay will be highly useful not only for the diagnosis of the current known Leptospira spp. but also for additional strains that could emerge within both groups of interest (pathogenic I and II), since the assay is not affected by punctual changes in the sequences of the targets.

The incorporation of a qPCR method to the routine laboratory diagnostic can be fulfilled only if the new assay is rigorously validated through the proper standardization and optimization of all qPCR parameters (Bustin et al., 2009, 2013). Failing to comply with these critical aspects could trigger additional problems in the assay such as inadequate analytical parameters (sensitivity and specificity) (Perez and Diaz de Arce, 2009) and poor performance of the diagnostic parameters (Elnifro et al., 2000). Since the qPCR multiplex assay presented here was strictly optimized considering all the reaction parameters, including those related to system (Perez et al., 2011) and thermodynamic variables (Rios et al., 2018), the assay showed high levels of ASe and specificity, independently of the target region. Likewise, the efficiency of the reactions was consistently high regardless of the matrix sample assessed. It is relevant to clarify that the efficiency in the qPCR reactions is a critical parameter and it has been directly linked to three major aspects: (i) accurate design of the primers and probes with adequate size in the amplicon allowing a maximum yield that facilitates the detection of the target (Perez et al., 2017), (ii) appropriate optimization of the reaction parameters to avoid the amplification of undesirable targets (Acevedo et al., 2013), and (iii) the use of efficient system of nucleic acid isolation that limits the co-elution of macromolecules such as carbohydrates and proteins that could act as inhibitors of the amplification reaction (Suarez et al., 2007). In all cases, efficiency values higher than 94% were obtained, indicating that the three criteria were successfully accomplished, which also enables the use of the proposed assay on a broad spectrum of clinical samples.

It is also important to consider that the clinical presentation of leptospirosis is biphasic, the initial acute or septicemic phase lasts approximately about a week, followed by a subsequent immune phase, which is characterized by antibody production and excretion of leptospires in the urine (Levett, 2001). Although there is lack of studies uncovering the quantitative dynamic of Leptsopira spp. infections in animals, at least two studies have addressed this aspect in Leptospirosis infections in humans (Segura et al., 2005; Haake and Levett, 2015). From both studies, it can be inferred that during acute phase the bacterial load is around 107 to 104 Leptospires/mL (Segura et al., 2005; Haake and Levett, 2015), whereas in the immune phase leptospires were intermittently excreted to the lowest values of less than 10 Leptospires/mL (Segura et al., 2005). From this perspective and assuming that these values of bacterial load could be similar in the dynamic of infection of Leptospira spp. in animals, we can ensure that with the ASe shown by the new assay presented here, a broader window of detection for the agent at different stages of infection is guaranteed. On the other hand, leptospirosis is far from being a pathognomonic disease; therefore, a rigorous evaluation of the ASp is required mainly against those agents causing a similar clinical course. In the current study both suggested methods to evaluate the ASp (in silico and in vitro) (Broeders et al., 2014) were successfully accomplished revealing a congruence by both evaluations. Thus, the primers and probes selected, only recognized the specific targets for which the assay was intended. Indeed, the homologous and undesirable target, the 16S RNA gene from saprophytic Leptospira spp. group, was not detected by the assay. Likewise, non-homologous but clinically related microorganisms were not detected by the new validated assay and the endogenous substances in clinical samples did not interfere with the outcome of the assay. The results obtained from the evaluation of the precision for the qPCR multiplex assay suggested that the level of repeatability and reproducibility of this new assay could facilitate its transference to different laboratories without a high impact in the results. However, to ensure which would be the deviation caused by using this new assay for different laboratories, a collaborative trial evaluation considering at least three different diagnostic laboratories should be accomplished in the future.

The evaluation of the performance of a qPCR assay on clinical field samples obtained from animals affected by the disease is a critical step for its use as accurate diagnostic tool (Rios et al., 2018). The evaluation of almost ∼700 samples from different hosts, collected during different years and different clinical specimens is one of the major strengths of the current validated assay. Because different species of Leptospira spp. tend to be more prevalent in one host than in others (Levett, 2001), using different samples from different hosts guaranteed that a wide spectrum of genetically different Leptospira spp. were assessed. In addition, the evaluation of different clinical specimens makes possible the detection of the agent at different stages of the disease.

The use of Bayesian latent class analysis represents a practical advantage, since it allows the evaluation of the performance of the assays without the use of a “perfect reference test” (OIE, 2014). This methodology also facilitates the estimation of DSe, DSp, and prevalence across all tests and populations without assuming the true status of the samples. It is also relevant to denote that although the model proposed by Li and Liu (2019) could be helpful in the practice and it is a less costly approach, this method could mask the values of DSe and DSp, as it was observed in the results obtained in the current study, which was evidenced by comparing the mentioned methodology with the three-test/one-populations approach. This last methodology yielded more accurate outcomes, at least in our evaluation; therefore, we encourage the application of this methodology during the validation process of new nucleic acid detection methods. In this regard, the three-test/one-populations method showed high levels of DSe and DSp for the new multiplex qPCR method validated here, evidencing a low DSe by the previous methods in use (Smythe et al., 2002). This result was mainly influenced by the outcome obtained from the sequence analysis, which revealed the assay reported by Smythe et al. (2002) recognized as positive the strains L. biflexa and L. meyeri. Since the authors claimed that the ASp for the primers/probe set was assessed against different non-pathogenic Leptospira strains (Smythe et al., 2002), this result was completely unexpected. However, the re-evaluation of the qPCR assay by Smythe et al. (2002) using the reference strain L. biflexa Patoc I from ATCC (Table 1) yielded a positive result confirming the results obtained from the clinical samples. Analyzing in detail the sequences of the primers/probe set reported by Smythe et al. (2002), it was observed that the forward primer presented five mismatches when aligned with the 11 sequences of the saprophytic group of Leptospira. However, the six nucleotides located toward the 3′-end showed a 100% match with the template sequence, thus this primer could perfectly hybridize in the DNA of the saprophytic group of Leptospira spp. with the mismatches acting as a T-tail allowing the amplification of these types of strains. Likewise, a single mismatch was observed in the probe sequence and this mismatch was not even located in a critical point. The same characteristic was observed on the reverse primer region (see Supplementary Figure S4). Thus, in agreement with the evidences found in vitro, the in silico evaluation revealed the primers/probe set reported by Smythe et al. (2002) likely amplifies species from the saprophytic group of Leptospira spp. as it was obtained during the evaluation of clinical samples. In the case of the new qPCR multiplex assay validated here, all the evaluations performed (in silico, in vitro, and from clinical samples) showed that the assay only targeted the infectious Leptospira spp. group with the additional differentiation of both pathogenic groups.



CONCLUSION

The current study presents a novel validated multiplex qPCR assay for the specific detection of the infectious Leptospira spp. groups with the further differentiation between both pathogenic groups I and II. Since the new assay targets three specific regions within the 16RNA gene of Leptospira spp., it enables a broader detection of the whole infectious group and segregates the saprophytic group. From the rigorous validation process, it was revealed that the assay proposed is sensitive, specific, and robust. The evaluation of the analytical and diagnostic parameters also showed that this new multiplex qPCR assay is a reliable diagnostic method for the detection of Leptospira spp.
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FIGURE S1 | Phylogenetic trees for Leptospira spp. Phylogenetic tree based on 16S RNA sequences using all non-redundant genomes available at GenBank. The main IBDV clades are denoted by designations and colors (Pathogenic: red, Intermediate: green and saprophytic: blue).

FIGURE S2 | Performance of the multiplex qPCR assay on different matrices. In all cases, matrices of urine, liver, kidney, blood, and placenta were assessed. (A) Amplification curves for each sample using L. interrogans as positive control. (B) Amplification curves for each sample using L. bromii as positive control.

FIGURE S3 | Evaluation of prevalence, sensitivities, specificities, and positive and negative predictive values (PPV and NPV) estimated by using an imperfect gold standard model (Bayesian latent class model). (A, C, E, G, I, K, and M) histogram for the distribution and (B, D, F, H, J, L, and N) trace plot for the MCMC chains. Evaluation for each parameter: prevalence, sensitivity, and specificity for each test is denoted. Test A: the qPCR assay in use at VDL (Smythe et al., 2002), Test B: Multiplex developed in the current study, and Test C: sequencing analysis of the amplification products obtained.

FIGURE S4 | In silico analysis and locations of the target regions for the detection of Leptospira spp. for the primers and probe described by Smythe et al. (2002). Primers are denoted as arrow and probe as a green line, mismatches found in the sequences were denoted with red lines and the nucleotides are also shown.

TABLE S1 | All clinical samples collected and assessed in the current study.

TABLE S2 | Sequence of the 16S RNA of Leptospira spp. used in the study for the primer design.

TABLE S3 | Sensitivity and specificity from Bayesian Latent class analysis.
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