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Abstract

:

C. difficile infection (CDI) has an important impact on both human and animal health. The rapid detection and monitoring of C. difficile PCR-ribotypes (RTs) cause of CDI is critical to control and prevent this infection. This study reports the first application of the Molecular Beacon (MB)-based real-time PCR method in genotyping important C. difficile RTs of the main evolutionary clades. The cdtR gene was used as target and the cdtR sequences were analyzed after extraction from deposited genomes or were obtained after sequencing from strains of different origin. cdtR alleles were identified after sequence comparisons and MB-based real-time PCR assays were developed to discriminate them. In total, 550 cdtR sequences were compared, 38 SNPs were found, and five different cdtR alleles were identified. In total, one or two alleles were associated to the RTs grouped in the same evolutionary clade. A MB-based real-time assay was designed for each allele and for optimized testing of the C. difficile strains. The results obtained demonstrated that the MB-based real-time PCR assays developed in this study represent a powerful, original, and versatile tool to identify C. difficile types/clades and to monitor changes in the population structure of this important pathogen.
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1. Introduction


Clostridioides difficile is a Gram-positive, spore-forming, anaerobic bacillus that is recognized as the main cause of diarrhea associated to antibiotics in the hospital environment [1,2,3,4,5,6,7]. The main virulence factors of C. difficile are the toxin A (TcdA) and the toxin B (TcdB) [6,8,9]. Some C. difficile types also produce a third toxin, denominated binary toxin (CDT) [6,8,9]. C. difficile infection (CDI) is characterized by a wide range of symptoms, from mild diarrhea and colitis to severe pseudomembranous colitis and toxic megacolon, that is often life-threatening for patients [10]. In the last two decades, the epidemiology of CDI has evolved. In fact, recent studies indicated an increased incidence of CDI in the community (CA-CDI) [11]. Recent surveillance data showed an incidence of 101.3 cases per 100,000 persons in the United States, with 51.2% being CA-CDI and 50.1% being healthcare associated (HA-CDI), while the mean incidence of CDI in Europe is 3.48 cases per 10,000 patient days, with 60.9% of cases recognized as HA-CDI and 32.7% accounting for CA-CDI cases [11].



Interestingly, recent epidemiological changes have led to the international spread of C. difficile ribotypes (RTs), which has an important impact on global public health. These RTs, such as RT 027, RT 014/020, RT 078, and more recently, RT 023, are associated to a higher occurrence and severity of infection in humans [4,6,7,12,13,14], but they have also been identified as a cause of infection in animals and are isolated in food and environments [4,5,6,7,9,13,15]. Different domestic and wild animal species can be colonized and infected by C. difficile, including food-producing animals [4,16,17,18]. In general, although the pathological lesions observed in animals with CDI are similar to those described in humans [9], clinical manifestations can vary among the different animal species [4,16]. Among food-producing animals, CDI prevalence has been reported globally in both swine (mean value 43%, range 0–100%) and cattle (mean value 14%, range 0.5–56.4%) [19]. In particular, CDI prevalence and mortality is very high in neonatal piglets with rates that can reach up to 100% and 50%, respectively [4,16,18,19,20,21]. For these reasons, CDI not only has a significant impact on the health of the animals but, in the case of food-production animals, also a relevant economic burden for industries [19].



Some emergent RTs have been reported as the cause of both CDI in the community [4,5,13,14,15] and in animals [4,9,15,16]. In fact, although C. difficile RT 027 has been known as the main cause of HA-CDI worldwide [1,2,6,7,10], it is also isolated in animals, food, and the environment [4,9,15,22]. More recently, RT 023 has emerged and spread in Europe and United Kingdom (UK) [12]. This RT is rarely detected in hospitals and is more frequently isolated from CA-CDI cases, animals, and environments [9,15,23].



RT 014 and RT 078 are considerably important from a One Health point of view [4,17]. In fact, strains belonging to these RTs are commonly identified as the cause of CA-CDI and infections in animals [4,24,25]. Furthermore, recent studies support an inter-species transmission of the strains RT 014 and RT 078, suggesting a possible zoonotic transfer between animals and humans, mediated by contaminated food and the environment [4,5,17,24,25,26,27,28].



C. difficile RTs that are genetically related show similar sequences of conserved genes [29] and they may be considered a phylogenetic lineage. For example, the recently emerged RT 019, RT 036, RT 176, and RT 181, together with RT 027, constitute the RT 027 lineage [8]. Similarly, RT 078 and the RT 126, RT 033, RT 045, RT 066, and RT 288 constitute the RT 078 lineage [28,29,30]. Strains of this lineage have a relevance from the One Health point of view, since they are associated with human and animal CDI, have large open-pan genomes, and are resistant to numerous antibiotics used in human and veterinary medicine [25].



Genomic analysis has demonstrated a high heterogeneity in the C. difficile population structure, and eight evolutionary clades have been recognized based on their genetic relatedness [17,31]. Among these clades, five (C1-C5) include toxigenic RTs of clinical relevance [4,31]. In particular, the C1 groups several types, including RT 014, while the C2 includes the RT 027 lineage, the C3 is represented by RT 023, and the RT 078 lineage belongs to the C5 [7,12,28,32,33]. Furthermore, the C4 includes RT 017 (a TcdA-negative, TcdB-positive type, endemic in Asia) [3,31] and three cryptic clades (C-I, C-II, C-III) that group some clinical and environmental RTs, but they are still poorly characterized [3,31].



The rapid identification of emerging types of clinical and One Health importance requires the constant monitoring of the C. difficile population to effectively prevent and control CDI. Several methods, based on a single genetic regions analysis, macro-analysis of a whole genome, or sequencing, are available to differentiate C. difficile strains and to identify emergent types [3,17,33,34]. In particular, the use of the real-time PCR, a semi-automated fast method, allows a rapid and easy detection of genetic mutations through an oligonucleotide probe [35,36,37,38,39], allowing us to identify, type, and characterize pathogens [40,41,42,43]. Different kinds of probes can be used in the real-time PCR method, but Molecular Beacon (MB) probes have been found to be superior in detecting single nucleotide polymorphisms (SNPs) compared to other probes, in terms of specificity and selectivity [37,38,39,44,45,46].



In C. difficile, the cdtR gene is located on a 6 kb chromosomic element CdtLoc, together with the cdtA and the cdtB genes that encodes for the two subunits of the binary toxin CDT, produced by highly virulent RTs, such as RT 027 and RT 078 [3,47]. The CdtR is a response regulator of 30 kDa, belonging to the LytTR family [3,47] that upregulates the CDT, and it has also been observed that the CdtR upregulates the TcdA and the TcdB in strains of RT 027 [47,48,49]. Due to its intrinsic variability, the cdtR has been considered a candidate for typing purposes [28,29,48,50]. In fact, Bouvet et al. [48] found a variability in the sequence of this gene and, more recently, Janezic et al. [51] associated different cdtR sequences with different phylogenetic clades. Although the integration of CdtLoc is stable between the gene CD26020 and the trpS gene in the C. difficile genome, some differences among the phylogenetic clades have been observed [51]. In fact, a full-length CdtLoc has been found in strains belonging to the clades C2, C3, and C5, while full length or truncated forms of the CdtLoc (4.2 kb) were observed in strains from the clade C1 [3,47,51]. In the full-length CdtLoc, the cdtA, cdtB, and cdtR genes are present, while in the truncated CdtLoc, the cdtR gene is intact, but the cdtA and cdtB genes are present as fragments or pseudogenes. The CdtLoc is not present in the RTs belonging to the C4 and in non-toxigenic strains where it is replaced by a 68 bp sequence [3,47,51].



In this study, a large number of cdtR sequences were obtained from genomes deposited in the public databases and from a selection of C. difficile strains collected by the National Public Health of Italy (Istituto Superiore di Sanità—ISS), after the cdtR sequencing. The C. difficile genomes and strains included in this study were from different sources and belonged to RTs of the main evolutionary clades C1, C2, C3, and C5, known to be of clinical and One Health importance. The cdtR sequences were analyzed and compared with the aim to evaluate the presence of specific SNPs associated to the different RTs/clades and to develop MB-based real-time PCR assays able to correctly and rapidly identify them.




2. Materials and Methods


2.1. Study Design Overview


The cdtR sequences analyzed in this study were extracted from assembled genomes and raw genome sequences of C. difficile strains deposited in the Genome List of National Center for Biotechnology Information (NCBI) “www.ncbi.nlm.nih.gov/genome” (accessed on 20 December 2023) or in the European Nucleotide Archive website “www.ebi.ac.uk/ena/browser/home” (accessed on 20 December 2023). An additional number of cdtR sequences were obtained from C. difficile strains selected among the ISS collection after sequencing.



C. difficile genomes and strains were selected to include a representative number of cdtR sequences for each of the prevalent RTs of the main evolutionary clades, C1, C2, C3, and C5. All of the cdtR sequences included in this study were aligned and compared to evaluate the presence of SNPs to use as targets for the different RTs/clades and, consequently, to design the related MB probes and MB-based real-time PCR assays.




2.2. Selection of C. difficile Genomes and Genomes Mapping


In the selection of genomes, the collection date and the origin were considered, if available, including genomes from human, animal, food, and environmental strains. The raw genome sequences were mapped with the Geneious R9.1 software (Biomatters Inc., Boston, MA, USA) using the cdtR sequence of the C. difficile strain 630 as reference. The cdtR sequence of 747 bp was extracted from each mapped genome. The quality of the cdtR sequences extracted from the raw genome sequences was evaluated using the Geneious R9.1 software.




2.3. C. difficile Strains Selection, Culture, and Genomic DNA Extraction


In total, 142 C. difficile strains were selected from the ISS collection (Table S1). The selected strains were isolated between 2006 and 2022 and were from 93 patients and 49 animals. In particular, 60 strains belonged to C1 (3 RT 001, 6 RT 012, 13 RT 014, 10 RT 018, 11 RT 020, 9 RT 106, and 8 RT 607), 12 strains belonged to C2 (1 RT 019, 8 RT 027, 1 RT 153, and 2 RT 181), 3 strains belonged to C3 (2 RT 023 and 1 RT 212), and 67 strains belonged to C5 (12 RT 033, 3 RT 045, 31 RT 078, 19 RT 126, 1 RT 127, and 1 RT 620).



C. difficile strains were inoculated onto blood agar plates supplemented with 5% sheep blood, 5 mg/L hemin, and 0.5 mg/L vitamin K1, and were incubated in an anaerobic chamber (90% N2, 5% H2 and 5% CO2) at 35 °C for 24 h. The bacterial colonies were successively inoculated in 10 mL Brain Heart Infusion broth (Oxoid Ltd., Basingstoke, UK), incubated O/N, and stored at −20 °C after growth. Bacterial chromosomal DNA was extracted using the Wizard Genomic DNA Purification kit (Promega Co., Madison, WI, USA). Genomic DNA was quantified using the Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and the DNA concentration was adjusted to 10 ng/μL for each sample.




2.4. cdtR Gene Amplification


The cdtR gene was amplified using the genomic DNAs as templates and the primer couple cdtR-F (5′-AGCATAAATATACCTTAATTCTAAC-3′) and cdtR-R (5′-TCGAATCATAATCTAGGAACA-3′). These primers were designed using the Primer3 implemented on Geneious R9.1 software in the conserved external regions at the 5′-end and at 3′-end of the gene to amplify a fragment of 1046 bp containing the entire cdtR sequence of 747 bp. The PCR program consisted of 94 °C for 5′, 30 cycles at 94 °C for 30″, 51 °C for 30″, 72 °C for 1′, and a final step at 72 °C for 5′, followed by cooling at 4 °C. The amplified DNA fragments were analyzed using the Chromas 2.6.6 software (Technelysium, Tewantin, Australia).




2.5. Analysis of the cdtR Sequences and Design of Real-Time PCR Primers and Probes


A multiple alignment of the cdtR nucleotide sequences was performed with the Geneious R9.1 software, set with a global alignment with free end gaps and a cost matrix of 65% similarity, to identify the cdtR alleles. The obtained aligned cdtR sequences were translated into amino acid sequences using Geneious R9.1 software.



Primers for the MB-based real-time PCR assays were designed using the Primer3, implemented on the Geneious R9.1 software, while the MB probes were designed using the Beacon Designer 8 software (Primer Biosoft International, Palo Alto, CA, USA), following the rules reported in Table 1.



The low GC content of the C. difficile genome and the cdtR gene was taken into consideration in both the primers and probes design [33,48,55]. The secondary structures of the oligoes were evaluated with the Geneious R9.1 software and confirmed with the DNAMan 5.2.10 software (Lynnon Biosoft, San Ramon, CA, USA) [56].



The designed MB probes were labelled at the 5′-end with 6-Carboxyfluorescein (FAM) as a fluorophore (Excitation 495 nm and Emission 515 nm) and at the 3′-end with the Black Hole Quencher-1TM (BHQ-1), according to the MB probe rules design [52,53,56]. Primers and probes were designed to work at the PCR annealing temperature of 48 °C.




2.6. MB-Based Real-Time PCR Assays


Real-time PCR assays were performed on the LightCycler 480 Instrument II (Roche Diagnostic Co., Indianapolis, IN, USA) using the LightCycler 480 Probes Master mix kit.



The real-time PCR assays outputs were analyzed with the LightCycler 480 software version 1.5 using the Absolute Quantification 2nd Derivative Maximum method, which plotted the raw fluorescence intensity as a function of the PCR cycle. To determine if a designed MB probe was able to discriminate a specific cdtR allele from the others, the raw fluorescence intensities of positive and negative samples were compared at the end of the designed real-time PCR assay for that allele. The means of the raw fluorescence intensity values for both positive and negative samples were calculated for each PCR cycle of each real-time PCR assay with the respective standard deviation values. For each real-time PCR assay, the data were normalized between 0 and 1 and plotted in relative fluorescence units (RFU) [44]. To obtain the data in RFU, the means of raw fluorescence intensity values were calculated for both positive and negative samples at each real-time PCR cycle and divided by the respective mean raw fluorescence maximum intensity value obtained at the 40th cycle.





3. Results


3.1. Characteristics of C. difficile Strains and Origin of the cdtR Sequences


In total, 550 cdtR sequences were analyzed (Table 2); 75.5% were from human C. difficile strains, 21.3% from animal strains, and 2.7% from food and environmental strains, while 0.5% were from an unknown origin.



In detail, 39 cdtR sequences were extracted from assembled genomes deposited in the NCBI database between 1980 and 2020; thirty-one (79.5%) were from human C. difficile strains, five (12.8%) from animal strains, and three (7.7%) from food/environment. A total of 469 cdtR sequences were extracted after the mapping of raw genome sequences deposited in the ENA; 291 (78.9%) were from human strains, 63 (17.1%) from animal strains, 12 (3.2%) from food/environmental strains, and 3 (0.8%) from strains of an unknown origin. Among the 142 cdtR sequences from the selected ISS C. difficile strains, 93 (65.5%) were from humans and 49 (34.5%) were from animals. These strains belonged to 27 different RTs, 79.5% were positive for the TcdA, the TcdB and the CDT, 12.7% were positive for the TcdA and the TcdB, and 7.8% (RT 033 and RT 288) were only positive for the CDT (Table 2). In general, among the 550 cdtR sequences analyzed, 70 (12.7%) were extracted from strains belonging to ten different RTs belonging to the C1 clade, 33 (6%) were from strains belonging to six different RTs belonging to the C2 clade, nine (1.6%) were from strains belonging to three different RTs belonging to the C3 clade, and 438 (79.6%) were from strains belonging to eight different RTs belonging to the C5 clade (Table 2).



In the C1 clade, 78.6% (55/70) of the cdtR sequences were from human strains (RT 001, RT 002, RT 012, RT, 014, RT 018, RT 020, RT 056, RT 087, RT 106, and RT 607) and 21.4% (15/70) were from animals (RT 001, RT 012, RT, 014, RT 020, and RT 106) (Table 2). A total of 84.8% (28/33) of the cdtR sequences of strains belonging to the C2 clade were from humans (RT 019, RT 027, RT 036, RT 153, RT 176, and RT 181), the 3% (1/33) were from animals (RT 027), the 6.1% (2/33) were from food/environment (RT 027), and 6.1% (2/33) were from unknown sources (RT 019 and RT 153). The 66.7% (6/9) of cdtR sequences from strains belonging to C3 had a human origin (RT 023, RT 063, and RT 212) and the 33.3% (3/9) had a food/environment origin (RT 023), while the 74.4% (326/438) of the cdtR sequences of strains grouped in C5 were from humans (RT 033, RT 045, RT 078, RT 126, RT 127, RT 288, and RT 620), 23.1% (101/438) were from animals (RT 033, RT 045, RT 078, RT 126, RT 127, RT 288, and RT 620), 2.3% (10/438) were from food/environment (RT 033 and RT 078) and 0.2% (1/438) were from an unknown origin (RT 193).




3.2. cdtR Sequences Alignment and Analysis


Overall, five different alleles (arbitrarily denominated cdtRA1, cdtRA2, cdtRA3, cdtRA5, and cdtRA5-I) were identified after the multiple alignments of the 550 cdtR sequences included in this study (Table 2, Figure 1 and Figure 2). Interestingly, a unique cdtR allele was associated to the RTs grouped in the same clade, except for the RTs of C5 that were associated to two different cdtR alleles. In particular, cdtRA1 was found in the RTs belonging to C1, cdtRA2 in the RTs belonging to C2, cdtRA3 in the RTs belonging to C3, and both cdtRA5 and cdtRA5-I were found in the RTs belonging to C5; the first allele in the RT 033, RT 045, RT 127, and RT 288, and the second allele in the RT 078, RT 193, and RT 620. Interestingly, strains RT 126 that belonged to C5 showed the cdtRA5 (12/100) or the cdtRA5-I (88/100) (Table 2).



The GC content slightly varied among the five alleles: 22.8% for cdtRA1, 22.4% for cdtRA2, 22.1% for cdtRA3, 23% for cdtRA5, and 22.9% for allele cdtRA5-I.



A total of 38 SNPs were identified after the multiple alignments of the cdtR sequences (Figure 2). A unique SNPs distribution was associated to each of the five cdtR alleles identified in the study (Figure 2). The analysis of the five CdtR-deduced amino acid sequences indicated that the 38 SNPs determined 17 different silent synonymous mutations with no amino acid substitutions, one SNP in a non-sense mutation (stop codon), and 19 in amino acid substitutions, of which 11 were non-synonymous and conservative and eight were non-synonymous and non-conservative (2/8 in the CdtRA1, and 1/8 in the CdtRA2, 3/8 in the CdtRA3, 1/8 in the CdtRA5, and 1/8 in the CdtRA5-I) (Figure 2).




3.3. Optimization of the MB-Based Real-Time PCR Assays


Among the 38 SNPs identified, six specific SNPs were chosen as targets for the MB-based real-time PCR assays (Figure 1 and Table 3).



A single SNP was chosen as the target for cdtRA1, cdtRA2, and cdtRA5-I, and two SNPs were chosen as a target for cdtRA3 (Figure 1 and Table 3). The cdtRA5 and the cdtRA5-I differed for the SNP 322T, chosen as a target for the cdtRA5-I. For this reason, the SNP 372G that is common between cdtRA5 and cdtRA5-I but is absent in the other cdtR alleles was considered as a target for a second MB-based real-time assay to discriminate strains with a cdtRA5 allele, that resulted negative for the SNP 322T (Table 3). Target SNPs were chosen to be in the middle of the amplicon, while primer pairs were designed in the flanking conserved regions around the SNPs (Figure 1). In total, five sets of primer pairs, five MB probes, and five separate MB-based real-time PCR assays (denominated according to the considered cdtR allele detected) were developed to identify the different target SNPs and to work in monoplex (Table 3).



The thermocycling conditions and the concentrations of reagents for the five real-time PCR assays were optimized by testing 88 of the selected 142 strains from the ISS collection. In particular, 37 strains of clade C1 were analyzed (three to RT 001, four RT 012, six RT 014, seven RT 018, six RT 020, five RT 106, and six RT 607), 12 strains of C2 (one RT 019, eight RT 027, one RT 153, and two RT 181), 3 strains of C3 (two RT 023 and one RT 212), and 36 strains of C5 (seven RT 033, two RT 045, sixteen RT 078, ten RT 126, and one RT 620) (Table 2 and Table 4). The PCR mix for one sample consisted of 10 μL of LightCycler 480 Probes Master 2x concentrated, 5 μL of primer–probe mix (1.5 μL of each primer, 0.75 μM and 0.3 μL of probe 0.15 μM), 1.7 μL of PCR grade water, and 5 μL of DNA concentrated at 10 ng/μL.



The data, obtained from real-time PCR assays and reported as outputs from LightCycler 480 in raw fluorescence intensity, were normalized in the respective relative fluorescence units (RFU) to evaluate the capability of each probe to detect the target allele (Table 5 and Figure 3).



The raw fluorescence intensity observed in each MB-based real-time PCR assay allowed us to discriminate between the strains that were positive and negative for the targeted cdtR allele (Table 5). Considering the signals obtained, the 40th PCR cycle was considered as the cycle of reference to discriminate between the strains that were positive and negative for each cdtR allele. As far as the data obtained from normalization in RFU, the normalized mean signal yielded by negative strains in each real-time PCR assay was lower than half of the normalized mean signal yielded by positive strains (Figure 3 and Table 5).





4. Discussion


The heterogeneous structure of the C. difficile population reflects the genomic complexity of this pathogen [3,17,31,33,55]. C. difficile genomic evolution is associated to the acquisition of virulence and antibiotic resistance determinants [3,17,33,51,57,58,59], with an ongoing worldwide emergence of new highly virulent strains and types [4,8,58], which highlights the pressing need for a clinical and epidemiological surveillance of this bacterium.



Molecular methods represent a major advance in differentiating C. difficile strains and in establishing their evolutionary relationships, as well as in tracking outbreaks and the emergence of new, highly virulent C. difficile types [3,11,60,61,62].



In the last decade, CDI cases have increased worldwide, particularly in the community [4,5,13,14,15]. Whole genome sequencing (WGS) has shown that C. difficile strains from humans, animals, food, and the environment may be genetically closely related or indistinguishable, and that certain types of C. difficile are potentially transmitted between animals and humans [3,4,9,17,23,24,25,28,29,31,33,57,60,63]. For these reasons, genetic analysis has been increasingly associated with a One Health approach to CDI for a better control and prevention of this infection [4,17,33,60,61].



Although WGS represents the ideal approach to improve pathogen surveillance and provides precise data for a fast identification of outbreaks, this methodology still presents problems for its applicability due to elevated costs, execution time, and personnel expertise required [3,44,61,64]. Real-time PCR is an established, semi-automated, fast method used to detect and monitor pathogenic bacteria and viruses for both diagnostics and surveillance purposes [37,65].



Technologies that combine the real-time PCR with the use of fluorescent probes have been demonstrated to be a useful and rapid tool to detect SNPs in a specific target [36,37,38,43,45,46,52,62]. In particular, the MB probes show a better specificity and superiority in detecting SNPs than linear probes, like TaqMan, and have a less complex design compared to Scorpion probes [36,37,38,39,44,46,52,54].



The real-time PCR technique has rarely been reported for C. difficile analysis and the literature is limited to the applicability of this method in CDI diagnosis [66,67,68,69,70]. In this study, for the first time, the MB-based real-time PCR method was used for a rapid and easy genotyping of human, animal, and food/environmental C. difficile strains belonging to different RTs and evolutionary clades, using the cdtR gene as target.



The variability in the sequence of cdtR gene, previously observed by other authors [48,51], was confirmed in this study with the identification and characterization of five different cdtR alleles. Furthermore, previous investigations on a possible association between different cdtR sequences and different evolutionary clades, undertaken by Janezic et al. [51], were expanded in this study, with the association of the cdtR alleles identified to specific RTs and clades. Interestingly, the strains belonging to the same clade showed the same cdtR sequence, although they belonged to different RTs and they were isolated in different years and from different sources (humans, animals, and food/environment). This observation suggests that the nucleotide sequence of the different cdtR alleles is conserved over time, in line with previous studies demonstrating the conserved structure of the CdtLoc [51,71].



Interestingly, the analysis of the amino acid sequences deduced from each cdtR allele showed variations that might affect the structure/function of the CdtR protein. In fact, the amino acid sequence of the CdtRA3 presents three non-synonym and non-conservative missense substitutions, Thr48Ala, Cys143Arg, and Ser192Tyr, located in the N-terminal receiver domain, in the region that connects the N-terminal to the C-terminal, and in the C-terminal DNA binding domain, respectively, all regions are important for the correct functionality of CdtR [71,72]. In addition, the sequences of the CdtRA5-I show the already described nonsense substitution Glu108Stop, resulting in the production of a truncated CdtR protein (107 amino acids instead of 248 amino acids) [28,48,49,71]. In the present study, the CdtRA5-I was found in all of the strains RT 078 that have been demonstrated to produce the CDT, despite the non-functional CdtR [72]. The CdtRA5 shows an amino acid sequence identical to CdtRA5-I, but it does not present a stop codon, resulting in a complete protein, with a non-synonymous and non-conservative substitution in the DNA binding domain (Thr248Arg). Noteworthy, the deduced sequence of CdtRA2 shows one non-synonymous non-conserved substitution (Thr170Ala) in the C-terminal DNA binding domain, and six non-synonymous conserved substitution, two of which were also found in CdtRA1, potentially affecting the CdtR function in both RT 027 and RTs of C1.



In general, the results obtained indicated that the cdtR gene is a stable target for C. difficile genotyping. The analysis of the cdtR sequences included in this study indicate that the nucleotide sequence of each cdtR allele is conserved over time, in line with previous studies demonstrating the conserved structure of the entire CdtLoc [51,71]. In fact, strains belonging to the same clade showed the same cdtR allele, although they belonged to different RTs, and they were isolated in different years, from different sources (humans, animals, and food/environment), and in different countries. The only exception was represented by strains RT 126, in which the cdtRA5-I was prevalently found (88%), while the cdtRA5 was observed only in 12 Australian strains [28].



Interestingly, 147 of the genomes included in this study were from clonal strains RT 078, isolated by Knetsch et al. from humans, animals, food, and environment [26]. The data obtained by the authors support a C. difficile transmission between Dutch farmers and pigs, with several possible direct and indirect routes of transmission, including a common environmental source. The other 155 genomes included in the present study were from strains belonging to C5 (65 from strains RT 126, 43 from strains RT 127, 26 from strains RT 033, 19 from strains RT 078, and 2 from strains RT 288) that Knight et al. demonstrated to be involved in intra- and inter-species long-range transmission across geographical boundaries [28].



The design and the development of the MB-based real-time assays were adapted to the intrinsic structure of the cdtR gene. In fact, due to the low GC content, an accurate selection of the nucleotide regions to design primers and probes was necessary, together with a correct balance between the length and the melting temperature of each oligo. PCR mixes and thermocycling settings were also precisely optimized in order to develop monoplexed assays that could work at the same conditions. The design of the MB probe for each cdtR allele was adapted to the SNPs distribution. In particular, the MB probe designed for the cdtRA1 allele worked well, although the targeted SNP was not optimally centered in the loop of the probe, as suggested by some authors [38,52,53]. Moreover, the MB probe designed for the cdtRA3 allele, targeting two different SNPs, yielded a higher signal for the positive samples compared to the other probes used in this study, indicating that a MB probe detecting more than one SNP may show very high specificity.



Considering the results obtained in RFU, the discriminating capability of the different MB probes designed was similar, with only slight variations. All of the five MB-based real-time PCR assays developed in this study were able to successfully detect the five different cdtR alleles identified, as confirmed by the cdtR sequencing performed on the selected C. difficile strains that were tested during the optimization of the assays.



The main limitation of the present study is represented by the impossibility to detect both strains/RTs belonging to the clade C4 and non-toxigenic strains, for the absence of the cdtR gene in their genomes. For this reason, our further research will be focused on sequence analysis and a comparison of strains belonging to C4 to find conserved genes and identify a potential target for a specific MB-based real-time PCR assay. Other future developments are represented by the possibility to design a multiplexed MB-based real-time assay, using different probes labeled with different fluorophores, and/or use crude DNAs as a template in order to reduce reagents and the costs of analysis.



In conclusion, in this study the MB-based real-time PCR method has been used to genotype C. difficile for the first time. The five monoplex MB-based real-time PCR assays, developed using the cdtR gene as a target, succeeded in identifying the different main evolutionary clades C1, C2, C3, and C5, and the RTs grouped in each of these clades. These MB-based real-time PCR assays represent a powerful, original, and versatile tool to detect, differentiate, and track the main C. difficile RTs/clades involved in human and animal CDI. The proposed assays may be used in epidemiological and phylogenetic studies, offering the possibility to explore the geographic distribution and the evolutionary dynamics of important C. difficile RTs/clades at a local and national/international level. Considering that the One Health approach has been assuming a crucial role in CDI surveillance, the proposed MB-based real-time PCR method may be also employed to evaluate the epidemiology of C. difficile across different species and environments, to elucidate the possible routes of transmission and potential sources of infection. Future improvements and the resolution of the current limitations will allow an expansion of the potential applications of the proposed method, including CDI diagnosis and control.
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Figure 1. Positions of the primers and probes designed. Forward primers are in dark green, reverse primers are in light green and probes’ loops in red (stems are not shown). The different deoxyribonucleotides in single nucleotide polymorphisms position are highlighted in different colors (Geneious R9.1 software). 
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Figure 2. Multiple alignment of the cdtR nucleotidic and deduced amino acid sequences (Geneious R9.1 software). Different colors highlight the single nucleotide polymorphisms and the amino acid substitutions. 
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Figure 3. Molecular Beacon based real-time PCR results. (A) cdtRA1 assay; (B) cdtRA2 assay; (C) cdtRA3 assay; (D) cdtRA5 and cdtRA5-I assay; (E) cdtRA5-I assay. On the left side: LightCycler 480 outputs. On the right side: normalized mean value in Relative Fluorescence Units. Signals of controls containing no DNA are labeled with a *. 
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Table 1. Parameters for primer and Molecular Beacon probes design.






Table 1. Parameters for primer and Molecular Beacon probes design.














	Parameter
	PCR Product
	Primers
	MB Probes
	MB Stem
	MB Loop
	References





	GC

content
	
	optimal 21%
	optimal 23%
	70–100%
	
	[35,37,38,44,52,53]



	Tm 1
	
	Optimal 48 °C.

Tm of primers should not differ > 2 °C
	3–7 °C > Ta 2 PCR
	>Ta PCR
	>Tm stem
	[35,37,38,44,52,53]



	Length
	100–200 bp.

Primers and probe distance: 20–50 bp
	15–30 bp

(optimal 25 bp)
	40 bp

(linear)
	7 bp
	26 bp
	[35,37,38,44,52,53]



	Poly-G/C
	
	Avoided
	
	
	
	[35,38,44,52,53,54]



	Self-

dimers
	
	Avoided
	MBs have a secondary structure
	
	
	[35,38,44,52,53,54]



	Primer-

dimers
	
	Avoided
	Probe or primer

dimers should be avoided
	
	
	[35,38,44,52,53,54]



	G at 5′-end
	
	
	Avoided
	
	
	[35,38,44,52,53,54]







1 Tm: melting temperature; 2 Ta: annealing temperature.













 





Table 2. Origin and characteristics of C. difficile strains included in the study.
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Clade

	
cdtR

Allele

	
RT 1

	
Toxin A 2

	
Toxin B 2

	
Binary

Toxin CDT 2

	
cdtR Gene Sequences from

	
Total cdtR

Sequences (%)




	
Genomes

	
ISS Strains




	
Human

	
Animal

	
Food/Environment

	
Unknown

	
Human

	
Animal






	
C1

	
cdtRA1

	
001

	
+

	
+

	
−

	
2

	

	

	

	
2

	
1

	
5 (0.9)




	
002

	
+

	
+

	
−

	
1

	

	

	

	

	

	
1 (0.2)




	
012

	
+

	
+

	
−

	
1

	

	

	

	
5

	
1

	
7 (1.3)




	
014

	
+

	
+

	
−

	
1

	

	

	

	
8

	
5

	
14 (2.5)




	
018

	
+

	
+

	
−

	
1

	

	

	

	
10

	

	
11 (2)
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+

	
+

	
−

	
1

	

	

	

	
6

	
5

	
12 (2.2)
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+

	
+

	
−

	
1

	

	

	

	

	

	
1 (0.2)




	
087

	
+

	
+

	
−

	
1

	

	

	

	

	

	
1 (0.2)
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+

	
+

	
−

	
1

	

	

	

	
6

	
3

	
10 (1.8)
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+

	
+

	
−

	

	

	

	

	
8

	

	
8 (1.5)
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cdtRA2
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+

	
+

	
+

	

	

	

	
1

	
1

	

	
2 (0.4)




	
027

	
+

	
+

	
+

	
14

	
1

	
2

	

	
8

	

	
25 (4.5)




	
036

	
+

	
+

	
+

	
1

	

	

	

	

	

	
1 (0.2)




	
153

	
+

	
+

	
+

	

	

	

	
1

	
1

	

	
2 (0.4)




	
176

	
+

	
+

	
+

	
1

	

	

	

	

	

	
1 (0.2)




	
181

	
+

	
+

	
+

	

	

	

	

	
2

	

	
2 (0.4)
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cdtRA3
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+

	
+

	
+

	
2

	

	
3

	

	
2

	

	
7 (1.3)




	
063

	
+

	
+

	
+

	
1

	

	

	

	

	

	
1 (0.2)




	
212

	
+

	
+

	
+

	

	

	

	

	
1

	

	
1 (0.2)




	
C5

	
cdtRA5

	
033

	
−

	
−

	
+

	
19

	
5

	
5

	

	
4

	
8

	
41 (7.5)




	
045

	
+

	
+

	
+

	
2

	

	

	

	
2

	
1

	
5 (0.9)




	
127

	
+

	
+

	
+

	
33

	
10

	

	

	

	
1

	
44 (8)




	
288

	
−

	
−

	
+

	
1

	
1

	

	

	

	

	
2 (0.4)




	
126

	
+

	
+

	
+

	
6

	
6

	

	

	

	

	
12 (2.2)




	
cdtRA5-I

	
126

	
+

	
+

	
+

	
66

	
3

	

	

	
12

	
7

	
88 (16)




	
078

	
+

	
+

	
+

	
165

	
41

	
5

	

	
14

	
17

	
242 (44)




	
193

	
+

	
+

	
+

	

	

	

	
1

	

	

	
1 (0.2)




	
620

	
+

	
+

	
+

	
1

	
1

	

	

	
1

	

	
3 (0.5)




	

	

	

	

	

	

	
322

	
68

	
15

	
3

	
93

	
49

	
550








1 RT: PCR-ribotype. 2 +: strain positive for the considered toxin; −: strain negative for the considered toxin.













 





Table 3. Set of primers and probes used in the real-time PCR assays.






Table 3. Set of primers and probes used in the real-time PCR assays.





	
cdtR

Alleles

	
Primers and

Probes

	
Sequence

	
Name

	
SNPs

	
Amplicon Size






	
cdtRA1

	
Forward

	
5′-GGGATCTTCGATTATAGGTTA-3′

	
cdtR-F1

	
399C

	
176 bp




	
Reverse

	
5′-GAAATTTTCCATAGTGAGGA-3′

	
cdtR-R1




	
Probe 1

	
5′-FAM-CGCGATCAGCTTGTATTAAAATTGCTCACAAAAGATCGCG-BHQ1-3′

	
cdtR-MB-1




	
cdtRA2

	
Forward

	
5′-GATGAAGTTATATATTTTGAAAC-3′

	
cdtR-F2

	
543A

	
119 bp




	
Reverse

	
5′-AAGCATGCATCTAAATCTG-3′

	
cdtR-R2




	
Probe

	
5′-FAM-CGCGATCAGTGACTACTTCAAGAATATTTGAATGATCGCG-BHQ1-3′

	
cdtR-MB-2




	
cdtRA3

	
Forward

	
5′-CAGATTTAGATGCATGCTT-3′

	
cdtR-F3

	
651T and 654T

	
136 bp




	
Reverse

	
5′-CTATATGTATTAGATATACGAC-3′

	
cdtR-R3




	
Probe

	
5′-FAM-CGCGATCCATATTGTTTCTCTTGATCTAAAGAAGATCGCG-BHQ1-3′

	
cdtR-MB-3




	
cdtRA5

and

cdtRA5-I

	
Forward

	
5′-GGGATCTTCGATTATAGGTTA-3′

	
cdtR-F1

	
372G

	
176 bp




	
Reverse

	
5′-GAAATTTTCCATAGTGAGGA-3′

	
cdtR-R1




	
Probe

	
5′-FAM-CGCGATCTTGCTGAAAGTAAGATAAAAGCTTGTGATCGCG-BHQ1-3′

	
cdtR-MB-5




	
cdtRA5-I

	
Forward

	
5′-GAATCAGATTATATTAGTCCAAT-3′

	
cdtR-F5-I

	
322T

	
153 bp




	
Reverse

	
5′-AGCAATTTTAATACAAGCTTTTA-3′

	
cdtR-R5-I




	
Probe

	
5′-FAM-CGCGATCCGATTATAGGTTATAAGTTATGGACTGATCGCG-BHQ1-3′

	
cdtR-MB-5-I








1 The sequence of each Molecular Beacon probe is reported with the stem sequences highlighted in yellow and the targeted SNPs highlighted in red.













 





Table 4. Thermocycling settings of the Molecular Beacon-based real-time PCR assay developed in the study.






Table 4. Thermocycling settings of the Molecular Beacon-based real-time PCR assay developed in the study.





	
Program

	
Cycles

	
Analysis Mode

	
Target (°C)

	
Acquisition Mode

	
Hold (hh:mm:ss)

	
Ramp Rate (°C/s)

	
Acquisition (per °C)






	
pre-incubation

	
1

	
None

	
95

	
None

	
00:05:00

	
4.4

	




	
amplification

	
40

	
Quantification

	
95

	
None

	
00:00:10

	
4.4

	




	
48

	
Single

	
00:00:15

	
1.5

	
5




	
72

	
None

	
00:00:01

	
4.4

	




	
cooling

	
1

	
None

	
40

	
None

	
00:00:10

	
1.5

	











 





Table 5. Molecular Beacon-based real-time assays results at 40th PCR cycle.






Table 5. Molecular Beacon-based real-time assays results at 40th PCR cycle.





	
cdtR

Allele Assay

	
Range of F 1 (40th Cycle)

	
Mean F ± STD 2 (40th Cycle)

	
RFU 3




	
Positive

	
Negative

	
Positive

	
Negative

	
Positive

	
Negative






	
cdtRA1

	
2.22–3.35

	
0.79–1.54

	
2.75 ± 0.35

	
1 ± 0.05

	
1

	
0.3




	
cdtRA2

	
0.47–0.61

	
0.15–0.32

	
0.55 ± 0.05

	
0.24 ± 0.05

	
1

	
0.4




	
cdtRA3

	
0.49–0.57

	
0–0.18

	
0.56 ± 0.04

	
0.02 ± 0.05

	
1

	
0




	
cdtRA5

	
0.84–1.16

	
0.14–0.36

	
0.98 ± 0.09

	
0.22 ± 0.08

	
1

	
0.25




	
cdtRA5-I

	
1.39–1.79

	
0.11–0.55

	
1.59 ± 0.12

	
0.51 ± 0.10

	
1

	
0.3








1 F: raw fluorescence intensity; 2 STD: Standard Deviation; 3 RFU: relative fluorescence units.
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