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Real-time PCR (rtPCR) has become an essential tool in clinical microbiology and has been used for the acute diagnostics of many pathogens. Key performance indicators of rtPCR assays are their specificity as well as their analytical and clinical sensitivity. One way to maximize the sensitivity of such diagnostic rtPCRs is the use of genomic targets, which are present in several copies in the target cells. Here, we use the naturally pre-amplified ribosomal RNA as target for specific and highly sensitive reverse-transcription rtPCR detection of two high consequence pathogens, Yersinia pestis and Francisella tularensis. We determined their analytical sensitivity and illustrate that the newly designed assays are superior compared with other previous published rtPCR assays. Furthermore, we used spiked clinical sample matrices to evaluate their clinical applicability. Finally, we demonstrate that these assays can be applied on heat-inactivated samples without the need of time-consuming nucleic acid extraction.
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INTRODUCTION

Rapid, accurate, and sensitive detection of pathogenic bacteria is crucial for diagnostics of infectious diseases. This is especially the case for high consequence pathogens such as the biological agents Francisella tularensis and Yersinia pestis. For neither of these notorious pathogens a vaccination exists and they cause severe diseases, which require swift application of medical countermeasures (Boisset et al., 2014; Pechous et al., 2016). Traditional approaches for detection and identification of pathogenic bacteria include microbial cultivation methods, serological assays, and nucleic acid detection–especially via polymerase chain reaction (PCR). Although culture is very sensitive, and still often regarded as the gold standard for diagnostics of certain bacterial pathogens, it is very time consuming and involves extensive biosafety measures. Moreover, bacterial culture is often not successful–for example, F. tularensis is a fastidious and slow-growing organism and thus can be cultured only from less than 10% of tularemia patients (Maurin and Gyuranecz, 2016). For Y. pestis, cultivation is often aggravated by administration of antibiotics prior to sampling (Vallès et al., 2020). With regard to serology, detection of patient antibodies is only possible days to weeks after symptom onset, due to the time needed for seroconversion (Maurin and Gyuranecz, 2016; Vallès et al., 2020). Another option for direct pathogen detection are immunochromatographic rapid tests, such as lateral flow assays. However, such assays often lack the needed sensitivity (Ziegler et al., 2021) and are thus not suitable for reliable diagnostics. In contrast, real-time PCR (rtPCR) represents a rapid, highly sensitive, and specific method. In the last decade, rtPCR has become an essential tool in the laboratory diagnostics of human pathogens (Maurin and Gyuranecz, 2016). The analytical sensitivity–often expressed as limit of detection (LOD)–is a key factor of paramount importance for every diagnostic rtPCR assay. The theoretical LOD of PCR is three targets per reaction (Wittwer and Kusukawa, 2004; Espy et al., 2006). However, many factors such as nucleic acid extraction and amplification efficiency and/or presence of PCR inhibitors negatively affect the analytical sensitivity, resulting in reduced clinical sensitivity (i.e., the ability of an assay with a given analytical sensitivity to detect a pathogen in a clinical sample and thus correctly diagnose the respective disease). The use of multi-copy targets can compensate for these negative factors (Klee et al., 2006). Such a multi-copy target is ribosomal RNA (rRNA), which is naturally pre-amplified in bacterial cells where it makes up to 80% of the cell’s total RNA. Moreover, it is less prone to degradation than messenger RNA. Depending on the target bacterium, there are between 100 and 10,000 ribosomes per cell (Woese, 1987). Several studies have already shown that reverse transcription rtPCR (RT-rtPCR) targeting rRNA molecules enables the detection of bacteria with 100 times the sensitivity of DNA-targeted rtPCR because of the high copy number of targeted rRNA molecules (Cox et al., 2003; Matsuda et al., 2007; Kubota et al., 2010; Choi et al., 2015). However, due to the lack of specific sequence variations, rRNA genes and their transcripts are often deemed unsuitable for the unambiguous identification of many pathogens (Chase et al., 2005). Accordingly, the only hitherto existing rtPCR targeting the 16S rRNA gene of Y. pestis failed to discriminate between Y. pestis and other bacteria of the genus Yersinia (Tomaso et al., 2003). For F. tularensis, a rtPCR successfully targeting the 16S rDNA has been described (Knüpfer et al., 2020). However, in its present form, the sensitivity of this assay is about 86 colony forming units (CFU)/ml (Knüpfer et al., 2020) and thus not optimal.

In this study, we established and validated highly sensitive RT-rtPCRs for high consequence pathogens targeting single nucleotide polymorphisms in their 16S/23S rRNA. Furthermore, these assays were also validated for clinical sample matrices. Besides extracted nucleic acids as template, heat-inactivated samples were added directly to the reaction mix. By omitting the time-consuming nucleic acid extraction process, it was shown that with the presented assays rapid diagnostics of Y. pestis and F. tularensis with unmatched sensitivity are possible.



METHODS


Reference Strains and Culture Conditions

The used strains of Y. pestis EV76, Yersinia pseudotuberculosis YPII, and F. tularensis F049 are part of the bacterial strain collection of the Bundeswehr Institute of Microbiology. F. tularensis F049 was cultured aerobically in liquid Mueller–Hinton II broth (Becton & Dickinson, Heidelberg, Germany) supplemented with 2% IsoVitaleX (Becton & Dickinson) at 37°C for 48 h by 125 rpm or on Mueller–Hinton II agar (Becton & Dickinson) for 72 h at 37°C. Y. pestis EV76 was cultured aerobically in liquid LB broth (Becton & Dickinson) at 27°C for 24 h by 125 rpm or on LB agar for 72 h at 37°C. Y. pseudotuberculosis YPII was cultured in liquid LB broth at 37°C for 24 h by 125 rpm. All cultivation was conducted under BSL 2 conditions.



Determination of Bacterial Cell Numbers by Plate Count Method and Direct Microscopy-Based Counting

For the quantification of bacteria cells in pure culture, inoculums of Y. pestis and F. tularensis were incubated at corresponding culture conditions for 20 h. After that, cultures were adjusted to McFarland 0.5 in 0.9% NaCl (Merck, Darmstadt, Germany), respectively, to OD600 of 0.1. A serial 10-fold dilution was prepared in corresponding growth media and 100 μl of each dilution was plated in triplicates on the corresponding agar for 72 h. The colonies on the agar plates were counted and the concentration of the initial culture was calculated. In addition, the serial 10-fold dilution of the bacteria cultures was quantified microscopically by phase-contrast microscopy.



Development of Ribosomal RNA Gene-Targeted Primers

All primers and probes are listed in Table 1. The Y. pestis specific probe has been modified from the study of Aistleitner et al. (2020). To avoid unspecific results in closely related bacteria like Y. pseudotuberculosis, a competitive probe was designed (YP23S_CP). F. tularensis specific probe Ftul_TM from Knüpfer et al. (2020) was redesigned reverse complementary. The corresponding primer sets were designed using Geneious software (version 2020). For each target, 10 pairs of different primers were initially designed. Primers were checked for primer dimer formation by running a SYBR green–based rtPCR with subsequent melting curve analyses (data not shown) and the best-performing primer pair was finally selected. The position of the finally selected target sites for F. tularensis is nucleotides 1,086–1,197 on the F. tularensis 16S rRNA gene sequence (GenBank accession no. NR_029362.1) and for Y. pestis 1,503–1,619 on the Y. pestis KIM 10 + 23S rRNA gene sequence (GenBank accession no. NR_076183). The specificity of the designed primers was confirmed by comparing the sequences with the BLAST program of the National Center for Biotechnology Information (NCBI) as well as by submitting the sequences to the probe match program of the Ribosomal Database Project (RDP-II).


TABLE 1. Primers and probes used in this study.
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Collection and Preparation of Clinical Samples

All clinical samples were diagnostic residual samples by the central diagnostic service of the Bundeswehr Institute of Microbiology. All clinical samples were leftover material from diagnosing of patients, which would have been discarded otherwise. No extra sampling from the patients was performed. The work with clinical samples has been carried out in-line with “The Code of Ethics of the World Medical Association (Declaration of Helsinki)” and according to good clinical practice guidelines. According to the local legislation, no formal approval of a research ethics committee was needed because there were anonymized and for research purposes stored samples used. Blood culture and pleural puncture samples were collected in BD aerobic BACTEC Plus blood culture bottles (Becton & Dickinson). They were obtained from patients with pneumonia, confirmed to be caused by pathogens other than F. tularensis or Y. pestis. The peripheral blood was sampled in EDTA–Monovettes (Sarstedt, Nümbrecht, Germany) and throat swabs were obtained with Amies media containing FLOQ Swabs (Copan, Murrieta, Canada). Sputum samples were pooled and stored at −80°C for a maximum of 2 months. Blood culture and pleural puncture samples were stored at room temperature for 1 week and EDTA–blood was processed immediately after the collection. The different samples were spiked with serial 10-fold dilution of Y. pestis or F. tularensis bacteria from 103 to 0.1 cells/ml. To get rid of inhibitors in EDTA–blood, the samples were centrifuged at 500 × g for 3 min to generate plasma. Plasma was used for RNA and DNA extraction or was directly added to PCR after heat inactivation.



Isolation of DNA and Real-Time Polymerase Chain Reaction

DNA extraction was performed by DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany). For this, 500 μl of bacteria culture or clinical sample (maximum 109 cells/ml) was processed according to the manufacturer’s instructions. DNA was eluted in 50 μl nuclease-free water and stored at −25°C.

The rtPCR was conducted using 1 × qPCR Master Mix (Biotechrabbit, Berlin, Germany) with 0.4 μM primer F, 0.4 μM primer R, and 0.4 μM probe (TIB Molbiol, Berlin, Germany). The amplification program of Y. pestis and F. tularensis consisted of one cycle at 95°C for 2 min, followed by 40 cycles at 94°C for 8 s, 60°C for 8 s, and 72°C for 12 s. The fluorescent products were detected in the last step of each cycle. To each PCR 5 μl of DNA or pure culture was added. Amplification and detection were performed in magnetic induction cycler MIC (Bio Molecular Systems, Upper Coomera, Australia).



Isolations of RNA and Reverse Transcription Real-Time Polymerase Chain Reaction

For RNA stabilization, two volumes of RNAprotect bacterial reagent (Qiagen) were added to the fresh culture of each bacterial strain or clinical sample (500 μl), mixed, and incubated for 5 min at room temperature. After centrifugation at 5,000 × g for 10 min, the supernatant was discarded, and the pellet was stored at −80°C until it was used for extraction of RNA. For this, a thawed sample was processed according to the manufacturer’s instructions by RNeasy Protect Bacteria kit (Qiagen). The following DNase treatment was skipped in this study because it was confirmed that untreated and DNase-treated samples showed identical results in the preliminary experiments, indicating that contaminating DNA does not affect RT-rtPCR quantification (data not shown). Isolated RNA is stored at −80°C until further usage.

The RT-rtPCR analysis was conducted with one-step reactions using the OneStep RT-PCR kit (Qiagen). The master mix compositions were mixed according to the manufacturer’s manual for 25 μl in total with 0.4 μM primer F, 0.4 μM primer R, and 0.4 μM probe (TIB Molbiol). For the Y. pestis assay 1.2 μM of competitor probe was added. The reaction mixture was incubated at 50°C for 30 min for reverse transcription. The continuous amplification program for Y. pestis and F. tularensis consisted of one cycle at 95°C for 15 min, followed by 40 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s. The fluorescent products were detected in the last step of each cycle. To each rtPCR 5 μl of RNA or pure culture was added. Amplification and detection were performed in magnetic induction cycler MIC (Bio Molecular Systems).



Heat Inactivation of Samples

To streamline the diagnostic process, it was tested if samples can be used directly for rtPCR without nucleic acid extraction. Therefore, 500 μl of the samples (bacterial pure culture or clinical sample) was heated up to 95°C for 10 min. Inactivation was demonstrated by plating out the treated cultures as growth control.



Validation of Real-Time Polymerase Chain Reaction and Reverse Transcription Real-Time Polymerase Chain Reaction Assays

The validation was performed according to the MIQE guidelines (Bustin et al., 2009). To validate the new rRNA-targeted PCR assays, linearity, analytical and diagnostic specificity, LOD, and repeatability and reproducibility were determined. Linearity was determined using serial 10-fold dilutions of heat-inactivated culture or nucleic acid extracted from culture at concentrations 106 to 100 cells/ml. At each concentration, three replicates were tested in a single run. The linear range of this plot is the linear dynamic range of the rtPCR assay. The assay performance or amplification performance was calculated from the slope of linear regression. The linearity was indicated by the coefficient of determination (R2) value. The repeatability and reproducibility were tested by intra- and inter-assays. The inter-assay was performed with the same concentration as in intra-assay at three different days and three different experiments. Sensitivity was determined as LOD95 value (Bustin et al., 2009). Therefore, five replicates of different concentrations were measured and analyzed by Probit regression model in R (Uhlig and Gowik, 2018). To determine the analytical specificity, 44 different bacteria (Supplementary Table 1) that are of differential diagnostic relevance for pulmonary infections were subjected to the Y. pestis 23S rRNA-gene and F. tularensis 16S rRNA-gene assays. In addition, further strains, six for Y. pestis and seven for F. tularensis, were evaluated via rtPCR (Supplementary Table 2 and Supplementary Figure 1). The clinical matrix background specificity was checked by subjecting three different samples in the Y. pestis assay (blood culture, sputum, and blood plasma) and four different samples in the F. tularensis assay (blood culture, blood plasma, pleural puncture, and swab sample).



Statistical Analysis

The data preparation and statistical analysis were performed with R studio (RStudio, version 1.3.1056). Presentations were created with BioRender.1 Regression analysis was performed to determine the statistical correlations of the results, and Pearson’s correlation coefficient was calculated. The intra- and inter-assay variability was calculated with the coefficient of variance. Sensitivities and specificities of assays were calculated as proportions of positive and negative cases. A Probit regression analysis was performed to determine the LOD (Uhlig and Gowik, 2018).




RESULTS


Primer Specificity

The analytical and diagnostic specificity of the newly developed primers were evaluated by applying the assays to DNA (1 ng/μl) of 44 different bacteria of differential diagnostic relevance for pulmonary infections (Supplementary Table 1). Each primer–probe set gave positive results only for its respective bacterial target species, regardless of which target strain was analyzed (Supplementary Table 2 and Supplementary Figure 1). To ensure specific discrimination between the two closely related species Y. pestis and Y. pseudotuberculosis, a competitor probe was designed. This competitor probe has full match to the respective 23S rRNA target site of Y. pseudotuberculosis. When applied in a 1:3 ratio, it prevents unspecific binding and facilitates specific Y. pestis detection (Figure 1).
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FIGURE 1. Competitive probe detecting Yersinia pseudotuberculosis in comparison with the probe detecting Yersinia pestis. To show the effectiveness of the competitive probe, both probes were tested separately and in different ratios of the probes for Y. pestis and Y. pseudotuberculosis. DNA (0.5 ng/μl) isolated from both bacteria were subjected to rtPCR. The competitive probe is labeled with Cyanine 3 (Cy3), whereas the Y. pestis specific probe is labeled with carboxyfluorescein (FAM). The detection of Y. pestis is not notably influenced by the addition of the competitive probe. Y. pseudotuberculosis is undetectable in the FAM channel using a ratio of 1:3 Y. pestis specific probe: Y. pseudotuberculosis specific probe or higher. Error bars represent the SD of three independent replicates.


To determine the diagnostic specificity, the following samples, which previously tested negative for Y. pestis and/or F. tularensis, were analyzed (as heat-inactivated samples as well as isolated RNA and DNA): from pneumonia patients two pleural puncture samples, two blood cultures, one EDTA-blood sample, and one throat-swab sample. Furthermore, one skin sample of a tularemia suspect patient was analyzed. None of those negative clinical samples gave a (false) positive result with the newly designed assays.



Efficiency, Dynamic Range, Precision, and Limits of Detection

To determine the linear dynamic range of the assays, serial 10-fold dilution from 100 to 106 CFU/ml of heat-inactivated culture or nucleic acid extracted from culture were analyzed (Figure 2). For all assays, the coefficient of determination (R2) was >0.98, indicating a precise log-linear correlation between the input sample and the number of transcripts detected. The amplification efficiencies of RT-rtPCR and rtPCR for heat-inactivated culture samples are <90%, and the amplification efficiencies of both PCR assays analyzing extracted nucleic acids are between 90 and 114%. The precision of the different rtPCR assays was calculated from three replicates of three independent dilutions. Mean cycle threshold (CT) values and coefficient of variation (CV) were calculated from each dilution. There is a high repeatability for the different assays with CVs between 0.09 and 3.69% and high reproducibility with CVs between 0.75 and 5.91% of the calculated crossing points in the range of linearity. To determine the analytical sensitivity for the newly developed rRNA-targeted assays, dilutions of extracted nucleic acids and heat-inactivated pure culture samples were analyzed. The LODs are expressed as colony-forming units per milliliter and determined by Probit analyses (Table 2). LODs for the rRNA-targeted RT-rtPCR ranged between 1.17 CFU/ml for heat-inactivated Y. pestis to 0.22 CFU/ml for F. tularensis. For rDNA-targeted rtPCR, LODs were for F. tularensis below 14.99 CFU/ml and for Y. pestis below 13.24 CFU/ml. In general, the sensitivities of rRNA targeted RT-rtPCR assays are about 50 times higher than the sensitivities of the rDNA rtPCR assays.
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FIGURE 2. Detection of Francisella tularensis and Yersinia pestis by real-time PCR (rtPCR) and reverse transcriptase (RT)-rtPCR. In a base-10 semi-logarithmic graph, the threshold cycle is plotted versus the concentration in colony-forming units per milliliter (CFU/ml) and the data are fitted to a straight line. Coefficient of determination (R2) is determined by linear regression analysis, indicated by the respective formula. Comparison of F. tularensis rDNA rtPCR and rRNA RT-rtPCR as well as Y. pestis pla rtPCR, rDNA rtPCR, and rRNA RT-rtPCR. Error bars represent the SD of three independent replicates.



TABLE 2. Sensitivities of rRNA- and rDNA-targeted PCR assays of F. tularensis and Y. pestis determined by Probit analysis.
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Validation of Ribosomal RNA-Targeted Reverse Transcription Real-Time Polymerase Chain Reaction Assays on Clinically Relevant Samples

For the validation with clinical sample matrices, serial dilutions of F. tularensis were spiked into tularemia-negative blood culture, blood plasma, pleural puncture, and throat swab samples. Y. pestis bacteria were spiked into plague-negative blood culture, blood, and sputum samples. The bacteria were harvested after 20 h of growth and spiked to the aforementioned sample matrices to a final concentration of 103 to 10–1 cells/ml. To facilitate fast and easy diagnostics, the time-consuming nucleic acid extraction step was omitted and heat inactivation of the respective samples was used only. rRNA-targeted assays were usually one log step more sensitive than rDNA and, in the case of Y. pestis, the pla targeted assay (Figure 2). F. tularensis and Y. pestis in clinical sample matrices could be detected one log step more sensitive by RT-rtPCR than by rtPCR (Figure 3). Y. pestis was detected in blood culture, and blood and sputum samples, by rRNA RT-rtPCR, rDNA rtPCR, and pla rtPCR. Linear regression equation could not be determined for rDNA and pla assays analyzing sputum samples because only one concentration could be determined.
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FIGURE 3. Validation of the new real-time PCR (rtPCR) and reverse transcriptase (RT)-rtPCR assays, respectively, for Francisella tularensis and Yersinia pestis with clinical sample matrices using blood culture, blood plasma, pleural puncture, swab, and sputum. Coefficient of determination (R2) is determined by linear regression analysis, indicated by the respective formula. Error bars represent the SD of three independent replicates.





DISCUSSION

Yersinia pestis and Francisella tularensis are both dangerous infectious agents with worldwide zoonotic prevalence (Faber et al., 2018). Consequently, there is a huge variety of assays for their diagnosis. For plague diagnostics, world health organisation (WHO) still defines the bacterial culture as the gold standard (Vallès et al., 2020). However, the associated drawbacks of cultivation-based diagnostics (time consuming, mandatory biosafety measures, etc.) do not match the medical needs for rapid diagnostic tests. As the existing immunochromatographic test suffers from unspecificities (Rajerison et al., 2020), rtPCR methods have been identified as highly valuable alternatives in plague diagnostics (Vallès et al., 2020). Due to the challenging clinical sample matrices (sputum, bubo aspirate, and blood), a robust assay with high analytical sensitivity is a prerequisite. Yet existing assays seem to suffer from insufficient sensitivity (Randremanana et al., 2019) despite the fact that the target of one of these assays, the pla gene located on the pPCP1 plasmid, is already a multi-copy target with numbers varying between 18 (Rajanna et al., 2010) and 52.3 pPCP1 plasmids per target cell (Müller et al., 2021). Moreover, this target may be found in other Enterobacteriaceae such as Citrobacter koseri and Escherichia coli (Hänsch et al., 2015). Hence, results obtained from this assay always need to be confirmed by an additional rtPCR targeting, for instance, the caf1 gene (Engelthaler et al., 1999). Our newly designed assay has an analytical sensitivity of 0.78 CFU/ml (extracted nucleic acids) and 1.17 CFU/ml (heat-inactivated culture) and thus is one log more sensitive than the previous existing gold standard PCR assay. For the spiked clinical sample matrices, the LODs are slightly higher but the trend remains the same, with the rRNA targeted RT-rtPCR representing the most sensitive assay. Interestingly, the difference between the CT values between rRNA and DNA assays is less pronounced for the clinical matrix samples, when compared with the pure culture. Presumably, the reverse transcription is more prone to inhibitory aspects of the clinical samples. This, however, has no influence on the overall LOD. Sputum proved to be the most challenging sample, with LODs of 1 × 102 and 1 × 103 CFU/ml for rRNA and rDNA or pla, respectively. Again, the rRNA-targeted approach was superior to the rDNA- or pla-targeted assays.

For F. tularensis, positive cultures are rarely obtained (Hepburn and Simpson, 2008). Thus, tularemia diagnostics are usually serological (Maurin et al., 2011). However, during the first 2 weeks of the disease, there are usually no significant antibody titers, rendering serology unsuitable for acute diagnostics (Maurin et al., 2011). For the rapid detection from lymph node samples, blood culture or swab samples rtPCR proved to be a valuable technology (Maurin et al., 2010). The ability to detect F. tularensis rapidly and with a high sensitivity is also important in the context of protection against bioterrorist attacks (Dennis et al., 2001). Whereas previously described PCR assays have LODs ranging from 10 genome equivalents (Kugeler et al., 2006) to 86 CFU/ml (Knüpfer et al., 2020), our newly designed RT-rtPCR assay is able to detect 0.22 CFUs and is thus to our knowledge the analytically most sensitive PCR assay yet described. In its present form, the assay is unable to discriminate between the highly pathogenic F. tularensis subspecies (e.g., holarctica or tularensis A.1) and the less pathogenic Francisella philomiragia or F. tularensis subspecies novicida. In comparison with the original assay developed by Knüpfer et al. (2020), the newly designed probe in this study has a weak mismatch, which could be used to design a competitor probe for further discrimination. As for the Y. pestis assay, the LODs for the spiked clinical matrices were higher compared with pure culture experiments. Furthermore, the differences between the CT values of rRNA and rDNA targeted assays vanished nearly completely. Regardless of this observation, the rRNA-targeted assay maintained the higher overall sensitivity and detected F. tularensis in all tested clinical matrices with one log step more than the rDNA assays.

Reverse transcription real-time PCR has the disadvantage that it takes longer compared with conventional rtPCR due to the inevitable reverse-transcription step. This step accounts usually for 20–50 min (in our case 30 min), depending on the respective reverse transcriptase used and the protocol. To compensate this delay, the time-consuming RNA extraction step was omitted and the sample was simply heat inactivated. Obviously, this heat inactivation is enough to release sufficient rRNA from the target cells. Despite the fact that no adverse effects were observable in this study, this procedure might not be suitable for all types of clinical samples and has to be evaluated for each clinical sample type specifically. Furthermore, the advent of ultra-fast PCR technologies such as pulsed controlled amplification (Müller et al., 2021) make the delay caused by reverse-transcription negligible.

In summary, as in previous studies (Cox et al., 2003; Matsuda et al., 2007; Kubota et al., 2010; Choi et al., 2015), RT-rtPCR targeting the rRNA proved to be superior in terms of analytical and clinical sensitivity, compared with all yet published respective DNA-targeted PCR assays. This was demonstrated for two high consequence pathogens for which such highly sensitive assays were until now lacking. The successful use of a competitor probe to achieve discrimination of Y. pestis from the closely related Y. pseudotuberculosis based on a single nucleotide variation paves the way for new potential rRNA target sites.
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