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Abstract

Background

The plague, caused by Yersinia pestis, remains a critical public health issue, par-
ticularly in endemic regions like Madagascar. Rapid and accurate detection of this
pathogen is essential for effective outbreak management and timely intervention.
Following the urban plague outbreak of 2017, a new molecular diagnostic algorithm
was developed and introduced into routine use. However, certain cases required
combining real-time and conventional polymerase chain reaction (PCR) methods.
While effective, this approach often delayed obtaining conclusive results, an issue
that can hinder swift outbreak responses. The aim of this study is to design and
optimize a three-target real-time PCR assay (qPCR) for the detection of Y. pestis in
clinical samples.

Methods

The assay targeted three genes: caf1, pla, and yopM, located on the plasmids pMT1,
pPCP1, and pCD1, respectively. Conducted at the Institut Pasteur de Madagascar
(IPM), the study evaluated the assay using both pure bacterial cultures and clinical
samples, including 50 bubonic aspirates and 50 respiratory specimens.
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Results

Using bacteriology technique as the reference standard, the triplex gPCR demon-
strated a sensitivity of 100% (89-100%) and a specificity of 82%. The positive
predictive value (PPV) was 73% and the negative predictive value (NPV) was 100%
(91-100%). The coefficient of agreement kappa was 0.74, with a p-value of <0.0001.
Notably, the new assay resolved 100% of previously inconclusive cases from the
duplex qPCR test targeting only pla and caf1.

Discussion

While a new plague diagnostic algorithm has been set up after the outbreak in 2017,
the present study suggests a real-time PCR assay based on three genes to improve
the speed and accuracy of plague diagnostic. Furthermore, this new technique is a
valuable tool for managing plague outbreaks and supporting field diagnostics not only
in Madagascar but also in countries with plague.

Conclusions

The developed triplex assay to molecularly diagnose Y. pestis in human samples
improves the standard already in place and allows to resolve ambiguities previously
associated with inconclusive results from duplex qPCR tests, thereby reinforcing the
reliability and accuracy of this new technique. Implementing this new method into
routine will enable a faster, more effective response to plague outbreaks by reducing
the time needed to confirm plague cases and limiting the spread of the diseases.
This new technique is also flexible and can be undertaken close to human cases with
adequate biosecurity and biosafety measures.

Author’s summary

Plague, a severe infectious disease caused by the bacterium Yersinia pestis,
remains a significant public health concern in Madagascar, where seasonal
outbreaks continue to occur. Rapid and accurate diagnosis is critical for timely
treatment and outbreak control. Current diagnostic methods, including bacteriol-
ogy and rapid diagnostic tests, often face limitations in speed, sensitivity and/ or
specificity especially in remote settings. In this study, we developed and evalu-
ated a new molecular diagnostic tool: a triplex real-time PCR assay that simulta-
neously detects three genes from Y. pestis (pla, caf1, and yopM). This approach
enhances diagnostic accuracy while reducing turnaround time. The assay was
validated using clinical samples collected in Madagascar and showed high
sensitivity (100%) and negative predictive value (100%), outperforming conven-
tional techniques. It is important to notice that this technique resolved previously
inconclusive results produced by standard molecular methods. Our findings
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demonstrate that this triplex gPCR is a robust, rapid, and reliable diagnostic tool that can improve plague detection,
especially in outbreak settings. Moreover, its implementation could significantly strengthen public health responses
and laboratory capacities in endemic regions like Madagascar.

Introduction

Plague, an anthropozoonotic bacterial disease caused by Yersinia pestis, a Gram-negative bacillus, has been responsible
for three major pandemics, including the Black Death in the 14th century, which devastated Europe [1,2]. The bacterium
can persist naturally in sylvatic cycles involving small mammals, particularly rodents, and their environment. Sporadic
epizootics can lead to widespread infections among small mammals, rodents, and their fleas, facilitating transmission to
incidental hosts, including humans. Humans can contract plague through flea bites, direct contact with tissues or fluids
from infected animals, or inhalation of infectious droplets [3—6].

In the case of human plague, there are two main clinical forms: bubonic and pneumonic depending on the route of
transmission. Bubonic plague is the most common form and is typically acquired through the bite of an infected flea [7].
Pneumonic plague, although less common, occurs through inhalation of infectious aerosols during human-to-human
transmission or as a secondary complication of bubonic plague via hematogenous spread to the lungs [8]. Pneumonic
plague can spread rapidly in situations involving close contact and interaction between individuals, with case fatality rates
reaching nearly 100% if left untreated. However, timely diagnosis and treatment within 24 hours of symptoms onset lead
to high recovery rates [8,9].

Since the third pandemic, plague outbreaks have persisted in certain regions around the world, particularly in Africa,
Asia, and the Americas. Over 98% of reported cases and deaths have occurred in five countries: the Democratic Repub-
lic of the Congo (DRC), Madagascar, Uganda, the United Republic of Tanzania and Peru [10]. In Madagascar, cases of
human plague are reported nearly every year during the seasonal outbreak running from September to April. Madagascar
has a long story with plague, first introduced in 1898 through trade routes. Since then, outbreaks have been common
particularly in endemic foci [11,12]. Two main foci were acknowledged with the central and northern highlands above 800
meters in altitude, this distribution is linked to the presence of vector fleas, which are less abundant and absent below 800
meters [13,14]. Additionally, a third plague focus emerged outside the central and northern highlands, in the sea port city
of Mahajanga, where plague first appeared in 1902 [15-18].

In 2017, Madagascar experienced a severe urban plague outbreak, underscoring the critical need for rapid diagnostic
tools [19]. This pneumonic plague outbreak affected over 2,400 individuals, highlighting the necessity of improved diagnos-
tic techniques for effective crisis management [20]. Identification of Y. pestis by bacteriological means (microscopy, culture)
remains the gold standard for plague diagnosis, although these methods are time-consuming and not always available
during outbreaks, and present health risk for laboratory staff due to the virulence of the bacteria Y. pestis. Since plague
primarily occurs in remote rural areas, the need for a rapid diagnostic test (RDT) at primary healthcare facilities was recog-
nized early on as an essential tool. RDT based on the Fraction 1 (F1) antigen (F1RDT) of Y. pestis was introduced in the
early 2000s to enhance diagnostic capacity in field settings [21]. However, these tests often required confirmatory testing
through conventional bacteriological methods especially for pneumonic cases as sputum samples can vary widely in quality
[21,22]. At that time the molecular biology techniques were used for research, confirmation of isolated strains, and post-
endemic investigations [23]. In 2017, the pneumonic plague outbreak created a pressing need for rapid and specific diag-
nostic tools, leading to the adoption of PCR-based diagnostics. These methods focused on real-time PCR (qPCR) targeting
two Y. pestis genes: pla and caf1. To resolve cases with discordant results - such as single-gene positivity in gPCR - an
additional conventional PCR assays targeting three genes: pla, caf1, and inv1100 (a gene shared by the three pathogenic
Yersinia but presenting a specific insertion in Y. pestis) were introduced for confirmatory testing [20,22,24,25].
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In this context, the introduction of the new PCR algorithm for the molecular diagnosis of plague represented
a significant advancement in plague diagnostics, aligning with the WHO guidelines for the detection of Y. pes-
tis DNA using species-specific PCR methods. By targeting multiple genes in a single reaction, the proposed
approach enhances diagnostic accuracy while minimizing the risk of false positives and negatives. However, for
discordant results, the additional confirmatory PCR partially impair this gain. During an outbreak, it is crucial to
have the result of the diagnostic as soon as possible for the health care staff to provide adequate treatment and
response.

Therefore, we hypothesize that a triplex gPCR assay could compensate for the need of confirmatory PCR and would
improve the accuracy, sensitivity, and reliability of plague diagnostics compared to dual-target PCR assays.

In this study, we developed a multiplex real-time PCR assay targeting three genes (caf1, pla, and yopM) to detect Y.
pestis to enhance diagnostic accuracy and reliability. The caff gene, located on the pMT1 plasmid, encodes the Fraction
1 (F1) capsular protein, a widely used diagnostic marker due to its high expression and role in bacterial virulence, as it is
a key component in the immune evasion of Y. pestis [26]. The pla gene, found on the pPCP1 plasmid, encodes the Pla
protease, a fibrinolysin crucial for bacterial dissemination by facilitating systemic infection through the degradation of host
fibrin clots, making it a common target in PCR-based detection [26,27]. The yopM gene, located on the pCD1 plasmid and
shared by the three pathogenic Yersinia. YopM encodes an effector protein involved in the type Il secretion system, a key
virulence mechanism that allows Y. pestis to evade the host immune response and modulate cellular signalling [28]. The
conjugated detection of these three plasmids is highly specific of pathogenic Y. pestis and can act as fingerprint for the
presence of the plague bacillus.

Materials and methods
Study design

The study was conducted at the Plague Unit at the Institut Pasteur de Madagascar (IPM), a national reference laboratory
for plague diagnostics and a WHO Collaborating Centre for plague research and control. Materials used included clinical
samples randomly selected between 2022 and 2023, pure Y. pestis strains as well as various reagents required for DNA
extraction and PCR amplification.

Targeted genes

The triplex gPCR assay was designed to detect three genes located on three different plasmids of Y. pestis: caf1 (pMT1),
pla (pPCP1), and yopM (pCD1). The caff and pla genes are well-known markers for Y. pestis, while yopM was included
as an additional marker to enhance diagnostic reliability and based on its role in encoding a protein involved in the patho-
genesis of Yersinia species. Primers and probes for caff and pla genes were already available within the Plague Unit
(Central Laboratory for Plague).

Bacterial strain and clinical samples

Yersinia pestis strain 6/69 was selected from the biobank of the Plague Unit at Institut Pasteur de Madagascar. This strain
was preserved at -80°C in tryptone casein soya (TCS) medium with glycerol for the optimization.

One hundred clinical samples from suspected plague patients (50 bubo aspirates, 50 sputum samples) received at
Institut Pasteur Madagascar were used for the evaluation of the triplex gPCR technique.

Additionally, to ensure specificity, other bacterial strains such as Mycobacterium tuberculosis, Rickettsia sp., Bartonella
sp., Leptospira sp., Clostridium difficile, together with microbial community DNA (Microbial Community DNA Standard,
ZymoBioMICS, Zymo Research, S1 Data) were included to verify that neither false-positive amplification nor amplification
of non-target organisms occurred.
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DNA isolation

The bacterial strain of Y. pestis was sub-cultured in brain-heart infusion broth at 26°C for 48h. The culture (1.5 ml) was
then subjected to DNA extraction using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocols. DNA extracts from clinical samples were obtained using the Qiagen QlAamp DNA Mini Kit (Qiagen,
Hilden, Germany). Finally, the purified DNA was eluted in 50yl of low-salt buffer and stored at -20°C until further use. For
the other bacteria used to check specificity, DNA extracts were already available in the Unit.

Alignment of yopM gene sequences

Multiple yopM gene sequences Yersinia pestis were retrieved from the NCBI nucleotide database (https://www.ncbi.nIm.
nih.gov/nucleotide/). The sequences were obtained from different strains of the bacterium. These sequences were aligned
using the bioinformatics tool MEGA Xl [29], utilizing the ClustalW multiple alignment tool. The objective was to identify
conserved regions within the gene from which primers and probes were selected using BioEdit Software. More than 40
sequences isolated from strains collected across Africa, America, Europe, and Asia available on NCBI were selected to
optimize the sensitivity, accuracy and specificity of the primers and probes design.

Primer and probe selection and design

The primers and probes used for the detection of the pla and caf? genes in this triplex gPCR assay were adapted from
previously published studies to ensure optimal sensitivity and specificity. The p/a gene primers and probe were derived
from the works of Loiez et al. (2003) and Stewart et al. (2008) [27,30]. Similarly, the primers and probe for the caf1 gene,
encoding the Fraction 1 (F1) capsular antigen, were adapted from Stewart et al. (2008) and Woron et al. (2006) [26,30].

Specific primers and probes targeting the yopM gene were designed using the Eurofins Genomics Primer Design Tool
and LightCycler Probe Design Software 2.0 (Roche Diagnostics) based on aligned gene sequences, following established
criteria for primers and probes used in gPCR. Their specificity was verified using BLAST in the NCBI database to ensure
accurate in silico evaluation prior to experimental application.

Seven primer pair combinations and one probe targeting yopM were designed and tested in simplex PCR before
being implemented in triplex PCR to select the most efficient, specific, and sensitive primer set. This preliminary testing
ensured that the chosen primers exhibited optimal performance in terms of amplification efficiency, specificity to the target
sequence, and sensitivity. Primers and probes designed for yopM gene are listed in Table 1.

Primers and probe were provided in lyophilized form by Eurofins Genomics and reconstituted with Tris-EDTA following
the quantity specified by the supplier, then stored at -20°C for preservation. The concentration of the stored primers and
probes is 100uM.

Fluorophores were chosen for utilization with the MyGo Pro thermocycler to avoid spectral overlaps in analysis. The
dye-target combinations are as follows: 6-carboxyfluorescein (6-FAM) for caf1, Cyanine 5 (Cy5) for yopM, and LightCycler
Red 610-N-hydroxysuccinimide ester LSR (Red610) for pla.

Simplex assay for YopM Primer

The first step in developing the assay involved testing different combinations of primers and probes independently in
gPCR to select the best combination for multiplexing with the two other genes (pla and caf7).

All reactions were carried out using the MyGo Pro thermocycler (IT-IS International Ltd (Novacyt Group)) and the
LightCycler480 Probes Master reagent (Roche Diagnostics). Each reaction included 10 pl of LC480 Probes Master, 5
I of DNA extract (diluted to 1/10"), 0.1 ul of yopM probe for a final concentration of 0.25 uM, 0.2 ul of primers for a final
concentration of 0.5 pyM, and water to a final volume of 20 pl, prepared in duplicate. Amplification was programmed using
the MyGo Pro PCR Software 3.4, with a profile consisting of pre-incubation at 95°C for 10 minutes, followed by 50 cycles
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Table 1. Designed primer and probe combinations for yopM gene.

Combination Primer/probe designation Nucleotide sequence Size (pb) %GC Tm
C1 yopM-F1 GGAATGGGAACGAAATGCC 19 52.6 60.5
yopM-R1 AAGAGAATTACATGACGCCAC 21 42.9 61.1
C2 yopM-F1 GGAATGGGAACGAAATGCC 19 52.6 60.5
yopM-R2 GAATTACATGACGCCACTAAAC 22 40.9 59.8
C3 yopM-F2 TGGTCGGAATGGGAACG 17 58.8 60.5
yopM-R3 ACTCTCTAAATGCGGAGGTA 20 45 60.2
C4 yopM-F2 TGGTCGGAATGGGAACG 17 58.8 60.5
yopM-R4 GCCACTAAACTCTCTAAATGCG 22 455 60.2
C5 yopM-F2 TGGTCGGAATGGGAACG 17 58.8 60.5
yopM-R5 TAAACTCTCTAAATGCGGAGGTAA 24 37.5 60.3
C6é yopM_F2 TGGTCGGAATGGGAACG 17 58.8 60.5
yopM-R7 ATGACGCCACTAAACTCTC 19 47.4 60
Cc7 yopM-F3 GGAATGGTGAACAGAGGG 18 55.6 59.7
yopM-R6 GAGAATTACATGACGCCACT 20 45 59.8
yopM probe yopM-Probe TTGCCTGGACCGACAAGCC 19 63.2 65.1

https://doi.org/10.1371/journal.pntd.0013278.t001

of 95°C denaturation for 20 seconds, 60°C annealing for 1 minute, and cooling at 40°C for 30 seconds, with fluorescence

measured in the corresponding fluorophore channel. Sterile distilled water was used as a negative control, and other

pathogens were tested to ensure no cross-reaction occurred.

The PCR results were analyzed and controlled through the MyGo Pro PCR Version 3.4 software, with several crite-
ria used to select the best primer pair. A positive result was identified when the amplification curve displayed a typical
sigmoidal shape, and negative results were consistent with the profiles of the negative controls. The efficiency of the
PCR process, which measures how effectively DNA is amplified, was also evaluated. This involves calculating how the

amount of DNA doubles with each cycle, although this perfect doubling rarely happens in practice. The study measured

the reaction’s efficiency using a 10-fold DNA dilutions series and plotting the Ct (Cycle threshold) values against DNA

concentrations to ensure accurate results. An acceptable efficiency is between 90% and 110%. Moreover, the sensitivity

of the assay was evaluated by determining the lowest detectable amount of DNA, using serial dilutions to establish the

detection threshold. Finally, the specificity of the primers was confirmed by ensuring they exclusively amplified the target
gene without any cross-reactions or nonspecific amplification, as validated with negative controls. Therefore, the primer

pair that yielded the best results based on the analyzed criteria was selected for multiplexing with the caf? and pla genes
and subsequently tested on human clinical samples.

Real-time triplex assay

The reaction mixture for the triplex assay included the components already mentioned for the simplex assay and incorpo-
rated the best primer-probe combination for yopM, along with caf? and pla, each labelled with distinct fluorophores (Cy5,

6-FAM, and Red610 respectively), following the same thermal cycling protocol as the simplex assay.

To optimize the reaction, concentrations were adjusted for compatibility in simultaneous amplification, with probe and

concentrations tested between 0.125 and 0.5 uM to leverage each fluorophore’s unique properties, ensuring balanced

and specific detection, along with high specificity, sensitivity, and reproducibility. To further enhance PCR amplification, the
temperature was adjusted to 56°C for better efficiency, and the integration time was extended by two seconds to improve

signal detection, particularly for the lower-intensity Cy5 marker compared to the other fluorophores. DNA samples from

pure strain of Y. pestis were used as positive control and DNase free ddH,O was added to the negative control tubes to
check any contamination or primer dimer.
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Sensitivity testing and specificity assessment

The analytical sensitivity was assessed using serial dilutions of Y. pestis DNA from 10-' to 106 in duplicate to determine
the lowest detection threshold for each primer pair, identifying the smallest dilution at which the PCR still produced a
detectable signal and the limit of detection of the multiplex gPCR assay was also established based on CFU/ml from

pure Y. pestis strains. Specificity was confirmed by ensuring that no cross-reactions occurred between the different target
genes or with other bacteria. Analytical specificity ensured that the primers amplified only the target gene without generat-
ing non-specific amplification and confirmed that there was no undesirable interaction between probes and primers. This
was verified using negative controls and other pathogens listed previously.

Evaluation of the assay

The triplex gPCR technique was evaluated using a retrospective series of samples from suspected plague patients,
including 100 human samples randomly (bubo aspirates and sputum) selected from the database among those with com-
plete results from biological tests commonly employed for plague diagnosis, collected between 2022 and 2023 (S2 Data).

The results of the triplex gPCR were compared to the conventional diagnostic methods used in Madagascar, including
bacteriology, F1IRDT, and duplex gPCR pla-caf1. A result is considered positive when two or three out of the three genes
(pla, caf1, and yopM) are detected. A negative result is defined as the absence of signal for all three genes or the detec-
tion of only one out of the three genes, which is considered inconclusive and requires further confirmation. The analysis
included samples from buboes and sputum, and the data were systematically organized in an Excel table. This table
included patient identification, clinical details, sample information, and the results from routine tests and the new diagnos-
tic technique. All statistical analyses were conducted using R software version 4.3.0 [31].

The evaluation focused on comparing the effectiveness of the triplex gPCR with traditional methods. Sensitivity and
specificity were measured to determine the test’s ability to correctly identify both positive and negative cases, respectively.
Positive predictive value (PPV) and negative predictive value (NPV) were calculated to assess the likelihood of true posi-
tive and true negative results. Cohen’s Kappa coefficient was used to measure the concordance between methods.

The triplex gPCR was also compared to F1 strip tests and duplex gPCR pla-caf1, examining overall agreement and
repeatability. Repeatability was tested by analyzing the same sample three times using the same conditions and the same
thermocycler, while reproducibility was assessed under varying conditions, such as different operators and reagent lots,
with variability measured using the coefficient of variation.

Ethical statements

The DNA samples utilized in this study originated from Y. pestis cultures or human biological specimens, which were
initially collected by the Central Laboratory for Plague, at IPM which is part of the National Plague Control Program. This
program requires mandatory reporting of all suspected human plague cases and the corresponding collection of clinical
samples. As these samples, including derived cultures or extracted DNA, were obtained under this obligatory reporting
system, they were not classified as human subject research. Furthermore, all isolates and biological specimens were
anonymized by removing any identifiable patient information prior to analysis. Consequently, ethical approval from the
Malagasy Ethical Committee was not required for this study.

Results
YopM primer design and selection

Before developing the triplex gPCR, simplex gPCR was conducted for each primer combination targeting the yopM gene.
Among the seven combinations tested, the combination labelled C7 consistently demonstrated superior performance
(Table 2). It achieved a 1.94 (Fig 1) efficiency in the simplex reactions, making it the most reliable option for multiplexing
with the caf? and pla genes. This preliminary testing ensured that the optimal primer set was selected for the subsequent
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Table 2. Primer and probe sequences for Y. pestis qPCR triplex assay.

Primers or probes Gene (plasmid) Nucleotide sequence References
pla F pla (pPCP1) CGAAAGGAGTGCGGGTAATA [27,30]
plaR AATAACGTGAGCCGGATGTC

pla Probe LCB610-ATATTGGACTTGCAGGCCAG-BHQ2

caf1 F caf1 (pMT1) ATCGCCATTGCATTATTTGG [26,30]
caft R CCTGTTTTATAGCCGCCAAG

caf1 Probe 6-FAM-TTAACTGCAAGCACCACTGC-BHQ1

yopM F (C7) yopM (CD1) GGAATGGTGAACAGAGGG This study
yopM R (C7) GAGAATTACATGACGCCACT

yopM Probe Cy5-TTGCCTGGACCGACAAGCC-BHQ3

https://doi.org/10.1371/journal.pntd.0013278.t002

107
y = -0.2888x + 3.9834
Rz =0.9975
107
c
-
§ 10
=
o 10
(7]
10°
10°
17.25 20.74 23.82 28.14 31.27 34.24
Cycle threshold (Ct)

Fig 1. Standard curve for the yopM gene using a 1/10 serial dilution with the combination of primer C7.

https://doi.org/10.1371/journal.pntd.0013278.9001

multiplex gPCR assay aimed at detecting Y. pestis. Primer and probe sequences for each gene retained for the optimiza-
tion and evaluation are listed in Table 2.

Real-time triplex PCR assay

In the triplex assay using primer set C7 for the gene yopM, the Ct values for each gene exhibited a consistent increase
with each dilution step as shown in Fig 2. The combination labelled C7 showed consistent performance, with a regular
increase in Ct values for the yopM, caf1, and pla genes as the dilution increased as shown in Table 3, indicating good
sensitivity of the reaction. The Ct values followed a consistent progression with dilution, and the calculated slopes for the
three genes were close to -0.32, suggesting similar reaction efficiency across all targets. The coefficients of determination
(R?) were high, confirming the reliability of the reaction. The calculated efficiencies were 2.07 for yopM and 2.06 for caf1,
while for pla it was slightly higher at 2.25.
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Fig 2. Amplification standard curve of each target with DNA dilutions, Ct values were correlated to the DNA concentration for each target. a)
caf1, b) pla, c) yopM.

https://doi.org/10.1371/journal.pntd.0013278.9002

Table 3. Primers and probe final concentrations selected after the optimization (initial concentration was 50 pM).

Primers and probes Final concentration
yopM F 0.5 uM

yopM R 0.5uM

caft F 0.25 uyM

caft R 0.25 uM

pla F 0.5uM

plaR 0.5 uM

yopM Probe 0.25 uM

caf1 Probe 0.125 yM

pla Probe 0.25 uyM

https://doi.org/10.1371/journal.pntd.0013278.t003

Optimization of primer and probe concentration

Different optimizations have been made regarding the primer and probe concentrations to ensure efficient amplification
and detection of the caf1, pla, and yopM genes in the triplex qPCR assay and the final concentrations used are presented
below (Table 3).

Validation of the triplex gPCR assay

The DNA extracts were obtained from a pure strain of Y. pestis at different concentrations, ranging from 8.6 x 107 to 1
CFU/ml, and were tested using the optimized triplex gPCR. Amplification was observed even with a preparation containing
1 CFU/mI, thus establishing the detection limit at 1 CFU/ml. Additionally, no cross-reactivity was detected with the negative
controls and the other bacteria previously mentioned.
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The results of the repeatability test showed an excellent consistency across the three genes. For the yopM gene, the
coefficients of variation (CV) are very low, ranging from 0.01 to 0.02, even at the lowest DNA concentrations, indicating a
highly reliable performance. Similarly, caff also exhibited strong repeatability with consistently low CVs across all concen-
trations. The pla gene showed a slightly higher CV of 0.03 at the highest concentration but remained within an accept-
able range for repeatability. In terms of reproducibility, the yopM gene had a mean Ct value of 29.356 with a CV of 0.016,
demonstrating stability when performed by different operators. The caf? and pla genes displayed similar reproducibility,
with CVs of 0.014 and 0.019, respectively, indicating that the method performed reliably across different settings.

Performance of the triplex gPCR

We compared the results of the triplex gPCR assay for plague with those obtained from bacteriological culture and the
F1RDT, across different clinical forms. In clinically diagnosed bubonic plague cases (n=50), the triplex gPCR detected 23
positives and 27 negatives. It showed strong concordance with bacteriology, with only one discordant result: the triplex
gPCR returned a positive result while culture was negative, suggesting a potential specificity issue. For pneumonic plague
cases, the triplex gPCR identified 21 positives and 29 negatives, whereas culture detected only 10 positives. A total of

ten discordant results were observed between the two methods. Overall, the concordance rate between triplex gPCR and
culture was 89%, with a sensitivity of 100% (95% CI: 89—100%) and a specificity of 82% (95% CI: 71-91%). The positive
predictive value (PPV) was 73%, and the negative predictive value (NPV) was 100%. Cohen’s Kappa coefficient was 0.74
(p<0.0001), indicating substantial agreement.

Compared to the F1RDT, the triplex gPCR assay showed a concordance rate of 97%, with a positive agreement of 96%
and a negative agreement of 97%. Cohen’s Kappa was 0.93 (p<0.0001). Discordant results were found in three cases
one bubonic and two pneumonic plague cases.

Although the triplex gPCR assay was not initially designed for a direct comparison with the duplex assay, it helped
resolve two previously inconclusive cases, reclassifying one as positive and the other as negative. However, four samples
(IDs 8, 30, 75, and 76) that tested positive with the duplex assay yielded negative results with the triplex gPCR in the first
experiment. To further investigate these discrepancies, we re-extracted DNA from these samples and retested them using
the triplex gPCR after a 1:10 dilution, in accordance with our internal protocol. Three (IDs 8, 30, and 76) out of the four
samples then tested positive, while sample ID 75 remained negative.

Discussion

In an effort to improve the diagnostic tools for plague, our study focused on developing and validating a triplex gPCR
assay for the detection of Y. pestis in clinical samples. This work aimed to optimize existing molecular methods by
incorporating the yopM gene into the multiplex assay, along with the established caff and pla genes, both of which are
well-recognized for their roles in the pathogenicity of Y. pestis [28,32,33]. While the pla gene is often targeted due to its
high sensitivity [34], it poses a risk of false positives due to homologs present in other bacteria [35]. To address this, we
introduced the yopM gene, previously utilized by Tsukano et al. for Y. pestis detection [28]. However, adapting yopM prim-
ers for real time PCR required modifications, as the original primers were designed for conventional PCR.

Our results demonstrated high sensitivity, detecting bacterial concentrations as low as 1 CFU/ml. In comparison to bacte-
riology, our method achieved a sensitivity of 100% and a specificity of 82%, slightly lower than the 100% specificity reported
by Bai et al. in pure cultures [32]. The lower specificity in our study may be attributed to the use of clinical samples collected
in field conditions, where variables such as sample transport, contamination, or prior antibiotic treatment can affect Y. pestis
culture outcomes [36]. Notably, several samples deemed negative by bacteriology tested positive using the immunochro-
matographic F1 antigen test, further emphasizing the robustness of molecular techniques that remain unaffected by such
external variables. Statistical analysis showed an overall concordance of 94% between the F1 test and our multiplex PCR,
with a kappa value of 0.76 when compared to bacteriology, indicating the reliability of our assay.
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Although our study successfully addressed uncertain cases detected by the duplex qPCR pla-caf1, certain limitations
persist. Our method relies exclusively on plasmid-encoded genes, which prevents the detection of Y. pestis strains that
may have lost these plasmids, as previously noted by Chanteau et al. [21] and Eppinger et al. [37]. Additionally, the
absence of an internal control in the amplification process represents a significant weakness, as it leaves the assay vul-
nerable to inhibitors in complex clinical samples, potentially compromising the detection of target genes [24]. The inclusion
of an internal control or an additional target, such as the 16S ribosomal RNA gene, could help mitigate this issue. How-
ever, doing so would increase costs and heighten the risk of cross-contamination.

Another limitation identified in this study was the discrepancy observed in four clinical samples that tested positive by
duplex qPCR but negative with the triplex multiplex assay. While some of these samples were highly positive by FIRDT
(highly positive), suggesting a very high bacterial load, others showed lower and lead to inconclusive results. According
to our internal protocol, samples suspected of having high DNA concentrations are routinely diluted 1:10 or 1:100 prior
to duplex qPCR testing; however, they were tested undiluted with the triplex multiplex assay. Thus, after a new DNA
extraction and in accordance with our internal protocol, three out of the four samples were positive, the fourth samples
remained, likely due to the number of extractions it had undergone as part of various research projects which may have
led to DNA degradation or depletion.

Despite these challenges, the triplex gPCR assay offers a significant advancement in the rapid and accurate detection
of Y. pestis, making it a valuable tool for improving plague outbreak management, especially in public health emergencies
where timely diagnosis and intervention are crucial.

The triplex gPCR significantly reduced diagnostic time compared to traditional bacterial culture methods. While culture
typically requires 48—72 hours to yield results, the gPCR assay provided definitive results in just 3—4 hours, including time
for sample preparation, DNA extraction, and amplification. The triplex gPCR also proved more resolutive compared to the
duplex gPCR previously used by solving right away the discordant results without the need of additional time-consuming
conventional PCR. This rapid turnaround is particularly important in outbreak situations, where quick decisions are needed
to prevent further spread of the plague. Additionally, direct comparisons between gPCR and culture showed that culture
struggled to detect early-stage or low-load infections due to insufficient bacterial growth during the 48—72 hours incubation
period. In these cases, the triplex gPCR successfully identified Y. pestis, highlighting its superior sensitivity and ability to
detect the pathogen even at lower concentrations. Furthermore, the technique is easy to implement in the field, offering
faster results at a lower cost, making it an efficient tool for plague surveillance and outbreak response.

As a WHO Collaborating Centre for Plague, this kind of improvement not only provides better diagnostic tools but also
helps to detect plague cases early and manage them more effectively. It allows for quick action during outbreaks, reducing the
risk of the disease spreading. This improvement supports public health teams in tracking and controlling the disease, making it
easier to monitor trends in plague-affected areas and improving preparedness for future outbreaks. Overall, it plays an import-
ant role in global efforts to prevent and control plague and in line with the WHO proposition for confirmation test improvement.

The triplex gPCR developed in this study is characterized by its ability to target multiple genetic markers caf1, pla,
and yopM in a single assay, combining high sensitivity, specificity, and rapid diagnostic capability. These attributes make
it a robust tool for advancing the molecular diagnosis of plague. By demonstrating the effectiveness of multiplexing in
detecting Y. pestis in human samples, this study addresses critical gaps in existing diagnostic methods. Further, this new
technique can be used for plague diagnostics by the different countries where the disease remains endemic.

Conclusion

This new triplex gPCR assay resolves ambiguities previously associated with inconclusive results from duplex gPCR
tests, thereby reinforcing the reliability and accuracy of this diagnostic approach. Consequently, integrating these
improved techniques into routine diagnostic practices holds great promise for transforming surveillance systems and
enabling a faster, more effective response to plague outbreaks. By reducing the time needed to confirm plague cases,
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these technological advancements enable quicker mobilization of public health resources, which is crucial for con-
trolling and limiting the spread of this potentially deadly disease. Future development of this methodology will include
further specificity testing for the primers. The introduction of new genetic targets, including chromosomal and plasmid
genes specific to Y. pestis as well as other pathogens, could greatly expand the detection spectrum and enhance the
system’s ability to identify multiple pathogens simultaneously, a critical function in polymicrobial outbreaks. Addition-
ally, experiments with more cost-effective DNA extraction methods are planned to make the technique accessible in
remote areas.

Future works will be focused on the use of this technique for fleas, small mammals, and environmental samples.
This expansion will not only strengthen early detection but also help monitoring animal reservoirs and vectors, which
are crucial in preventing the spread of plague in endemic regions. Furthermore, evaluating this technique under
real-world conditions, such as deploying mobile laboratories and testing larger sample sizes, will help validate its
effectiveness and field applicability. These steps are essential for advancing towards more efficient and rapid man-
agement of plague outbreaks in remote areas and allow its implementation in these zones following the adequate
biosecurity and biosafety measures.
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