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Background: Lower respiratory tract infection is one of the major causes of
disease and death worldwide. Streptococcus pneumoniae, Mycoplasma
pneumoniae, and Haemophilus influenzae are important pathogens
responsible for lower respiratory tract infection. Here, we established a
multiplex droplet digital polymerase chain reaction (ddPCR) method for the
simultaneous detection of S. pneumoniae, M. pneumoniae and H.
influenzae DNA.

Methods: Specific primers and probes were designed for ddPCR. The sensitivity
and specificity of the ddPCR assay were evaluated using standard strains, positive
samples and 26 common pathogenic bacteria. One hundred and sixty-seven
clinical samples were collected and tested via ddPCR, qPCR, bacterial culture and
microfluidic chip technology.

Results: The limits of detection (LoDs) of ddPCR were 2.5, 2.8 and 2.0 copies/uL
for S. pneumoniae, M. pneumoniae and H. influenzae, respectively, which were
approximately tenfold lower than the LoDs of gPCR. For 167 clinical samples, the
positivity rates of ddPCR and microfluidic chip for S. pneumoniae and M.
pneumoniae were 27.5% and 22.8%, respectively, which were higher than
those of gqPCR 25.7% and 21.6%. The positive rate of H. influenzae detection
via ddPCR and microfluidic chip method was 29.9%, which was higher than that
of gPCR (28.7%). The clinical sensitivity for S. pneumoniae, M. pneumoniae and H.
influenzae improved from 97.4%, 94.7% and 95.1% for qPCR to 100% for ddPCR.
Moreover, ddPCR showed less inhibition by the inhibitor in respiratory specimens
than gPCR.

Conclusion: The multiplex ddPCR assay established in this study can accurately
detect S. pneumoniae, M. pneumoniae and H. influenzae DNA and can be used
as an auxiliary tool for the clinical identification of pathogens and guidance of
antibiotic therapy.
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Introduction

Lower respiratory tract infection is a common clinical disease
that can cause symptoms such as sore throat, headache, fever,
muscle aches, nausea and vomiting and can lead to pneumonia,
otitis media and other diseases, resulting in high morbidity and
mortality. Community-acquired pneumonia (CAP) is an infectious
disease resulting in inflammation of the lung parenchyma caused by
a variety of microorganisms, such as bacteria, viruses, and
mycoplasma. As one of the most prevalent lower respiratory tract
infections, it is contracted outside hospitals or other common
medical institutions and is one of the most common lower
respiratory diseases in the clinic (GBD 2017 Causes of Death
Collaborators, 2018; Rider and Frazee, 2018; Claassen-Weitz
et al., 2021; Musungu et al., 2024). CAP causes high morbidity
and mortality in adults in developed countries and is one of the
leading causes of child mortality in developing countries (Zar et al.,
2016; Pneumonia Etiology Research for Child Health (PERCH)
Study Group, 2019; Meyer Sauteur, 2024). In the 2010 Global
Burden of Disease Study, lower respiratory infections, including
pneumonia, were ranked as the fourth leading cause of death
worldwide (Blasi et al., 2012; Lozano et al., 2012; Cilloniz et al.,
2020). Although the widespread implementation of immunization
programs for Haemophilus influenzae type b and pneumococcal
conjugate vaccines has led to a decline in mortality from CAP
caused by bacterial infections, bacteria play a momentous role in
pneumonia, and evidence has shown that viral-bacterial
coinfections remain common (Ruuskanen et al., 2011; Li et al,
2020; Feldman and Anderson, 2021). A CAP infection surveillance
study from China revealed that the three most prevalent bacterial
pathogens were Streptococcus pneumoniae, Haemophilus
influenzae, and Mycoplasma pneumoniae in children and
adolescents and S. pneumoniae, Klebsiella pneumoniae, and
Pseudomonas aeruginosa in adults and elderly individuals (Liu
et al,, 2023). Thus, the rapid and accurate detection of bacterial
pathogens is helpful for providing timely clinical
antibiotic treatment.

Currently, pathogen cultures, time-flight mass spectrometry
and biochemical indicators are mainly used to identify infectious
pathogens in the clinic. However, S. pneumoniae, M. pneumoniae
and H. influenzae are difficult to isolate and culture because of the
stringent environmental conditions and large amount of time
required for culture, resulting in a low detection rate in the clinic
(Daxboeck et al.,, 2003; Torigoe et al., 2007). Molecular detection
techniques such as qPCR are rapid molecular diagnostic tools
applied in the clinic to detect a wide range of microorganisms
(Loens and Ieven, 2016; Sunaga et al., 2020; Zhao et al., 2020).
However, for samples with low target concentrations, qQPCR does
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not show ideal sensitivity. Therefore, a new molecular assay for the
rapid and accurate detection of S. pneumoniae, M. pneumoniae and
H. influenzae is needed.

Droplet digital PCR (ddPCR) is an absolute quantitative
analytical technique based on the single-molecule PCR method to
count nucleic acid molecules (Vogelstein and Kinzler, 1999).
Mechanically speaking, a large amount of diluted nucleic acid
solution is dispersed into microreactors or microdroplets on a
chip via microfluidics or microtitration, and the number of
nucleic acid templates per reactor is less than or equal to 1.
Afterward, each individual partition acts as a separate
microreactor, and the target gene is amplified via PCR cycles.
Eventually, the nucleic acid concentration of the original solution
can be deduced on the basis of the relative proportions and the
volumes of the reactors. In recent years, ddPCR has been widely
used, such as for the detection of the absolute viral load from
various clinical samples and the analysis of gene copy number
variation, gene expression, and genome edit detection (White et al.,,
2009; Postel et al,, 2018). Therefore, this study aimed to establish a
multiplex ddPCR assay for the simultaneous detection of S.
pneumoniae, M. pneumoniae and H. influenzae to aid in the
diagnosis of CAP-associated pathogens.

Materials and methods
Study design

In this study, we constructed a multiplex ddPCR assay for the
simultaneous detection of S. pneumoniae, M. pneumoniae and H.
influenzae, and validated the clinical application. The multiplex
ddPCR detection process can be divided into three parts. First,
collect clinical samples for DNA extraction, followed by droplet
preparation, PCR amplification. Finally, measure the fluorescence
intensities in the (FAM/VIC/CY5) channels for data
analysis (Figure 1a).

Standard strains and clinical specimen
collection and cultivation

The standard strains used were S. pneumoniae ATCC 49619,
and H. influenzae ATCC 49247, and single colonies were obtained
after performing bacterial culture. M. pneumoniae positive DNA
samples were identified via Mycoplasma pneumoniae and
Chlamydia pneumoniae nucleic acid detection kit (real-time PCR,
Shanghai Z] Bio-Tech Co.Ltd.). Meanwhile, M. pneumoniae ATCC
15531 was cultured, and bacterial genomic DNA was extracted after
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Establishment and optimization of the multiplex ddPCR assay for S. pneumoniae, M. pneumoniae and H. influenzae detection. (a) Schematic of the
multiplex ddPCR assay. The detection procedure consists of a two-step method: nucleic acid extraction followed by ddPCR detection. After
extracting nucleic acids from the samples, the process continues with droplet preparation, PCR amplification. Finally, the results were analyzed by
observing the fluorescence droplet plot in the FAM, VIC and CY5 channels via a QX200 reader. The droplets that were positive are indicated in green
(S. pneumoniae), pink (M. pneumoniae) and blue (H. influenzae), the negative droplets appeared gray. (b, c) Optimal concentrations of primers and
probes were determined by the results of detection of mixing positive samples. Screening Principle: The optimal probe and primer concentrations
were selected according to whether the positive droplets were distributed centrally and whether they could be differentiated from the negative
droplets efficiently. The experiment was repeated three times for each concentration (means + SD).
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confirming a positive culture using phenol red pH indicator to
determine the LoD of the ddPCR method for M. pneumoniae
detection. Genomic DNA extracted from these standard reference
strains or positive samples was quantified by ddPCR and
subsequently used for methodological evaluation. We collected
sputum and bronchoalveolar lavage (BAL) samples from 167
patients with lower respiratory tract symptoms (such as
bronchitis, tracheitis, and pneumonia, presenting with sore throat,
cough, and fever) at Beijing Chuiyangliu Hospital (Between January
2024 and November 2024). Sample types included 157 sputum and
10 BAL specimens. Patient characteristics are summarized in
Supplementary Table 1. We excluded samples with insufficient
volume (<300 pL). We also must exclude unqualified samples.
We consider a sample qualified if there are more than 25 white
blood cells and less than 10 (or 10-25) epithelial cells per low-power
field. After sample collection, bacterial culture was performed
within 2 hours, followed by identification using Matrix-Assisted
Laser Desorption/Ionization Time of Flight Mass Spectrometry
(MALDI-TOF MS). DNA extraction was also performed and
samples were stored at -20°C if DNA was not extracted in time,
during which repeated freezing and thawing were avoided. After the
DNA was extracted, the samples were tested via ddPCR, qPCR,
microfluidic chip technology and microbial culture.

DNA extraction

A bacterial DNA extraction kit (Beijing Tiangen Biochemical
Technology Co., Ltd.) was used for the extraction of DNA from the
bacterial strains. A sputum DNA extraction kit (China Ying li Baio
Biotechnology Co., Ltd.) and a universal genomic DNA extraction
kit (Beijing Tiangen Biochemical Technology Co., Ltd.) were used
for the extraction of DNA from sputum samples and BAL samples.
A 300 puL sample volume was used for DNA extraction. The
extracted DNA was stored in a refrigerator at -20°C.

Design and screening of probe, primers
and plasmid synthesis

In this study, we selected the N-acetylmuramoyl-L-alanine
amidase gene (lytA) of S. pneumoniae (Reference sequence
GenBank accession: AP018938.1), the community-acquired
respiratory distress syndrome toxin gene (CARDS) of M.
pneumoniae (Reference sequence GenBank accession:
LR214945.1) and the outer membrane protein P6 gene (ompP6)
of H. influenzae (Reference sequence GenBank accession:
KC332053.1) as target sequences (Reference sequence details are
provided in the Supplementary Material). These targets are often
used to detect the corresponding pathogens in previous studies
because of their specificity (Zhou et al., 2023, Qiu et al.,, 2023, Cheng
etal., 2022). Three pairs of primers and one probe were designed for
each target. Three hundred to 500 bp of each target sequence was
selected for plasmid construction, and the sequences were
synthesized by Shanghai Sangyo (Supplementary Table 2). DNA

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1548492

copy number (copies/pL)=[6.02x10>>xgenomic DNA
concentration (ng/uL)x10~°]/[genomic DNA length (nt)x660]
(Yang et al, 2021). The plasmids were used for qPCR detection,
and the best primers were selected according to the threshold cycle
(CT) value.

System optimization

Optimal concentrations of primers and probes were determined
by the results of detection of mixing positive samples. The primer
concentration was determined to be 800 nM, and the optimal probe
concentration was selected from the following gradient (150 nM,
200 nM, 250 nM, 300 nM, 350 nM) based on two criteria: (1)
whether the positive droplets were distributed centrally, and (2)
whether they could be differentiated from the negative droplets
efficiently. Then, the optimal primer concentrations were
determined immediately after the probe concentrations were
determined. The concentrations of 500 nM, 600 nM, 700 nM and
800 nM were selected for screening. The screening criteria are
consistent with those described previously.

ddPCR workflow

The instrument used for these experiments was Xin Yi
Biotechnology Co. The process of ddPCR mainly consists of three
parts: droplet preparation, PCR amplification, and result analysis.
The total volume of the reaction was 30 uL, including 7.5 pL of 4x
hypermixed probe (no dUTP), 2.4 uL of 10 mM F/R, 0.9 uL of
probe, 0.4 uL of DNase/RNase-free water, DNA template 5uL,
followed by the addition of 180 UL of droplet-generation oil and a
droplet generator was used to convert the reaction mixture into
droplets. The next step is the amplification process. The reaction
conditions were as follows: thermal cycling, with the reaction
conditions of 95°C for 10 min, followed by 94°C for 30 s
(denaturation) and 60°C for 1 min (annealing) for 39 cycles,
followed by an infinite hold of 4 degrees. Finally, observe the
fluorescence analysis results. The tubes containing the products
were transferred and read in the FAM, VIC and CY5 channels via a
Fluorescence reader (Xin Yi Biotechnology Co). The FAM, VIC,
and CY5 channels represent S. pneumoniae, M. pneumoniae and H.
influenzae detection results, respectively.

qPCR analysis

The primers and probes used for ddPCR were used for the
establishment of the PCR detection system, and qPCR was
performed via an LightCycler® 480 Instrument II. The total
volume of the reaction was 20 uL. The reaction system included
10 pL of Fast Advanced Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA), 0.5 uL of the 10 nM primer and probe
mixture, 2.5 UL of DNase/RNase-free water and 3 uL of DNA
template, and the reaction conditions were as follows: denaturation
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at 94°C for 3 min, denaturation at 94°C for 30 s, annealing at 58°C
for 45 s, and 35 cycles.

Determination of dynamic ranges and
limits of detection of ddPCR and qPCR

The dynamic range of the ddPCR and PCR methods were
determined via gradient dilutions of S. pneumoniae, M. pneumoniae
and H. influenzae standard strains as templates, with ddPCR template
concentrations of 1 copy/uL - 10° copies/uL and qPCR template
concentrations of 1 copy/uL-10° copies/UL, respectively. The
concentration range with good linear relationship was the dynamic
monitoring range. For Limit of Quantification (LoQ) determination, we
performed replicate analyses at copy number concentrations
approximating the LoD for both methods. For ddPCR, we performed
replicate testing at two concentrations (10 copies/UL and 1 copy/uL),
while for gPCR, we tested replicates at 100 copies/UL and 10 copies/uL.
The lowest concentration achieving a coefficient of variation (CV) <20%
was defined as the LoQ. Similarly, the LoDs were determined via
gradient dilutions of S. pneumoniae, M. pneumoniae and H. influenzae
standard strains as templates, with ddPCR template concentrations of
10 copies/lL, 5 copies/UL, 1 copy/UL, 0.5 copies/UL, and 0.1 copies/UL
and qPCR template concentrations of 10* copies/{L, 10* copies/uL, 10
copies/UL, 1 copy/UL, respectively. Different template concentrations
were tested to determine the LoD as well as to perform a regression
analysis with 95% reproducibility probability, which is a commonly used
regression analysis model for analyzing the reliability of molecular
detection methods (Liu et al., 2020).

Specificity of the ddPCR assay

To evaluate the specificity of the ddPCR assay, we collected clinical
reference strains and isolates of non-Mycoplasma pneumoniae,
Mycoplasma pneumoniae, and Haemophilus influenzae. The names
and numbers of specific strains are given in Table 1. After culturing the
strains, bacterial DNA was extracted using a genomic DNA extraction
kit (Beijing Tiangen Biochemical Technology Co., Ltd.) with a
concentration of approximately 10> copies/LL. The specificity of the
ddPCR method was then assessed by comparing the detected copy
numbers between non-target and target bacterial strains. S.
pneumoniae reference strains, M. pneumoniae positive samples, and
H. influenzae reference strains were used as positive controls (PCs),
and nuclease-free water was used as a negative control (NC).

Repeatability of the ddPCR assay

The repeatability of the ddPCR assay was evaluated via intra-
assay and interassay methods using S. pneumoniae, M. pneumoniae
and H. influenzae mixed positive samples. Two mixed S.
pneumoniae, M. pneumoniae and H. influenzae positive samples
were used in the same experiment for six replicates, and three
separate ddPCR tests were subsequently conducted.
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Evaluation of ddPCR and gPCR inhibition
by respiratory specimens

To determine the inhibition effect of respiratory specimens on
PCR amplification, equal amounts of plasmid DNA were added to
samples containing different amounts (2uL to 8uL) of extract of
respiratory specimen to prepare spiked samples. Simultaneously
prepare control samples (2uL to 8uL of DNase-free water and
plasmid at the same concentration). Calculate and compare the
inhibition rates using the ddPCR and qPCR results (CT values
converted to copy numbers) and the control sample results (copy
numbers). Then calculate the inhibition rate (%) using the formula:
[(Control copy number - ddPCR/qPCR copy number)/Control
copy numberx100] to evaluate the impact of respiratory
specimens on the detection of ddPCR and qPCR.

Statistical analysis

According to the principle of ddPCR, each sample under test
was divided into 10000 reaction units. Each tiny droplet contained
one or more copies of the template, and microdroplets appeared
when there was a target product fluorescent signal. The reaction
unit was marked as “1”. After PCR amplification, according to the
Poisson probability distribution formula, the ddPCR number data
were analyzed via specific software to calculate the target
concentration. Prism (GraphPad, La Jolla, CA) 8.00 software was
used to perform linear regression, and probabilistic regression
analysis was performed with MedCalc 19.0.4 software (MedCalc,
Ostend, Belgium).

All methods were performed in accordance with the relevant
guidelines and regulations.

Results

Establishment and optimization of the
multiplex ddPCR assay for S. pneumoniae,
M. pneumoniae and H. influenzae

Multiple pairs of primers were designed for S. pneumoniae, M.
pneumoniae and H. influenzae target sequences. By comparing the
CT values of different primers in single qPCR, the best primers for
S. pneumoniae, M. pneumoniae and H. influenzae were selected for
subsequent ddPCR and qPCR, as shown in Supplementary Table 2.
The optimal primer pairs are S. pneumoniae -F1/R1, M.
pneumoniae-F2/R2, and H. influenzae -F1/R1 (for S. pneumoniae,
M. pneumoniae and H. influenzae, respectively, Supplementary
Figure 1). Optimal concentrations of primers and probes were
determined by the results of detection of mixing positive samples.
The system was optimized by observing the fluorescent droplets
results for the three fluorescence channels (aggregation of
fluorescent droplets and the dispersion distance of positive
droplets from negative droplets) with different primer and probe
concentrations. The final primer concentration of 800 nM and
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TABLE 1 Bacterial strains used in this study.

10.3389/fcimb.2025.1548492

Strain Type (Strain ID) Source of strains = Number of strains used ddPCR test
Haemophilus influenzae Reference strain (ATCC 49247) Chui Yang Liu Hospital 1 P
Streptococcus pneumoniae Reference strain (ATCC 49619) Chui Yang Liu Hospital 1 P
Mycoplasma pneumoniae Reference strain (ATCC 15531) Chui Yang Liu Hospital 1 P
Mycoplasma pneumoniae Clinical samples DNA Chui Yang Liu Hospital 3 P
Kilebsiella pneumoniae Reference strain (ATCC 700603) Beijing Youan Hospital 1 N
Pseudomonas aeruginosa Reference strain (ATCC 27853) Chui Yang Liu Hospital 1 N
Staphylococcus aureus Reference strain (ATCC 29213) Beijing Youan Hospital 1 N
Acinetobacter baumannii Clinical strain Beijing Youan Hospital 2 N
Mycobacterium tuberculosis Reference strain (H37Rv) Chui Yang Liu Hospital 1 N
Corynebacterium pseudodiphtheriticum Clinical strain Chui Yang Liu Hospital 1 N
Haemophilus parainfluenzae Clinical strain Chui Yang Liu Hospital 1 N
Haemophilus haemolyticus Clinical strain Chui Yang Liu Hospital 1 N
Haemophilus parahaemolyticus Clinical strain Chui Yang Liu Hospital 1 N
Escherichia coli Reference strain (ATCC 25922) Beijing Youan Hospital 1 N
Candida albicans Clinical strain Chui Yang Liu Hospital 1 N
Stenotrophomonas maltophilia Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus pyogenes Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus salivarius Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus mitis Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus agalactiae Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus oralis Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus suis Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus mutans Clinical strain Chui Yang Liu Hospital 1 N
Streptococcus sanguinis Clinical strain Chui Yang Liu Hospital 1 N
Mycoplasma genitalium Clinical strain Chui Yang Liu Hospital 1 N
Mycoplasma primatum Clinical strain Chui Yang Liu Hospital 1 N
Clostridium difficile Reference strain (ATCC BAA-1803) Chui Yang Liu Hospital 1 N
Listeria monocytogenes Clinical strain Chui Yang Liu Hospital 1 N
Mycoplasma urealyticum Clinical strain Chui Yang Liu Hospital 1 N
Mycoplasma hominis Clinical strain Chui Yang Liu Hospital 1 N

The clinical strains were laboratory-stored strains obtained from corresponding positive clinical samples.

probe concentration of 300 nM were used for subsequent
experiments (Figures 1b, c).

Sensitivity and dynamic range of ddPCR

and qPCR

To compare the dynamic range of ddPCR and qPCR, multiplex
ddPCR and multiplex qPCR were performed with serial dilutions of
reference strain DNA (S. pneumoniae, H. influenzae) and M.
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pneumoniae positive sample DNA for each target, and the results
revealed that the dynamic range of ddPCR was 1-10° copies/(LL for

S. pneumoniae, M. pneumoniae and H. influenzae DNA.
Subsequently, we determined that the LOQ of ddPCR for S.
pneumoniae, M. pneumoniae and H. influenzae DNA detection
was 10 copies/reaction. Therefore, the results revealed that the

reliable range of ddPCR was 10-10> copies/uL for S. pneumoniae,

M. pneumoniae and H. influenzae DNA (Figures 2a, ¢, 1). The linear

regression analysis revealed a good linear relationship between the
detected and expected values of ddPCR, with R? values of 0.9994,
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0.9996, and 0.9985 (Figures 2b, f, j). Similarly, the results revealed
the reportable range of qPCR was 10>10° copies/uL (Figures 2c, g,
k). The results showed that excellent linear correlation between the
detected value and expected value, with R? values of 0.9975, 0.998,
and 0.9945 for the S. pneumoniae, M. pneumoniae and H.
influenzae primer—-probe sets, respectively (Figures 2d, h, I).
Subsequently, we have supplemented both ddPCR and qPCR
detection results using serially diluted M. pneumoniae standard
strains as templates. The results demonstrate that ddPCR exhibited
an effective detection reliable range of 10-10° copies/[LL, while qPCR
showed a range of 10>-10° copies/UL (Supplementary Figure 2). The
above results revealed that ddPCR has a lower minimum detectable
range than does qPCR.

Next, we used probit analysis with a sigmoid curve to calculate
the 95% probability of reproducibility and further determined the
accurate LoDs for ddPCR and qPCR via different concentrations
of the reference strain DNA near concentrations close to the lower
LoD, with six replicates performed for each concentration. The
results revealed that the LoDs (95% probability) of the ddPCR
method were 2.5 (95% CI: 1.0-87.5) copies/uL, 3.1 (95% CI: 1.1-
305.8) copies/UL and 1.5 (95% CI: 0.7-38.9) copies/UL for the S.
pneumoniae, M. pneumoniae and H. influenzae primer/probe sets,
respectively (Figure 3a). For qPCR, the LoDs (95% probability)
were 25.9 (95% CI: 7.3-6.1x10%) copies/uL, 44.2 (95% CI: 11.6-
6.6x10%) copies/uL and 39.7 (95% CI: 11.9-3.1x10°) copies/uL,
respectively (Figure 3b). To determine a more accurate LoDs, we
performed twenty replicates for each concentration. The results
revealed that the LoDs (95% probability) of the ddPCR method
were 2.5 (95% CI: 1.5-6.9) copies/uL, 2.8 (95% CI: 1.7-7.8) copies/
pL and 2.0 (95% CI: 1.2-5.5) copies/uL for the S. pneumoniae, M.
pneumoniae and H. influenzae primer/probe sets, respectively
(Supplementary Figure 3a). For qPCR, the LoDs (95%
probability) were 27.6 (95% CI: 11.9-146.6) copies/uL, 41.1
(95% CI: 17.7-200.9) copies/uL and 38.8 (95% CI: 16.5-198.1)
copies/UL, respectively (Supplementary Figure 3b). In summary,
for ddPCR, when the same S. pneumoniae, M. pneumoniae and H.
influenzae primer/probe sets were used, the low-concentration
template was approximately 20 times smaller than that of qPCR
(maximum). The positive threshold was determined by
performing 10 replicate tests using negative controls as
templates, with the threshold set at the concentration
corresponding to the mean signal value plus 3 standard
deviations (3SD) of the negative controls. The thresholds for the
S. pneumoniae, M. pneumoniae and H. influenzae were 3.9, 3.5,
and 3.7 copies/L, respectively. The negative control was sputum
samples without the target bacteria (Supplementary Table 3).

Specificity of the ddPCR and qPCR
methods

Twenty-six bacterial strains were collected, and DNA was
extracted for ddPCR. Details regarding the bacterial strains and
their corresponding quantities are listed in Table 1. The results
showed that positive droplets were only detected in the
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corresponding fluorescence channels for DNA from Streptococcus
pneumoniae, Mycoplasma pneumoniae, and Haemophilus
influenzae positive strains, with copy number quantification
results consistent with this observation, suggesting that the
ddPCR method has good specificity (Figures 4a-c,
Supplementary Table 4).

Repeatability and reproducibility of the
ddPCR assay

Six replicates of the same experiment and six separate ddPCR
experiments were performed using two mixed samples of S.
pneumoniae, M. pneumoniae and H. influenzae. The
concentration of the mixed samples was set around 1-5 times the
LOD value. The results revealed mean coefficients of variation
(CVs) for S. pneumoniae, M. pneumoniae and H. influenzae DNA
of 0.142, 0.221, 0.152, 0.231, 0.144, 0.250 for intraassay variation
and 0.151, 0.210, 0.154, 0.207, 0.162 and 0.211 for interassay
variation, respectively (Table 2).

Clinical sample validation

A total of 167 clinical samples were tested for the detection of S.
pneumoniae and ddPCR and qPCR detected S. pneumoniae in 46
(27.5%) and 43 (25.7%) samples, respectively. H. influenzae was
detected in 50 samples via ddPCR and 48 samples via QPCR, and the
positive rates were 29.9% and 28.7%, respectively. Bacterial culture
was used as the gold standard for the detection of S. pneumoniae
and H. influenzae, and the clinical sensitivity improved from 97.4%
(84.6-99.9%), 95.1% (82.2-99.1%) for qPCR to 100% (88.6-100%),
100% (89.3-100%) for ddPCR for S. pneumoniae and H. influenzae.
ddPCR and qPCR detected M. pneumoniae in 38 (22.8%) and 36
(21.6%) samples, respectively. When microfluidic chip technology
was used as the gold standard for M. pneumoniae detection, the
clinical sensitivity for M. pneumoniae improved from 94.7% (80.9-
99.1%) for qPCR to 100% (88.6-100%) for ddPCR. M. pneumoniae
and H. influenzae were detected simultaneously in 5 samples, S.
pneumoniae and H. influenzae were detected simultaneously in 3
samples. The remaining 39 samples did not contain S. pneumoniae,
M. pneumoniae or H. influenzae DNA. For the samples with
inconsistent results in S. pneumoniae and M. pneumoniae
detected by ddPCR and qPCR, microfluidic chip technology was
used to verify the results. Among the qPCR results, three S.
pneumoniae, two M. pneumoniae, and two H. influenzae samples
initially tested negative but were subsequently identified as positive
via microfluidic chip analysis, indicating false negatives in the gPCR
assay. In contrast, the ddPCR results were consistent with the
microfluidic chip findings, with no false positives observed.
(Figure 5a, Supplementary Table 5). Moreover, linear regression
and correlation analysis were performed for all samples with
positive ddPCR and qPCR results, and the results showed that the
ddPCR log event number increased with increasing qPCR Ct values,
with R? values of 0.8344, 0.8471, and 0.8647 respectively for the
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FIGURE 2

The dynamic range of the ddPCR assay to detect S. pneumoniae, M. pneumoniae and H. influenzae DNA. (a, e, i) The 10-fold serial dilution of S.
pneumoniae gDNA, M. pneumoniae DNA, H. influenzae gDNA were detected by the ddPCR; the green points, the pink points and the blue points
represent the positive signal; Correlation analysis to determine the dynamic detection range. (b, f, j) The expected values (converted to logl0) of S.
pneumoniae gDNA, M. pneumoniae DNA, H. influenzae gDNA were plotted on the Y axis and ddPCR detected values (converted to log10) on the X
axis to perform linear analysis. Data are representative of at least three repeated experiments for different concentrations of template DNA.

(c, g, k) The 10-fold serial dilution of S. pneumoniae gDNA, M. pneumoniae DNA, H. influenzae gDNA were detected by the qPCR; (d, h, 1) The
expected values (converted to logl0) of S. pneumoniae gDNA, M. pneumoniae DNA, H. influenzae gDNA were plotted on the Y axis and qPCR
detected values (converted to log10) on the X axis to perform linear analysis. DNase/RNase-free water was used as the negative control. The
experiment was repeated three times (means + SD). **P < 0.01, ***P < 0.001, ****P < 0.0001. "n.s." indicates no statistically significant difference.
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FIGURE 3

Determining the LoD of the ddPCR assay. (a) The LoD for S. pneumoniae, M. pneumoniae, and H. influenzae in the multiplex gPCR assay was
determined using probit analysis of sigmoid curves. Repeated ddPCR assays with different concentrations of S. pneumoniae, M. pneumoniae and H.
influenzae DNA were performed near the detection limits determined in the pre-experiment. The X-axis represents the expected concentration, and
the Y-axis represents the proportion of positive results in the same experiment. The blue line is the probit curve, and the red dashed line are 95%
confidence interval (95% Cl), the experiment was repeated six times for each concentration in the same parallel reactions. (b) The probit analysis
sigmoid curve was used to determine the LoD of the multiplex gPCR for S. pneumoniae, M. pneumoniae and H. influenzae detection. The analytical

method was the same as in (a).

detection of S. pneumoniae, M. pneumoniae and H.
influenzae (Figure 5b).

Inhibition of respiratory specimens on
ddPCR and gPCR assays

Previous studies have shown that PCR inhibitors exist in
biological specimens, which can affect the quantification of target
PCR products (Poh et al., 2020). To determine the inhibition effect
of respiratory specimens on ddPCR and qPCR. We mixed equal
concentrations of plasmid with different volumes of extract of
respiratory specimens and performed ddPCR and qPCR. We
observed that both methods were affected by respiratory
specimens. However, with an increase in the proportion of
respiratory tract extracts, the inhibition rate of qPCR was found
to be higher compared to that of ddPCR. The result showed that the
inhibition rate at 6uL and 8uL for ddPCR was significantly lower
than that for qPCR (Figure 6a). At the same time, due to the
presence of co-infection in clinical detection, we tested the detection
performance of two low concentrations of pathogens in the mixed
samples when one of the pathogens was at high concentration, and
the results showed that the ideal detection effect could be achieved
(The high concentration is about 10* copies/uL and the low
concentration is 10" copies/uL, Figure 6b). Additionally, we
analyzed the same sample stored at 4°C for 2 hours, 24 hours,
and 48 hours respectively to evaluate the impact of sample freshness
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on ddPCR results. The data showed minimal variation in detection
outcomes, indicating that ddPCR has relatively low requirements
for sample storage duration (Supplementary Figure 4).

Discussion

CAP, one of the most common lower respiratory tract
infections, is an important cause of clinical burden and mortality
worldwide, with high morbidity and mortality rates in all age
groups worldwide (GBD 2019 Diseases and Injuries
Collaborators, 2020; Zhang et al., 2023). Bacterial infections
remain one of the major causes of morbidity, with S. pneumoniae,
M. pneumoniae and H. influenzae being the three most prevalent
pathogens responsible for CAP, especially S. pneumoniae is the
leading cause of death from lower respiratory tract infections,
according to the Global Burden of Disease Study 2017 (Le Roux
and Zar, 2017; GBD 2016 Lower Respiratory Infections
Collaborators, 2018). Therefore, early detection of infectious
pathogens is crucial for timely clinical diagnosis and to reduce
the negative consequences of irrational use of antibiotics
(Antimicrobial Resistance Collaborators, 2022). The traditional
detection method of bacterial culture is time-consuming, has a
low detection rate, and is prone to false negatives (Daxboeck et al,,
2003). The application of VITEK MS has improved the sensitivity
and specificity of the detection, but the detection process still relies
on overnight culture, and relatively pure colonies are obtained

9
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FIGURE 4

Specificity of the ddPCR assay to detect S. pneumoniae, M. pneumoniae and H. influenzae. 26 pathogenic bacteria were used to determine the
specificity of the multiplex ddPCR. (a) VIC channel detection results. (b) CY5 channel detection results. (c) FAM channel detection results. S.
pneumoniae (ATCC 49619), M. pneumoniae positive sample and H, influenzae (ATCC 49247) were used as the positive control strain. DNase-free
water was used as negative control. The droplets that were positive were indicated in green (S. pneumonia), pink (M. pneumoniae) and blue (H.

influenzae), the negative droplets appeared gray.
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TABLE 2 Repeatability and reproducibility assays of ddPCR in detection of S. pneumoniae, M. pneumoniae and H. influenzae DNA.

Intraassay variation

Interassay variation

Pathogen
Mean concentration (copies/pL) Mean concentration (copies/pL)
189 27 0.142 24.1 3.6 0.151
S. pneumoniae
20 0.4 0.221 25 05 0210
233 35 0.152 229 35 0.154
M. pneumoniae
23 24 0231 2.0 0.4 0.207
244 3.5 0.144 24.6 4.0 0.162
H. influenzae
22 0.6 0250 23 0.5 0211

SD, Standard Deviation; CV, Coefficient of Variation.

before detection, which cannot be directly detected from samples
(Cao et al,, 2024). In recent years, with the rapid development of
molecular diagnostic technology, qPCR has been considered the
gold standard for molecular detection, but false-negative results
have been obtained for samples with low target concentrations; this
depends on the production of a standard curve, which is
complicated and time-consuming, and the quality of the standard
curve determines the accuracy of the test results (Loens and Ieven,
2016; Sunaga et al., 2020). In addition, some isothermal
amplification techniques integrated into microfluidic chips have
also been used in recent years for the rapid detection of bacterial
infections in clinical settings, but the cost of a single test is relatively

high (Feng et al, 2023). Therefore, these tests have not been
popularized in large numbers.

The detection of S. pneumoniae, M. pneumoniae and H.
influenzae DNA in sputum is a rapid diagnostic method for
pathogenic bacterial infections (Loens and Ieven, 2016; Sunaga
et al., 2020; Cheng et al,, 2022; Qiu et al., 2023). ddPCR, a
molecular assay that has emerged in recent years, is also used to
detect pathogens in different types of clinical samples (blood,
sputum, feces, etc.), including Mycobacterium tuberculosis (Yang
et al,, 2017), Klebsiella pneumoniae (Feng et al., 2023), Ureaplasma
spp (Huang et al,, 2021)., hepatitis D virus (Xu et al., 2022), and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, Liu

a
ddPCR qPCR ddPCR qPCR ddPCR qPCR
S.p iae) S p iae) (H. influenzae) (H. influenzae) (M. p i (M. p iae)
Positive  Negative Positive Negative Positive Negative Positive Negative Positive  Negative Positive  Negative
Positive 38 0 37 1 41 0 40 1 Positive 38 0 36 2
Culture  Negative 8 121 6 123 9 117 8 118 Microfluidic ~ Negative 0 129 0 129
chip
Total 46 121 43 124 50 117 48 119 Total 38 129 36 131
positive rate in 167 275% 257% 29.9% 28.7% positive rate in 167 22.8% 21.6%
samples samples
clinical sensitivity 100% 97.4% 100% 95.1% clinical sensitivity 100% 94.7%
b S. pneumoniae M. pneumoniae H. influenzae
40 35 40
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FIGURE 5

Comparison of the detection efficiency of gPCR, ddPCR and chip inspection in detection of S. pneumoniae, M. pneumoniae, H. influenzae in clinical
samples. (a) The detection results of gPCR, ddPCR, bacterial culture or chip inspection in detection of S. pneumoniae, M. pneumoniae, H. influenzae
in 167 clinical samples. (b) Correlation between gPCR and ddPCR. Samples that were detectable by both ddPCR and qPCR were analyzed. Event
numbers for ddPCR are plotted on the x axis and the threshold cycle for gPCR on the y axis.
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FIGURE 6

Evaluation of the interference resistance capability in ddPCR assay. (a) Evaluation of respiratory specimen extracts’ impact on quantitative detection
of S. pneumoniae, M. pneumoniae and H. influenzae DNA by ddPCR and gPCR. Equal amounts of plasmid DNA were added to samples containing
different amounts (2uL to 8ul) of extract of respiratory specimen to prepare spiked samples. Simultaneously prepare control samples (2uL to 8ulL of
DNase-free water and plasmid at the same concentration). Calculate and compare the inhibition rates using the ddPCR and gPCR results (CT values
converted to copy humbers) and the control sample results (copy numbers). Inhibition rate (%) calculation formula: [(Control copy number -
ddPCR/gPCR copy number)/Control copy numberx100]. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (b) To observe the influence of a single
high concentration pathogen on the detection of the other two pathogens in the co-infection detection. Sequentially: high-concentration samples
of SP, MP, and HI. The droplets that were positive were indicated in green (SP), pink (MP) and blue (HI), the negative droplets appeared gray. SP, S.

pneumoniae, MP, M. pneumoniae, HI, H. influenzae. 'n.s."

indicates no statistically significant difference.

et al, 2020). The ddPCR has good sensitivity and specificity.
Previous studies have also established qPCR assays for separately
detecting these three pathogens (Loens and Ieven, 2016; Sunaga
et al,, 2020). Compared with qPCR, which quantifies results by a
single amplification curve and a CT value, ddPCR assays are
performed at the endpoint of the reaction, effectively avoiding
sample contaminants such as primer dimers and thus providing
more accurate results. Although ddPCR is currently slightly more
costly than qPCR, it offers superior performance in certain aspects
and remains a critical tool in certain fields, such as ddPCR being
clinically important for detecting low abundance targets or
analyzing rare mutations (Strain et al., 2013). Previous studies
have demonstrated its ability to precisely quantify nucleic acids,
such as in HIV viral load monitoring and Mycobacterium
tuberculosis detection in pleural effusion ¢fDNA, where ddPCR
provides essential guidance for diagnosing infection and assessing
patient response to treatment (Strain et al., 2013; Xu et al.,, 2024).
Similarly, the multiple ddPCR method developed in this study was
evaluated and shown to be accurate for the quantification of S.
pneumoniae, M. pneumoniae and H. influenzae in complex
samples. At the same time, we also investigated the interference
effect of sputum on the two methods. the ddPCR showed less
inhibition by the inhibitor in respiratory specimens than the qPCR.
Therefore, this method can be used as an effective tool for diagnosis
and evaluation of treatment efficacy in patients. In recent years,
CRISPR technology has also been used to detect S. pneumoniae and
M. pneumoniae, but the CRISPR method is only qualitative (Qiu
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et al, 2023; Zhou et al,, 2023). In contrast, the ddPCR method
enables accurate quantification. Some studies have employed
multiple cross displacement ampliflication (MCDA) to detect H.
influenzae, but this method similarly lacks quantitative capability
and is prone to aerosol contamination due to its low reaction
2022). In this study, the established
multiplex ddPCR method significantly reduces the risk of
amplification contamination through droplet generation.

In this study, we established a multiplex ddPCR method for the
detection of S. pneumoniae, M. pneumoniae and H. influenzae
DNA; selected specific genes (the IytA gene of S. pneumoniae, the
CARDS toxin gene of M. pneumoniae and the specific gene

temperature (Cheng et al,

fragment OmpP6 of H. influenzae) as the target sequences for
designing specific primers and probes; screened for the optimal
primer/probe concentration; and evaluated the sensitivity and
specificity of the ddPCR method. The S. pneumoniae, M.
pneumoniae and H. influenzae ddPCR primers and probes did
not cross-react with the other 26 pathogens, indicating that the
ddPCR method is highly specific for the detection of S. pneumoniae,
M. pneumoniae and H. influenzae DNA. The sensitivities of ddPCR
for S. pneumoniae, M. pneumoniae and H. influenzae DNA were
2.5,2.8 and 2.0 copies/UL, respectively, which were lower than those
of qPCR (27.6, 41.1 and 38.8 copies/uL). In addition, S.
pneumoniae, M. pneumoniae and H. influenzae were detected in
167 clinical samples and the positive rates of ddPCR were 27.5%,
22.8% and 29.9%, respectively. M. pneumoniae and H. influenzae
were detected simultaneously in 5 samples, S. pneumoniae and H.
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influenzae were detected simultaneously in 3 samples, this suggests
that bacterial co-infection also exists.

There are also some limitations in this study. First, owing to the
number of fluorescence channels and the complexity of the system
components, the methods established in this study to detect a small
number of bacterial species are limited. These methods are still mainly
used for the detection of S. pneumoniae, M. pneumoniae and H.
influenzae, and three kinds of bacterial cultures do not easily assist in
the clinical diagnosis of pathogens. For other common pathogens in
lower respiratory tract infection, such as Klebsiella pneumoniae (Lin
et al., 2015), bacterial cultures can meet the detection needs of bacteria
and are therefore not included in probe design. Second, the processing
of clinical samples is still cumbersome, and DNA extraction can be
further optimized. Notably, some studies have used lysates to extract
sputum DNA directly (Cheng et al., 2022). Additionally, the cost of
ddPCR tests is higher than that of QPCR tests but much lower than that
of second-generation sequencing. In the future, the cost is being
gradually reduced through technological iterations such as chip-type
droplet generators and high-throughput technologies to facilitate their
application in routine detection.

In conclusion, the multiplex ddPCR assay for S. pneumoniae, M.
pneumoniae and H. influenzae established in this study can accurately
detect the bacterial copy number in sputum samples with good
sensitivity, specificity and reproducibility. Notably, the ddPCR
showed less inhibition by the inhibitor in respiratory specimens than
the qPCR. It can be used for the rapid diagnosis of S. pneumoniae, M.
pneumoniae and H. influenzae infections, providing an adjunctive
diagnostic tool for the rapid identification of pathogens causing CAP
infection so that patients can receive timely antimicrobial therapy.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Beijing Chuiyangliu Hospital. The studies were
conducted in accordance with the local legislation and
institutional requirements. The human samples used in this study
were acquired from primarily isolated as part of your previous study
for which ethical approval was obtained. Written informed consent
for participation was not required from the participants or the
participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements.

Author contributions

YC: Writing - original draft. JW: Resources, Writing — original
draft. YJ: Data curation, Writing - review & editing. LX:

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2025.1548492

Conceptualization, Writing - review & editing. YT: Methodology,
Writing - original draft. ZF: Conceptualization, Writing — original
draft, Methodology. ZP: Data curation, Writing — review & editing.
YM: Formal Analysis, Writing - review & editing. XRZ: Investigation,
Software, Writing — review & editing. XYZ: Methodology, Resources,
Writing - original draft. JH: Resources, Writing - review & editing. FR:
Funding acquisition, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Natural Science
Foundation of China (82002243, 82100653), Key Projects of the
Beijing Municipal Education Commission’s Science and
Technology Plan (KZ202010025035), Chinese Institutes for
Medical Research, Beijing (Grant No. CX24PY23), Beijing
Hospitals Authority Youth Program (QML20201702), Talent
Cultivation plan of Climbing the peak of Beijing Municipal
Hospital Administration (DFL20221503), Beijing Natural Science
Foundation-Changping Innovation Joint Fund (L234046), Training
Fund for Open Projects at Clinical Institutes and Departments of
Capital Medical University (CCMU2023ZKYXZ003), High-Level
Public Health Technical Talents Project of Beijing (Subject Leaders-
02-13, xuekegugan-03-48).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.
1548492 /full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2025.1548492/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2025.1548492/full#supplementary-material
https://doi.org/10.3389/fcimb.2025.1548492
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cao et al.

References

Antimicrobial Resistance Collaborators. (2022). Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis. Lancet. 399, 629-655.
doi: 10.1016/S0140-6736(21)02724-0

Blasi, F., Mantero, M., Santus, P., and Tarsia, P. (2012). Understanding the burden of
pneumococcal disease in adults. Clin. Microbiol. Infect. 18, 7-14. doi: 10.1111/j.1469-
0691.2012.03937.x

Cao, Y., Tian, Y., Huang, J., Xu, L, Fan, Z,, Pan, Z,, et al. (2024). CRISPR/Cas13-
assisted carbapenem-resistant Klebsiella pneumoniae detection. J. Microbiol. Immunol.
Infect. 57, 118-127. doi: 10.1016/j.jmii.2023.10.010

Cheng, J., Zhou, Y., Zhao, X, Lu, J., Wy, J., and Wang, Y. (2022). Development and
clinical application of a endonuclease restriction real-time loop-mediated isothermal
amplification (ERT-LAMP) assay for rapid detection of Haemophilus influenzae.
Front. Microbiol. 13, 1037343. doi: 10.3389/fmicb.2022.1037343

Cilloniz, C., Greenslade, L., Dominedo, C., and Garcia-Vidal, C. (2020). Promoting
the use of social networks in pneumonia. Pneumonia. (Nathan). 12, 3. doi: 10.1186/
541479-020-00066-3

Claassen-Weitz, S., Lim, K. Y. L., Mullally, C,, Zar, H. J., and Nicol, M. P. (2021). The
association between bacteria colonizing the upper respiratory tract and lower
respiratory tract infection in young children: a systematic review and meta-analysis.
Clin. Microbiol. Infect. 27, 1262-1270. doi: 10.1016/j.cmi.2021.05.034

Daxboeck, F., Krause, R., and Wenisch, C. (2003). Laboratory diagnosis of
Mycoplasma pneumoniae infection. Clin. Microbiol. Infect. 9, 263-273. doi: 10.1046/
j.1469-0691.2003.00590.x

Feldman, C., and Anderson, R. (2021). The role of co-infections and secondary
infections in patients with COVID-19. Pneumonia. (Nathan). 13, 5. doi: 10.1186/
541479-021-00083-w

Feng, J., Cui, X,, Du, B., Zhao, H., Feng, Y., Cui, ], et al. (2023). Detection and
quantification of klebsiella pneumoniae in fecal samples using digital droplet PCR in
comparison with real-time PCR. Microbiol. Spectr. 11, e0424922. doi: 10.1128/
spectrum.04249-22

GBD 2016 Lower Respiratory Infections Collaborators (2018). Estimates of the
global, regional, and national morbidity, mortality, and etiologies of lower respiratory
infections in 195 countries, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Infect. Dis. 18, 1191-1210. doi: 10.1016/S1473-3099(18)
30310-4

GBD 2017 Causes of Death Collaborators (2018). Global, regional, and national age-
sex-specific mortality for 282 causes of death in 195 countries and territories, 1980-
2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. 392,
2170. doi: 10.1016/50140-6736(18)32203-7

GBD 2019 Diseases and Injuries Collaborators (2020). Global burden of 369 diseases
and injuries in 204 countries and territories, 1990-2019: A systematic analysis for the
Global Burden of Disease Study 2019. Lancet 396, 1204-1222. doi: 10.1016/S0140-6736
(20)30925-9

Huang, Y., Pan, H,, Xu, X, Lv, P., Wang, X., and Zhao, Z. (2021). Droplet digital PCR
(ddPCR) for the detection and quantification of Ureaplasma spp. BMC Infect. Dis. 21,
804. doi: 10.1186/s12879-021-06355-6

Le Roux, D. M,, and Zar, H. J. (2017). Community-acquired pneumonia in children
—a changing spectrum of disease. Pediatr. Radiol. 47, 1392-1398. doi: 10.1007/s00247-
017-3827-8

Li, Z., Chen, Q., Feng, L., Rodewald, L., Xia, Y., Yu, H,, et al. (2020). Active case
finding with case management: the key to tackling the COVID-19 pandemic. Lancet.
396, 63-70. doi: 10.1016/S0140-6736(20)31278-2

Lin, Y. T., Wang, Y. P,, Wang, F. D., and Fung, C. P. (2015). Community-onset
Klebsiella pneumoniae pneumonia in Taiwan: clinical features of the disease and
associated microbiological characteristics of iso lates from pneumonia and
nasopharynx. Front. Microbiol. 9, 122. doi: 10.3389/fmicb.2015.00122

Liu, X,, Feng, J., Zhang, Q., Guo, D., Zhang, L., Suo, T., et al. (2020). Analytical
comparisons of SARS-COV-2 detection by qRT-PCR and ddPCR with multiple
primer/probe sets. Emerg. Microbes Infect. 9, 1175-1179. doi: 10.1080/
22221751.2020.1772679

Liu, Y. N, Zhang, Y. F,, Xu, Q,, Qiu, Y,, Lu, Q. B, Wang, T., et al. (2023). Infection
and co-infection patterns of community-acquired pneumonia in patients of different
ages in China from 2009 to 2020: a national surveillance study. Lancet Microbe 4, €330
e3e9. doi: 10.1016/S2666-5247(23)00031-9

Loens, K., and Ieven, M. (2016). Mycoplasma pneumoniae: current knowledge on
nucleic acid amplification techniques and serological diagnostics. Front. Microbiol. 7,
448. doi: 10.3389/fmicb.2016.00448

Lozano, R., Naghavi, M., Foreman, K., Lim, S., Shibuya, K., Aboyans, V., et al. (2012).
Global and regional mortality from 235 causes of death for 20 age groups in 1990 and
2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. 380,
2095-2128. doi: 10.1016/S0140-6736(12)61728-0

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1548492

Meyer Sauteur, P. M. (2024). Childhood community-acquired pneumonia. Eur. J.
Pediatr. 183, 1129-1136. doi: 10.1007/s00431-023-05366-6

Musungu, V., Onguru, D., and Onyango, P. (2024). Comparative efficacy of
levofloxacin versus amoxycillin/clavulanic acid combined with azithromycin in
treatment of community-acquired pneumonia. Ann. Innovation Med. 2, 19-28.
doi: 10.59652/aim.v2il1.112

Pneumonia Etiology Research for Child Health (PERCH) Study Group (2019).
Causes of severe pneumonia requiring hospital admission in children without HIV
infection from Africa and Asia: the PERCH multi-country case-control study. Lancet.
394, 757-779. doi: 10.1016/50140-6736(19)30721-4

Poh, T. Y., Ali, N. A. B. M, Chan, L. L. Y., Tiew, P. Y., and Chotirmall, S. H. (2020).
Evaluation of droplet digital polymerase chain reaction (ddPCR) for the absolute
quantification of aspergillus species in the human airway. Int. J. Mol. Sci. 21, 3043.
doi: 10.3390/ijms21093043

Postel, M., Roosen, A., Laurent-Puig, P., Taly, V., and Wang—Renault, S. F. (2018).
Droplet-based digital PCR and next generation sequencing for monitoring circulating
tumor DNA: a cancer diagnostic perspective. Expert Rev. Mol. Diagn. 18, 7-17.
doi: 10.1080/14737159.2018.1400384

Qiu, X, Liu, X., Wang, R, Ren, H,, and Li, Z. (2023). An extraction-free one-step
CRISPR-assisted detection platform and a potential Streptococcus pneumoniae at-
home self-testing kit. Int. J. Biol. Macromol. 233, 123483. doi: 10.1016/
j.ijbiomac.2023.123483

Rider, A. C,, and Frazee, B. W. (2018). Community-acquired pneumonia. Emerg.
Med. Clin. North Am. 36, 665-683. doi: 10.1016/j.emc.2018.07.001

Ruuskanen, O., Lahti, E., Jennings, L. C., and Murdoch, D. R. (2011). Viral
pneumonia. Lancet. 377, 1264-1275. doi: 10.1016/S0140-6736(10)61459-6

Strain, M. C,, Lada, S. M., Luong, T., Rought, S. E., Gianella, S., Terry, V. H,, et al.
(2013). Highly precise measurement of HIV DNA by droplet digital PCR. PloS One 8,
€55943. doi: 10.1371/journal.pone.0055943

Sunaga, F., Tsuchiaka, S., Kishimoto, M., Aoki, H., Kakinoki, M., Kure, K,, et al.
(2020). Development of a one-run real-time PCR detection system for pathogens
associated with porcine respiratory diseases. J. Vet. Med. Sci. 82, 217-223. doi: 10.1292/
jvms.19-0063

Torigoe, H., Seki, M., Yamashita, Y., Sugaya, A., and Maeno, M. (2007). Detection of
Haemophilus influenzae by loop-mediated isothermal amplification (LAMP) of the
outer membrane protein P6 gene. Jpn. J. Infect. Dis. 60, 55-58. doi: 10.7883/
yoken.JJID.2007.55

Vogelstein, B., and Kinzler, K. W. (1999). Digital PCR. Proc. Natl. Acad. Sci. U. S. A.
96, 9236-9241. doi: 10.1073/pnas.96.16.9236

White, R. A. 3rd, Blainey, P. C,, Fan, H. C,, and Quake, S. R. (2009). Digital PCR
provides sensitive and absolute calibration for high throughput sequencing. BMC
Genomics 10, 116. doi: 10.1186/1471-2164-10-116

Xu, F.,Du, W,, Li, C, Li, Y., Li, Z., Han, W., et al. (2024). Evaluation of droplet digital
polymerase chain reaction by detecting cell-free deoxyribonucleic acid in pleural
effusion for the diagnosis of tuberculous pleurisy: a multicenter cohort study. Clin.
Microbiol. Infect. 30, 1164-1169. doi: 10.1016/j.cmi.2024.05.012

Xu, L., Zhang, X, Cao, Y., Fan, Z,, Tian, Y., Zou, H., et al. (2022). Digital droplet PCR
for detection and quantitation of hepatitis delta virus. Clin. Transl. Gastroenterol. 13,
€00509. doi: 10.14309/ctg.0000000000000509

Yang, J., Han, X,, Liu, A,, Bai, X,, Xu, C,, Bao, F., et al. (2017). Use of digital droplet
PCR to detect mycobacterium tuberculosis DNA in whole blood-derived DNA samples
from patients with pulmonary and extrapulmonary tuberculosis. Front. Cell Infect.
Microbiol. 7, 369. doi: 10.3389/fcimb.2017.00369

Yang, Q., He, B., Chen, C.,, Wang, H., Li, W., Xue, X,, et al. (2021). A rapid, visible,
and highly sensitive method for recognizing and distinguishing invasive fungal
infections via CCP-FRET technology. ACS Infect. Dis. 7, 2816-2825. doi: 10.1021/
acsinfecdis.1c00393

Zar, H. J., Barnett, W, Stadler, A., Gardner-Lubbe, S., Myer, L., and Nicol, M. P.
(2016). Etiology of childhood pneumonia in a well vaccinated South African birth
cohort: a nested case-control study of the Drakenstein Child Health Study. Lancet
Respir. Med. 4, 463-472. doi: 10.1016/S2213-2600(16)00096-5

Zhang, J., Yang, T., Zou, M., Wang, L., and Sai, L. (2023). The epidemiological
features of respiratory tract infection using the multiplex panels detection during
COVID-19 pandemic in Shandong province, China. Sci. Rep. 13, 6319. doi: 10.1038/
541598-023-33627-9

Zhao, F., Feng, X,, Lv, P, Xu, X,, and Zhao, Z. (2020). Real-time PCR assay may be
used to verify suspicious test results of Ureaplasmas spp. from the liquid culture
method. J. Microbiol. Methods 169, 105831.

Zhou, J., Xiao, F., Fu, J., Jia, N., Huang, X, Sun, C,, et al. (2023). Rapid, ultrasensitive
and highly specific diagnosis of Mycoplasma pneumoniae by a CRISPR-based detection
platform. Front. Cell Infect. Microbiol. 13, 1147142. doi: 10.3389/fcimb.2023.1147142

frontiersin.org


https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1111/j.1469-0691.2012.03937.x
https://doi.org/10.1111/j.1469-0691.2012.03937.x
https://doi.org/10.1016/j.jmii.2023.10.010
https://doi.org/10.3389/fmicb.2022.1037343
https://doi.org/10.1186/s41479-020-00066-3
https://doi.org/10.1186/s41479-020-00066-3
https://doi.org/10.1016/j.cmi.2021.05.034
https://doi.org/10.1046/j.1469-0691.2003.00590.x
https://doi.org/10.1046/j.1469-0691.2003.00590.x
https://doi.org/10.1186/s41479-021-00083-w
https://doi.org/10.1186/s41479-021-00083-w
https://doi.org/10.1128/spectrum.04249-22
https://doi.org/10.1128/spectrum.04249-22
https://doi.org/10.1016/S1473-3099(18)30310-4
https://doi.org/10.1016/S1473-3099(18)30310-4
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1186/s12879-021-06355-6
https://doi.org/10.1007/s00247-017-3827-8
https://doi.org/10.1007/s00247-017-3827-8
https://doi.org/10.1016/S0140-6736(20)31278-2
https://doi.org/10.3389/fmicb.2015.00122
https://doi.org/10.1080/22221751.2020.1772679
https://doi.org/10.1080/22221751.2020.1772679
https://doi.org/10.1016/S2666-5247(23)00031-9
https://doi.org/10.3389/fmicb.2016.00448
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1007/s00431-023-05366-6
https://doi.org/10.59652/aim.v2i1.112
https://doi.org/10.1016/S0140-6736(19)30721-4
https://doi.org/10.3390/ijms21093043
https://doi.org/10.1080/14737159.2018.1400384
https://doi.org/10.1016/j.ijbiomac.2023.123483
https://doi.org/10.1016/j.ijbiomac.2023.123483
https://doi.org/10.1016/j.emc.2018.07.001
https://doi.org/10.1016/S0140-6736(10)61459-6
https://doi.org/10.1371/journal.pone.0055943
https://doi.org/10.1292/jvms.19-0063
https://doi.org/10.1292/jvms.19-0063
https://doi.org/10.7883/yoken.JJID.2007.55
https://doi.org/10.7883/yoken.JJID.2007.55
https://doi.org/10.1073/pnas.96.16.9236
https://doi.org/10.1186/1471-2164-10-116
https://doi.org/10.1016/j.cmi.2024.05.012
https://doi.org/10.14309/ctg.0000000000000509
https://doi.org/10.3389/fcimb.2017.00369
https://doi.org/10.1021/acsinfecdis.1c00393
https://doi.org/10.1021/acsinfecdis.1c00393
https://doi.org/10.1016/S2213-2600(16)00096-5
https://doi.org/10.1038/s41598-023-33627-9
https://doi.org/10.1038/s41598-023-33627-9
https://doi.org/10.3389/fcimb.2023.1147142
https://doi.org/10.3389/fcimb.2025.1548492
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Multiplex droplet digital PCR for the detection and quantitation of Streptococcus pneumoniae, Mycoplasma pneumoniae, and Haemophilus influenzae
	Introduction
	Materials and methods
	Study design
	Standard strains and clinical specimen collection and cultivation
	DNA extraction
	Design and screening of probe, primers and plasmid synthesis
	System optimization
	ddPCR workflow
	qPCR analysis
	Determination of dynamic ranges and limits of detection of ddPCR and qPCR
	Specificity of the ddPCR assay
	Repeatability of the ddPCR assay
	Evaluation of ddPCR and qPCR inhibition by respiratory specimens
	Statistical analysis

	Results
	Establishment and optimization of the multiplex ddPCR assay for S. pneumoniae, M. pneumoniae and H. influenzae
	Sensitivity and dynamic range of ddPCR and qPCR
	Specificity of the ddPCR and qPCR methods
	Repeatability and reproducibility of the ddPCR assay
	Clinical sample validation
	Inhibition of respiratory specimens on ddPCR and qPCR assays

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


