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Abstract

Pleural and peritoneal infections cause substantial morbidity and mortality. Traditional diagnostic methods rely on the cultivation
of clinical samples, which usually takes days to obtain report and holds a low detection sensitivity. In this study, we evaluated a 5-
fluorescent-channel droplet digital PCR (ddPCR) system and 5 assay panels for culture-independent rapid pathogen detections
directly from pleural and peritoneal fluid samples. Traditional culture of the same sample was used as reference. A total of 40
pleural fluid samples and 19 peritoneal fluid samples were tested in this study. Twenty-five positives including 4 polymicrobial
infections by culture and 26 positives including 11 polymicrobial infections by ddPCR were detected for pleural fluid samples; 14
positives including 2 polymicrobial infections by culture and 15 positives including 3 polymicrobial infections by ddPCR were
detected for peritoneal fluid samples. Klebsiella pneumoniae was the most common bacterium detected both in pleural and in
peritoneal fluid samples. The sensitivity of the ddPCR assay for pleural and peritoneal fluid samples was 96% (95% confidence
interval (CI) = 79.65 t0 99.90%) and 92.86% (95% CI = 66.13 to 99.82%), respectively. The turnaround time of the ddPCR assay
was approximately 3 h comparing with 38.30+22.44 h for culture-based identifications. Our results demonstrated that the
ddPCR assay is a rapid and sensitive method for identifying pathogens responsible for pleural and peritoneal infections and
would be a promising approach for early diagnosis and optimizing treatment of infections.

Introduction and particularly useful to guide antimicrobial therapy

(Maskell et al. 2006; Picazo et al. 2013).

Pleural and peritoneal infections are common and important
clinical problems worldwide. The incidence in both adult and
pediatric populations continues to rise and causes substantial
morbidity and mortality, with up to 20% of patients requiring
surgery or dying (Corcoran et al. 2015). Timely and appropri-
ate antibiotic treatment can improve the clinical outcome;
however, inappropriate use and delayed initiation of antibi-
otics remain common. Identification of the causative organ-
isms involved in pleural and peritoneal infections is important
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Currently, bacterial culture is the gold standard method for
identification of pathogens in clinical samples. However, the
detection rates are as low as between 17 and 42% for pleural
fluid cultures (Jiménez et al. 2006). Almost half of infected
pleural effusions turn out to be microbiologically negative
(Maskell et al. 2006). Fastidious and slowly growing micro-
organisms or broad-spectrum antimicrobial treatment before
obtaining pleural/peritoneal fluids for culture often leads to
false-negative results. Moreover, bacterial culture usually
takes 1 to 5 or more days (She et al. 2018). For highly
suspected patients with infections, the shorter the diagnostic
procedure, the better the clinical outcome may be. Therefore, a
rapid and accurate diagnostic method for early detection of the
causative organisms in clinical samples remains an urgent
clinical need and an important research direction.

Cell-free DNA (cfDNA) has emerged in the past decade as
a promising biomarker for noninvasive testing in oncology
and obstetrics (Bianchi et al. 2014; Crowley et al. 2013;
Wan et al. 2017). In the field of infectious diseases, pathogen
cfDNA has also been applied for the diagnosis of tuberculosis
(Click et al. 2018; Li et al. 2019; Ushio et al. 2016), invasive
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fungal infections (Wang et al. 2017; White et al. 2015), and
parasitic infections (Weerakoon and McManus 2016).
However, most of the samples were blood or urine specimens.
Pathogen cfDNA in pleural and peritoneal fluid has not been
fully explored in this regard.

Polymerase chain reaction (PCR)-based assays, such as
multiplex PCR and real-time quantitative PCR (qPCR), have
been used to detect microorganisms in pleural and peritoneal
infections and have showed potential for clinical diagnosis
(Amin et al. 2019; Hardick et al. 2012; Wu et al. 2015).
Digital PCR (dPCR) is a new approach to nucleic acid detec-
tion and quantification with higher accuracy and sensitivity
than qPCR. Digital PCR are performed by partitioning the
sample reaction mixture into a large number of separate reac-
tions in a small volume. Each individual reaction contains
single, few, or no target sequences. Then, these small reac-
tions are amplified individually. After the amplification, reac-
tions containing target sequence are detected by fluorescence
and scored as positive, and reactions without fluorescence are
scored as negative. Poisson statistical analysis of the numbers
of positive and negative reactions yields absolute quantitation
of the target sequence, without the need of calibrators and
standard curves, solving some shortcomings of qPCR
(Vogelstein and Kinzler 1999). Partitioning renders PCR less
sensitive to reaction inhibitors, and reduces any template com-
petition, which improves the multiplexing capability of dPCR.
These characteristics make dPCR a promising sensitive meth-
od for pathogen detection of infectious disease. The aim of
this study was to evaluate a digital PCR method on pathogen
detection in pleural and peritoneal fluid samples, and deter-
mine the sensitivity and concordance with species identifica-
tion against standard culture techniques.

Materials and methods
Study design

This study was approved by the Medical Ethics Committee of
the University (No. 2019-KL-090-01) and was conducted in
compliance with ethical, legal, and regulatory norms. Written
consent was waived as this study used saved pleural and peri-
toneal fluid samples and only retrospectively reviewed and
analyzed the clinical data of patients, and there was no need
for patients to provide additional specimens.

Experiments were conducted in the Department of Clinical
Laboratory, the First Affiliated Hospital of Zhejiang Chinese
Medical University from July 2019 to January 2020. A total of
40 pleural fluid samples and 19 peritoneal samples from pa-
tients who were clinically suspected to have pleural or perito-
neal infections were evaluated by the conventional culture and
ddPCR method.
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Microbiological culture

The pleural and peritoneal fluid samples were cultured under
aerobic and anaerobic conditions for up to 5 days or until
positive signal appeared. The bacterial isolates were identified
at species level using Microflex LT/SH (Bruker) matrix-
assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS).

Nucleic acid extraction

Pleural and peritoneal fluid samples were centrifuged at 1500g
for 15 min at 4 °C. Two milliliters of supernatant plus 10 pl of
internal control was transferred to an Auto-Pure20B nucleic
acid purification system (Hangzhou Allsheng Instruments
Co., Ltd., Hangzhou, China) for cell-free DNA (cfDNA) iso-
lation using a Magnetic Serum/Plasma DNA Kit (Tiangen
Biotech, Beijing, China) according to the manufacturers’ in-
structions. The cfDNA was eluted into 50 pul of 10 mM Tri-
EDTA buffer. The internal control was a randomly generated
and then synthesized 200-bp DNA fragment to monitor ex-
traction process.

Droplet digital PCR analysis

Droplet digital PCR (ddPCR) analysis was performed using a 5-
fluorescent-channel droplet digital PCR system (Pilot Gene
Technology (Hangzhou) Co., Ltd., Hangzhou, China). Four
PilotBac assay panels and 1 PilotFungi assay panel were used in
this study. Each panel can detect 4 different target pathogens be-
sides one internal control (Table 1). Briefly, 5 pl of ¢fDNA tem-
plate was added to 10 pl of the ddPCR premix which includes
detection primers, probes, and the necessary components for PCR
amplification. The reaction mixture was gently mixed and added
into a ready-to-use disposable plastic chip. About 20,000 water-in-
oil emulsion droplets were generated inside the chip by a droplet
generator (DG32, Pilot Gene Tech.). Chips were then amplified in
a thermal cycler (TC1, Pilot Gene Tech.) using the following
cycling parameters: 95 °C for 5 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 60 s. Finally, chips were loaded into a
chip scanner (iScanner 5, Pilot Gene Tech.) for fluorescence signal
reading and further data analysis. According to the manufacturers’
instructions of the assay panels, the threshold for target detection
was 0.7 copy/pl. A ddPCR is defined as positive if the concentra-
tion is over the threshold.

Data analysis

Analysis of the ddPCR data was performed with GenePMS
v.2.0.01.20011 (Pilot Gene Tech.) to calculate the concentra-
tion of the target. The diagnostic performance of ddPCR was
calculated by MEDCALC (https://www.medcalc.org/calc/
diagnostic_test.php).
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Table 1 Bacterial and fungus detection panels used in this study

Assay panel Target pathogens

PilotBac-1 Acinetobacter baumannii, Escherichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa

PilotBac-2 Enterococcus faecalis, Enterococcus faecium, Staphylococcus aureus, Streptococcus pneumoniae
PilotBac-3 Staphylococcus capitis, Staphylococcus epidermidis, Staphylococcus haemolyticus, Staphylococcus hominis
PilotBac-4 Enterobacter cloacae, Proteus mirabilis, Serratia marcescens, Stenotrophomonas maltophilia

PilotFungi-1

Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis

Results

A total of 40 pleural fluid samples were analyzed in
this study, among which 25 (25/40, 62.5%) were culture
positive. There were 12 kinds of pathogens identified by
traditional culture, including 5 gram-negative bacteria, 5
gram-positive bacteria, and 3 fungi. Klebsiella
pneumonia was the most commonly detected bacterium
which was reported in 7 samples (7/25, 28%). There
were also 4 polymicrobial infections, including three
Klebsiella pneumonia and Proteus mirabilis coinfections
and one Klebsiella pneumonia and Escherichia coli co-
infection. In contrast, the ddPCR analysis revealed 26
(26/40, 65%) positive events including 13 kinds of path-
ogens. The Klebsiella pneumonia accounted for 30.8%
(8/26) of the total positive events. ddPCR detected 2.75
(11/4) times more polymicrobial infections than culture,
including 7 coinfections with 2 pathogens, 3 with 3
pathogens, and 1 with 4 pathogens (Table 2). Samples
of the chip analysis results are demonstrated in Fig. 1.
Pairwise analysis showed that 16 positive ddPCR detec-
tions (Table 2, samples 1-16) including 2 polymicrobial in-
fections, and 13 negative ddPCR results (Table 2, samples 17—
29) were in exact concordance with pleural fluid culture. For
other 8 culture-positive samples (Table 2, samples 30-37),
ddPCR detected one or more extra pathogens. The ddPCR
method also demonstrated positive in 2 culture-negative sam-
ples (Table 2, samples 38 and 39). Staphylococcus capitis was
reported to be positive only by culture in one sample (Table 2,
sample 40), and Staphylococcus epidermidis was only identi-
fied by ddPCR once in another sample (Table 2, sample 34).
Thus, when using pleural fluid culture result as reference, the
ddPCR method had a sensitivity of 96% (95% confidence
interval (CI)=79.65 to 99.90%), and the specificity was
86.67% (95% CI =59.54 to 98.34%). The positive predictive
value (PPV) and negative predictive value (NPV) were
92.31% (95% Cl1=76.71 to 97.76%) and 92.86% (95%
CI=65.35 t0 98.90%), respectively (Table 3). When focusing
on the occurrence number of pathogens, the ddPCR method
demonstrated 13 more occurrences than culture (42 vs. 29),
improving the positive detection rate by 45% (13/29).

Detection of peritoneal fluid samples showed similar
results to pleural fluid samples. Out of the 19 samples,
15 (15/19, 78.9%) were ddPCR positive and 14 (14/19,
73.7%) were culture positive (Tables 4 and 5). Both
methods detected 10 kinds of pathogens, including 3
gram-negative bacteria, 3 gram-positive bacteria, and 4
fungi. Klebsiella pneumonia was detected in 4 samples
(4/14, 28.6%) by culture and in 6 samples (6/15, 40%)
by ddPCR. There were 2 coinfections detected by cul-
ture and 3 by ddPCR. Pairwise analysis showed that 12
positive detections (Table 4, samples 1-12) and 3 neg-
ative results (Table 4, samples 13—15) by ddPCR were
in accordance with culture. Besides, Escherichia coli
was detected in extra by ddPCR in one sample
(Table 4, samplel6), for which only Klebsiella
pneumonia was reported by culture; there were also
two positive Klebsiella pneumonia infections detected
by ddPCR in samples with negative culture results
(Table 4, samples 17-18). Staphylococcus epidermidis
was identified in one sample that had negative result
by ddPCR (Table 4, sample 19). The ddPCR method
for peritoneal fluid detection showed a sensitivity of
92.86% (95% Cl=66.13 to 99.82%), a specificity of
60.00% (95% Cl=14.66 to 94.73%), a PPV of
86.67% (95% CI=68.75 to 95.05%), and a NPV of
75.00% (95% CI=28.47 to 95.76%) when using the
peritoneal fluid culture method as a reference (Table 5).

Discussion

Pleural and peritoneal infections were reported to cause high
morbidity and mortality partly due to the low sensitivity and
long turnaround time of pathogen detection by conventional
cultures, though efforts have been made to improve the culture
positivity (Menzies et al. 2011). A rapid and reliable detection
of the etiologic agent would greatly benefit the correct and
early pathogen-specific treatment.

In this study, we demonstrate that the detection of
pathogen cfDNA by ddPCR is a rapid and sensitive
method for detecting pleural and peritoneal infections,
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Table2  Comparison of conventional culture and ddPCR assay for pleural fluid samples

Sample Culture ddPCR

1 Klebsiella pneumonia Klebsiella pneumonia

2 Klebsiella pneumonia Klebsiella pneumonia

3 Pseudomonas aeruginosa Pseudomonas aeruginosa

4 Pseudomonas aeruginosa Pseudomonas aeruginosa

5 Staphylococcus aureus Staphylococcus aureus

6 Staphylococcus aureus Staphylococcus aureus

7 Staphylococcus haemolyticus Staphylococcus haemolyticus

8 Enterococcus faecium Enterococcus faecium

9 Enterococcus faecium Enterococcus faecium

10 Enterococcus faecium Enterococcus faecium

11 Enterococcus faecalis Enterococcus faecalis

12 Enterococcus faecalis Enterococcus faecalis

13 Candida albicans Candida albicans

14 Candida albicans Candida albicans

15 Klebsiella pneumonia, Proteus mirabilis Klebsiella pneumonia, Proteus mirabilis

16 Klebsiella pneumonia, Proteus mirabilis Klebsiella pneumonia, Proteus mirabilis

17 Negative Negative

18 Negative Negative

19 Negative Negative

20 Negative Negative

21 Negative Negative

22 Negative Negative

23 Negative Negative

24 Negative Negative

25 Negative Negative

26 Negative Negative

27 Negative Negative

28 Negative Negative

29 Negative Negative

30 Klebsiella pneumonia Klebsiella pneumonia, Escherichia coli

31 Pseudomonas aeruginosa Pseudomonas aeruginosa, Klebsiella pneumonia

32 Escherichia coli Escherichia coli, Klebsiella pneumonia

33 Enterobacter cloacae Enterobacter cloacae, Escherichia coli

34 Candida tropicalis Candida tropicalis, Staphylococcus epidermidis

35 Enterococcus faecalis Enterococcus faecalis, Candida albicans, Candida parapsilosis

36 Klebsiella pneumonia, Escherichia coli Klebsiella pneumonia, Escherichia coli, Enterococcus faecalis

37 Klebsiella pneumonia, Proteus mirabilis Klebsiella pneumonia, Proteus mirabilis, Enterococcus faecium

38 Negative Enterococcus faecalis

39 Negative Klebsiella pneumonia, Escherichia coli, Enterobacter cloacae,
Candida albicans

40 Staphylococcus capitis Negative

with sensitivity being 96% and 92.9%, respectively.  for pleural effusion in a clinical study (Franchetti et al.
Compared to other methods for the detection of pleural ~ 2018). It is also slightly higher than that achieved by a
and peritoneal infections, the positive sensitivities of our ~ gram probe real-time PCR (GRT-PCR) system, which
ddPCR method are higher than those of the Curetis  targets the 16S rRNA gene and allows the simultaneous
Unyvero P55 panel, a multiplex PCR-based assay used  detection of gram-positive and gram-negative bacteria,
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Fig. 1 Scatter plots of four representative chips from three clinical
samples. All five panels in Table 1 were assayed for each sample. Each
panel can detect 4 different pathogens. FAM/VIC/ROX/CYS represents
four fluorescence channels for target pathogens. Only panels with
positive result were showed for the three samples. a Result of assay
panel PilotBac-2 for pleural fluid sample no. 6. FAM, Staphylococcus

but does not distinguish species (Wu et al. 2015). Our
ddPCR assay for pleural and peritoneal infections also
showed a higher or comparable performance to ddPCR
in other clinical applications. Wouters et al. (2019) used
ddPCR for the rapid broad-spectrum detection of blood-
stream infections, showing an overall sensitivity of 80%
(95% CI. 52-96%) and specificity of 87% (95% CI:
69-96%). In a study for the detection of SARS-CoV-2
in low viral load specimens, sensitivity of 94% (95%
CI: 83-99%) and specificity of 100% (95% CI: 48—
100%) were achieved (Suo et al. 2020).

Table 3 Overall results

of the ddPCR assay Methods ~ Culture Total

compared with culture ddPCR

for pleural fluid samples Positive ~ Negative
Positive 24 2 26
Negative  1* 13 14
Total 25 15 40

*Staphylococcus capitis was only reported
by culture in one pleural fluid sample

CY5

aureus. b Result of assay panel PilotFungi-1 for coinfection pleural fluid
sample no. 35. FAM, Candida albicans; ROX, Candida parapsilosis. ¢
and d Results of triple infected pleural fluid sample no. 36. ¢ Assay panels
for PilotBac-1; VIC, Escherichia coli; ROX, Klebsiella pneumonia. d
Assay panels for PilotBac-2; CYS, Enterococcus faecalis

In addition to the high sensitivity, the turnaround time
(TAT) of this ddPCR method amounted to approximately
3 h, including about 30-min hands-on time, 45-min cfDNA
isolation, 20-min droplet generation, 60-min ddPCR ampli-
fication, and 30-min chip reading and analysis. In contrast,
traditional cultures took 38.30 +22.44 h for pathogen iden-
tifications in this study (data not shown). The greatly short-
ened TAT of this ddPCR method would undoubtedly facil-
itate the early diagnosis of infections and the further timely
targeted antibiotic therapy.

Many types of infections are polymicrobial, involving
more than one species at the infection site (Brogden and
Guthmiller 2002). Due to the varied difficulties of path-
ogen culture and the existence of dominant strains in
the culture process, culture-based detection methods of-
ten detect fewer pathogens than the actual existence.
This ddPCR method is a culture-independent approach
which will not be affected by the abovementioned fac-
tors. That would explain the much higher detection rates
of polymicrobial infections by ddPCR than culture both
in pleural and peritoneal fluid samples.

There was one culture-positive sample that not being
correspondingly identified by ddPCR in both pleural
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Table 4 Comparison of the

conventional culture and ddPCR Sample Culture ddPCR
assay for peritoneal fluid samples
1 Escherichia coli Escherichia coli
2 Escherichia coli Escherichia coli
3 Klebsiella pneumonia Klebsiella pneumonia
4 Staphylococcus epidermidis Staphylococcus epidermidis
5 Staphylococcus capitis Staphylococcus capitis
6 Candida albicans Candida albicans
7 Candida tropicalis Candida tropicalis
8 Candida glabrata Candida glabrata
9 Candida glabrata Candida glabrata
10 Candida parapsilosis Candida parapsilosis
11 Klebsiella pneumonia, Proteus mirabilis Klebsiella pneumonia, Proteus mirabilis
12 Klebsiella pneumonia, Enterococcus faecium Klebsiella pneumonia, Enterococcus faecium
13 Negative Negative
14 Negative Negative
15 Negative Negative
16 Klebsiella pneumonia Klebsiella pneumonia, Escherichia coli
17 Negative Klebsiella pneumonia
18 Negative Klebsiella pneumonia
19 Staphylococcus epidermidis Negative

and peritoneal fluid samples. Genomic DNA from these
two culture isolates were extracted and re-examined
using the corresponding ddPCR assay panels. Positive
signals appeared correctly for both of them, thus ruling
out the possibility of DNA sequence variations at probe
position. Further confirmation by Sanger sequencing of
the ddPCR target sequences also showed no variations
at primer and probe positions. Therefore, these two pos-
itive culture results most likely came from sampling-
related or culture-related contaminations, which occurs
at a rate of 3-12% for blood culture (Hughes et al.
2018) though those for pleural and peritoneal fluid sam-
ples are still unclear. Based on the detecting principle,
we speculate that this culture-independent, cfDNA-based
detection method will furthest decrease the potential ef-
fects of sampling contaminations.

Table 5 Overall results

of the ddPCR assay Methods  Culture Total

compared with culture ddPCR ~ ‘

for peritoneal fluid Positive ~ Negative

samples
Positive 13 2 15
Negative 1% 3 4
Total 14 5 19

*Staphylococcus epidermidis was only re-
ported by culture in one peritoneal fluid
sample

@ Springer

One limitation of this study is the relatively small size
of samples evaluated. There were no pleural or peritoneal
fluid samples infected with several ddPCR in-panel or-
ganisms such as Acinetobacter baumannii,
Staphylococcus hominis, and Candida glabrata, and thus,
the performance of detecting these pathogens by the
ddPCR assay is not clear. Further studies with larger num-
ber of samples, especially including the microorganisms
not tested in this study, would facilitate a whole evalua-
tion of these ddPCR method as well as the assay panels.

Another limitation of this study is that ddPCR, as
other PCR-based methods, cannot differentiate between
cfDNA from dead or alive pathogens. However, studies
have shown that, in the human body, the half-life of
microbial cfDNA in plasma is a few minutes shorter
than that (10-15 min) of protein-bound (nucleosomal)
DNA (Grumaz et al. 2016; Elshimali et al. 2013). If
this is also the case in pleural and peritoneal fluid,
cfDNA from dead pathogens would be eliminated in a
short time as there is no continuous release into the
fluid, and the cfDNA from dead pathogens might not
a severe problem for the ddPCR assay. A comprehen-
sive research in biological characteristics of microbial
cfDNA in pleural and peritoneal fluid would provide
us with a better understanding to this problem.

In summary, the ddPCR assay proved to be a rapid and
sensitive method for the detection of pleural and peritoneal
infections. It is promising in clinical practice for optimizing
treatment and improving outcomes of patients.
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