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Establishment and evaluation of a rapid method for the
detection of bacterial pneumonia in hospitalized patients via
multiplex PCR-capillary electrophoresis (MPCE)
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ABSTRACT Cost-effective molecular diagnostic techniques for bacterial pneumonia are
limited. We designed primers for 13 bacteria, performed multiplex nucleic acid detection
through fragment analysis to obtain pathogen identification results, and established
a multiplex PCR-capillary electrophoresis (MPCE) method, which can simultaneously
detect 13 pathogens associated with bacterial pneumonia. The sensitivity, specificity,
and reproducibility of the MPCE assay were tested, and 420 clinical samples were used to
assess the clinical detection ability of MPCE, with the culture method used as a reference.
Samples with inconsistent results detected by the two methods were sent for Sanger
sequencing. The minimum detection limit of MPCE for 13 bacteria was 6.0 x 10° cfu/
mL~2.0 x 10° cfu/mL. No cross-reactivity was observed with other pathogens. The
percentage of agreement for reproducibility analysis reached 100%. For the 420 sputum
samples, when the culture method was used as the reference, the sensitivity of MPCE to
13 bacteria ranged from 80% to 100%. The specificity for 13 bacteria ranged from 67.1%
to 100%. The percentage of agreement between the MPCE and the culture method
ranged from 69.7% to 100%. There was no statistically significant difference (P > 0.05)
in the detection of Escherichia coli, Enterobacter cloacae complex, Staphylococcus aureus,
methicillin-resistant S. aureus, Streptococcus pyogenes, Moraxella catarrhalis, or Legion-
ella pneumophila between the MPCE and the culture method. Clinical samples with
negative cultures but positive MPCE results were validated by Sanger sequencing, and
the results were consistent with those of MPCE. The MPCE method has high sensitivity
and specificity for bacterial pneumonia, enabling the simultaneous and rapid detection
of multiple pathogens. It is cost-effective and has potential for clinical application.

IMPORTANCE This study successfully established a multiplex PCR-capillary electropho-
resis detection system that can simultaneously detect 13 pathogens through a single
detection method, significantly improving clinical efficiency. It is cost-effective and has
potential for clinical application.

KEYWORDS bacteria, pneumonia, multiplex PCR, capillary electrophoresis

P neumonia is a common infectious disease that is the primary reason that hospitals
use antibiotics (1). Despite a better understanding of the etiology, pathogenesis, risk
factors, and preventive care of pneumonia, it remains a significant cause of morbidity
and mortality worldwide (2, 3). Especially in intensive care units (ICUs), the diagnosis
of nosocomial pneumonia is associated with a worsening prognosis, with mortality
rates ranging from 12% to 48% (4). Bacteria are major pathogens that cause nosoco-
mial pneumonia, including Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomo-
nas aeruginosa, Enterobacter cloacae complex, Stenotrophomonas maltophilia, Escherichia
coli, Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Streptococcus
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pneumoniae, Streptococcus pyogenes, Legionella pneumophila, Haemophilus influenzae,
and Moraxella catarrhalis (1, 5-7). These bacterial infections or secondary infections
often exacerbate symptoms of respiratory diseases. If the pathogen species cannot be
identified in a timely manner and targeted medication is not administered, the optimal
treatment time will be delayed, which may also cause an epidemic of nosocomial
infection. Therefore, rapid and accurate identification of pathogens causing bacterial
pneumonia is crucial for early diagnosis, treatment, and nosocomial infection prevention
and control.

At present, pathogenic examination techniques commonly used in clinical practice
include serology, microscopy, culture, and traditional molecular methods. However,
routine serological indicators cannot accurately identify the pathogenic bacteria causing
pneumonia, and there is significant blindness in the use of advanced antibiotics.
Inappropriate empirical antibiotic treatment is common and is associated with increased
mortality in critically ill patients (5). The classic bacterial culture method has long
detection cycles and low sensitivity, is easily affected by antibiotics and other drugs,
and cannot easily detect mixed infections (1). The genotype identification method
using molecular technology has high sensitivity. The commercially available reagents
used in clinical practice mainly cover common viruses and atypical pathogens such as
Mycoplasma pneumoniae. There are areas for improvement in the detection of bacteria,
such as inconsistent coverage of species with local epidemic strains (7) or high reagent
costs. Our investigation revealed that the commercial reagents currently used in China
for detecting bacterial pneumonia mainly use multiplex fluorescence quantitative PCR
and isothermal amplification chip methods. The target coverage of multiplex fluores-
cence PCR is insufficient, and the detection range is small. The isothermal amplification
chip method has a high cost and low flux. The cost of metagenomic next-generation
sequencing is high. Few testing kits can simultaneously detect and distinguish the 13
pathogens that cause bacterial pneumonia while also being cost-effective.

In this study, we designed specific primers for 13 major bacteria that cause bacterial
pneumonia and established a multiplex PCR-capillary electrophoresis (MPCE) method.
Single-tube multiplex amplification was performed on the extracted and purified nucleic
acid, and multiplex nucleic acid detection was performed through fragment analysis.
Thirteen bacteria could be detected simultaneously, and the sensitivity and specificity of
the detection method were evaluated.

MATERIALS AND METHODS
Clinical samples

Lower respiratory tract sputum samples were collected from patients diagnosed with
pneumonia or pulmonary infection by doctors at Hebei General Hospital from May 2023
to December 2023 (8). The inclusion criteria were as follows: a sputum volume >0.6 mL;
the sputum smear was subjected to Gram staining, and the quality was sufficient, with
white blood cells >25/LP and epithelial cells <10/LP. The exclusion criteria were as
follows: saliva or nasopharyngeal secretions; the quality of the sputum smear was found
to be insufficient, with white blood cells <25/LP or epithelial cells >10/LP; and repeated
specimens from the same patient.

Nucleic acid extraction

An equal volume of physiological saline was added to the sputum sample, and the
sample was thoroughly shaken via a vortex shaker for 2 min. After settling for 1-2
min, 300 pL of sputum supernatant was collected for nucleic acid extraction via an
A-96 fully automatic nucleic acid extractor and a matching nucleic acid extraction
or purification kit (magnetic bead method) (Health Gene, Ningbo) according to the
manufacturer’s instructions. One hundred microliters of positive control (recombinant
plasmid containing all tested pathogens and human DNA) (Haiyi Gene Technology Co.,
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Ningbo), 100 pL of negative control (recombinant plasmid containing human DNA), and
2 uL of internal control (recombinant plasmid containing an internal control gene) were
added to extract nucleic acid together. After extraction, the purity of the nucleic acid was
estimated by the A260/A280 ratio via an ultramicrospectrophotometer. The ratio needed
to be greater than 1.8 for each sample extract to be acceptable. The extracts were stored
at —20°C until assayed.

Primer design

Primers were designed on the basis of the reference sequence (Table 1) of 13 bacterial
genes and human DNA via Oligo7.6 with the following parameters: (i) search strictness:
very high; (ii) monovalent ion concentration: 50 mM,; (iii) free Mg?* concentration: 3 mM;
(iv) equivalent total Na* concentration: 269.1 mM; (v) primer length: 20-30 nt; (vi) primer
Tm range: 60°C + 1°C; and (vii) PCR product length range: 80-400 bp. The designed
primers should be compared via BLAST and primer-BLAST to confirm their conservation
and specificity. All primers were synthesized by Thermo Fisher Scientific (Shanghai,
China). Each pair of primers was modified by labeling the 5" end of the upstream or
downstream primer with the fluorescent dye fluorescein phosphoramidite (FAM). To
separate the products by electrophoresis and avoid the impact of peak-dragging after
the saturation of each target on the interpretation of previous targets, the size difference
between adjacent PCR products was approximately 10 bp.

Establishment of the MPCE detection system

Multiplex PCR amplification was performed in a final volume of 20 pL containing 8 pL of
reaction mixture, 2 uL of enzyme mixture, and 10 pL of nucleic acid extracts. The reaction
mixture for 50 reactions contained 250 pL of 4% reaction buffer (deoxyribonucleoside
triphosphates (dNTPs ), Mg?*, and Tris-HCl buffer) (Haiyi Gene Technology Co., Ningbo),
24.5 pL of each of the 100 uM forward and reverse primers (final concentration shown
in Table 1), 51 pL of TE buffer, and 50 pL of nuclease-free water. The enzyme mixture for
the 50 reactions contained 80 pL of hot-start DNA polymerase and 20 pL of UDG enzyme
(Haiyi Gene Technology Co., Ningbo). The thermal cycling conditions were as follows:
25°C for 150 s, 95°C for 120 s, one cycle; 94°C for 20 s, 59°C for 45 s, 30 cycles; and 60°C for
120 s, one cycle. The fragment sizes of the amplification products are shown in Table 1.
One microliter of PCR products and 9 pL of Hi-Di formamide injection solvent containing
2.5% fluorescent internal standard dye (Health Gene, Ningbo) were mixed evenly and
added to the fully automatic capillary electrophoresis instrument CE2400 (Health Gene,
Ningbo). The PCR amplification products were separated by capillary electrophoresis,
and PCR products of different fragment sizes were separated. By detecting the fluores-
cence signal intensity (i.e., peak height values) of different fragments, the pathogens can
be identified.

Construction of peak maps for standard strains via MPCE and threshold
setting via ROC curve plotting

Standard strains included A. baumannii BNCC194496, K. pneumoniae BNCC102997, E.
coli BNCC133264, E. cloacae complex (E. cloacae BNCC336662, Enterobacter asburiae
BNCC188016, Enterobacter hormaechei BNCC358259, Enterobacter kobei BNCC358237,
and Enterobacter ludwigii BNCC120124), S. maltophilia BNCC185982, P. aeruginosa
BNCC340634, S. aureus BNCC186335, methicillin-resistant S. aureus BNCC337371, S.
pneumoniae BNCC338425, S. pyogenes BNCC337110, H. influenzae BNCC259887, M.
catarrhalis BNCC337550, and L. pneumophila BNCC319755 (BNCC, Beijing). The target
genes of the 13 standard strains were amplified via the primers listed in Table 1. The
amplified products were subjected to capillary electrophoresis to obtain the detection
peak maps of each target gene. The highly conserved sequences of standard strains
were individually amplified via the primers in Table 2, and the products were recovered
via agarose gel electrophoresis and gel cutting, subjected to Sanger sequencing, and
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verified via BLAST comparison analysis. A total of 101 clinical sputum samples were
included in the test, and the peak height value of each target was determined for all the
samples. The receiver operating characteristic (ROC) curve was plotted on the basis of
the MPCE detection results and Sanger sequencing results, and the Youden index was
calculated (Youden index = sensitivity + specificity — 1). The value corresponding to the
maximum Youden index was set as the optimal threshold.

Sensitivity, specificity, and reproducibility analysis of MPCE
Sensitivity

The standard strains were diluted with negative sputum samples at a fivefold gradi-
ent, for a total of three gradients. Each gradient was extracted and detected (three
batches of reagents, three replicates per batch), with the lowest detectable concentra-
tion at 100% (all detected in three replicates) as the estimated detection limit. Negative
sputum samples were diluted with a twofold concentration gradient near the estimated
detection limit of each target, for a total of three gradients. Each dilution gradient (three
batches of reagents, 20 replicates per batch) was extracted and detected. The lowest
concentration level with a positive detection rate of >95% (at least 19 replicates per
batch) was used as the determined limit of detection (LOD) to evaluate the sensitivity of
the MPCE detection method.

Cross-specificity

Pathogens commonly found in the respiratory tract or those that are prone to cause
similar clinical symptoms, as well as nearby pathogens targeted for detection, were
detected to evaluate the cross-specificity of the MPCE method. The viruses were diluted
to 10° cps/mL, and the bacteria were diluted to 10° cfu/mL. The viruses included
respiratory syncytial virus type A, respiratory syncytial virus type B, human parainfluenza
virus type 2, human coronavirus 229E, and adenovirus type 1. The bacteria included
Streptococcus dysgalactiae, Streptococcus sanguinis, Streptococcus mutans, Streptococ-
cus salivarius, Staphylococcus epidermidis, Staphylococcus haemolyticus, Staphylococcus
hominis, Staphylococcus lugdunensis, Staphylococcus schleiferi, Staphylococcus saprophy-
ticus, Klebsiella oxytoca, Klebsiella aerogenes, Klebsiella terrigena, Pseudomonas alcali-
genes, Pseudomonas fluorescens, Pseudomonas stutzeri, Pseudomonas pseudoalcaligenes,
Acinetobacter junii, Acinetobacter calcoaceticus, Acinetobacter Iwoffii, Stenotrophomonas
acidaminiphila, Alcaligenes faecalis, Micrococcus luteus, Enterococcus faecalis, Serratia
marcescens, and Proteus vulgaris.

Interfering substances

Common drugs that may exist in the sample or endogenous and exogenous substances
that may exist in the samples were used as interfering substances in this experiment. All
target bacteria were diluted with negative sputum samples, and each sputum sample
contained multiple bacteria to cover all targets. Each interfering substance was added
to prepare mixed samples with final bacterial concentrations of two moderately positive
(6 LOD) and two weakly positive (1.5 LOD). Samples without interfering substances were
used as controls. Interfering substances, including human genomic DNA, whole blood,
mucin, azithromycin, cefuroxime, mupirocin, zanamivir, ribavirin, oseltamivir, peramivir,
phenylephrine hydrochloride, and oxymetazoline, were evaluated to determine whether
they affected the results. The interference of high-concentration pathogens on low-
concentration pathogens was evaluated; the high concentration was set to 100 LOD, and
the low concentration was set to 1.5 LOD. Negative sputum was prepared into common
combinations of complex infections, with lower concentrations of individual pathogens
as a control. The impact of competitive interference was evaluated by detecting samples
of complex infections and controls.
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Reproducibility

Two experimenters used testing reagents daily to test five simulated samples at different
levels, including two moderately positive samples, two weakly positive samples, and one
negative sample. Two complete tests were completed daily for a total of 20 working days
to evaluate the reproducibility of the MPCE method.

The clinical detection ability of MPCE

Qualified sputum samples from patients with pneumonia or pulmonary infection were
collected, and appropriate culture media were selected for the sputum culture of 13
bacteria. If bacteria grew on the culture media, a VITEK MS IVD 3.0 automatic rapid
microbial mass spectrometry identification system (BioMérieux, France) was used for
bacterial identification. The culture method was used as a reference method to evaluate
the clinical performance of the MPCE. When the results of the MPCE method and
the culture method were inconsistent, the samples were sent for Sanger sequencing
verification if the results were still inconsistent after repeated MPCE analysis.

Result judgment

Fifteen characteristic peaks (13 pathogen characteristic peaks, a human DNA peak, and
an internal control peak) appeared in the positive control, with peak heights > threshold.
The actual fragment size of each target feature peak should be within a deviation range
of +1.5 nt from the reference fragment size. The human DNA peak and internal control
peak must appear in the negative control, with peak heights > threshold.

Positive result determination: If the characteristic peak of the pathogen
was >threshold, the result was determined to be positive.

Negative result determination: When there was no pathogen characteristic peak or
the peak height <threshold: (i) if there were human DNA peak and internal control peak
with peak heights > threshold, the result was determined to be negative; (i) if there was
no human DNA peak or the peak height < threshold, it was considered that the sample
was taken or stored improperly, and a new sample should be taken for extraction and
testing; and (iii) if there was no internal control peak or the peak height < threshold, it
was considered that the detection failed and that the sample should be re-extracted and
tested.

Statistical analysis

Count data were expressed as percentages (%), and the results of MPCE and culture
methods were analyzed via Kappa values and McNemar’s tests. The consistency of the
test results between the two methods was evaluated by the Kappa value. The Kappa
value ranges from —1 to 1; the closer the value is to 1, the greater the consistency
of the results between the two methods. Differences in test results between the two
methods were assessed via McNemar’s test. Statistical analysis was conducted via SPSS
19.0 software, with P < 0.05 indicating statistically significant differences.

RESULTS
Peak maps of the standard strains and threshold results

The MPCE method was used for standard strain detection, and the peak maps of each
target gene were obtained, as shown in Fig. 1. There were 15 characteristic peaks (13
pathogen characteristic peaks, a human DNA peak, and an internal control peak) in the
positive control, with peak heights > 1,000 RFU. The human DNA peak and internal
control peak appeared in the negative control with peak heights > 1,000 RFU. The size of
each target on the peak maps varies within 1.5 nt after repeated testing. The ROC curve
(Fig. S1) was plotted on the basis of the MPCE detection results (Table S1) and Sanger
sequencing results. According to the ROC curve coordinates, when the threshold was
963.50 RFU, the corresponding Youden index was 0.996, and when the threshold was
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FIG 1 Map of standard strains and positive/negative controls detected via MPCE. The X-axis indicates
the PCR product size (nt), and the Y-axis indicates the fluorescence signal intensity (RFU). (A) Result for
Acinetobacter baumannii. (B) Result for Klebsiella pneumoniae. (C) Result for Escherichia coli. (D) Result for
Enterobacter cloacae complex. (E) Result for Stenotrophomonas maltophilia. (F) Result for Pseudomonas
aeruginosa. (G) Result for Staphylococcus aureus. (H) Result for methicillin-resistant S. aureus. (1) Result
for Streptococcus pneumoniae. (J) Result for Streptococcus pyogenes. (K) Result for Haemophilus influenzae.
(L) Result for Moraxella catarrhalis. (M) Result for Legionella pneumophila. (N) Result of the negative
control. (O) Result of the positive control.

1,071.50 RFU, the corresponding Youden index was 0.992 (Table S2). Therefore, the final
positive judgment value was set to 1,000 RFU.
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Sensitivity analysis results of MPCE

The sensitivity analysis results of the MPCE method are shown in Table 3. The mini-
mum detection limit range for all tested pathogen targets was 6.0 x 10° cfu/mL~2.0 x
10° cfu/mL.

Specificity analysis results of MPCE

When other pathogens, including multiple viruses and bacteria, were detected, all
the test results were negative. The results indicated that there was no cross-reactivity
between the target pathogens and other pathogens commonly found in the respiratory
tract or easily causing similar clinical symptoms or that close source pathogens were
detected in the target areas via the MPCE detection method. When the sputum sample
contained human genomic DNA within 33 ng/uL, human whole blood with a concentra-
tion of less than 30%, mucin within 2.5 mg/mL, azithromycin within 8 ng/mL, cefotaxime
within 9 pg/mL, mupirocin within 6 ng/mL, zanamivir within 426 ng/mL, ribavirin within
60 mg/mL, oseltamivir within 7.5 mg/mL, peramivir within 0.2 mg/mL, phenylephrine
hydrochloride within 0.3 mg/mL, and oxymetazoline within 25 ng/mL, the result was still
positive, and the peak height was not significantly different from that of the control.
The results of low-concentration bacteria were still positive after high-concentration
interfering strains were added, and the peak height value was not significantly different
from that of the control.

Reproducibility analysis results of MPCE

The results of the reproducibility analysis of the MPCE method revealed that the
intra-assay and inter-assay reproducibility for moderately positive samples and weakly
positive samples reached 100%, and the intra-assay and inter-assay reproducibility for
negative samples reached 100%.

The clinical detection ability of MPCE

A total of 420 qualified lower respiratory sputum samples were included, with 256
culture-positive samples and 164 culture-negative samples (Table 4). When the culture
method was used as the reference, among the 256 culture-positive samples, the results
revealed that eight samples for MPCE detection were inconsistent with the culture
method, with an overall sensitivity of 96.9%. The sensitivity of the MPCE method for
detecting A. baumannii, E. coli, E. cloacae complex, S. maltophilia, S. aureus, S. pneumoniae,
H. influenzae, and L. pneumophila was 100%. The sensitivity for K. pneumoniae was
95.6% (43/45), and two cases were not detected; one case was not detected by Sanger
sequencing, and the other case had a peak height of 939 RFU. The sensitivity for P.

TABLE 3 MPCE detection limits for each pathogen target gene

Targets Gene Detection limits (cfu/mL)
AB F3P16_RS05440 50x10°
KP KPHS_16050 45x10*
ECO oxc 50x10°
ECC sufA 25x%x10°
SM DQN92_RS09665 50x10°
PA PA1767 1.5 x 10*
SA SAQUHSC_01837 20x10°
MRSA mecA 40%x10°
SPN SPNHU17_RS05160 6.0x 10’
SPY speB 1.0 x 10*
HI fucA 40x10°
MC lepA 1.0 x 10*
LP wipC 3.0x10*
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TABLE 4 Sensitivity and specificity of MPCE for detecting clinical samples

Targets Number of Number of Sensitivity Number of Number of Specificity Percentageof Kappa  McNemar P-
culture positive MPCE positive culture negative MPCE negative agreement (%) value value
AB 26 26 100% 164 149 90.9% 92.1% 0.731 0.000
KP 45 43 95.6% 164 136 82.9% 85.6% 0.649 0.000
ECO 23 23 100% 164 160 97.6% 97.9% 0.908 0.125
ECC 16 16 100% 164 161 98.2% 98.3% 0.905 0.250
SM 23 23 100% 164 115 70.1% 73.8% 0.366 0.000
PA 43 41 95.3% 164 143 87.2% 88.9% 0.710 0.000
SA 21 21 100% 164 159 97.0% 97.3% 0.878 0.063
MRSA 12 11 91.7% 164 159 97.0% 96.6% 0.768 0.219
SPN 14 14 100% 164 110 67.1% 69.7% 0.243 0.000
SPY 10 8 80% 164 164 100% 98.9% 0.883 0.500
HI 1 11 100% 164 157 95.7% 96.0% 0.738 0.016
MC 9 8 88.9% 164 162 98.8% 98.3% 0.833 1.000
LP 3 3 100% 164 164 100% 100% 1.000 1.000

aeruginosa was 95.3% (41/43), with one case not detected by Sanger sequencing and
another case with a peak height of 421 RFU. The sensitivity for methicillin-resistant
S. aureus was 91.7% (11/12), with one case not detected by Sanger sequencing. The
sensitivity for S. pyogenes was 80% (8/10), with one case not detected by Sanger
sequencing and another case with a peak height of 804 RFU. The sensitivity for M.
catarrhalis was 88.9% (8/9), with one case with a peak height of 841 RFU. For samples
with a peak height of less than 1,000 RFU detected by MPCE, the culture results revealed
that bacterial colonies only grew in the first zone of the culture medium, with a colony
count of less than 10 cfu.

Using the culture method as the reference, among the 164 culture-negative samples,
the MPCE method had a specificity of >90% for detecting A. baumannii, E. coli, E. cloacae
complex, S. aureus, methicillin-resistant S. aureus, S. pyogenes, H. influenzae, M. catarrhalis,
and L. pneumophila. The specificity for detecting K. pneumoniae and P. aeruginosa was
80%-90%. The specificity for detecting S. maltophilia and S. pneumoniae was <80% (Table
4). The inconsistent samples were sent for Sanger sequencing, and the results showed
that the MPCE detection results were consistent with the Sanger sequencing results.

The percentage of agreement between the two methods for detecting pathogens
ranged from 69.7% to 100%. The agreement rate for A. baumannii, E. coli, E. cloacae
complex, S. aureus, methicillin-resistant S. aureus, S. pyogenes, H. influenzae, M. catarrhalis,
and L. pneumophila was >90%. The Kappa values for A. baumannii, K. pneumoniae, E. coli,
E. cloacae complex, P. aeruginosa, S. aureus, methicillin-resistant S. aureus, S. pyogenes, H.
influenzae, M. catarrhalis, and L. pneumophila were >0.61, which was highly consistent
with the culture method. There was no statistically significant difference between the
MPCE method and the culture method in the detection of E. coli, E. cloacae complex, S.
aureus, methicillin-resistant S. aureus, S. pyogenes, M. catarrhalis, or L. pneumophila (P >
0.05).

DISCUSSION

Pneumonia is an important global health issue associated with significant morbidity,
mortality, and increased treatment costs (1). Hospital-acquired pneumonia is the second
most common nosocomial infection, with the highest incidence rate among immuno-
compromised patients, elderly patients, and surgical patients, and is the main cause
of death from nosocomial infection in critically ill patients (9, 10). Nosocomial pneu-
monia is often caused by multidrug-resistant microorganisms (11), which increases
the difficulty of treating pneumonia, prolongs hospital stays, increases medical costs,
and increases incidence rates and mortality. Therefore, the diagnosis and treatment
of pneumonia require the rapid and accurate detection of infectious pathogens. The
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traditional methods for detecting pathogens include the use of smears and cultures
of sputum or bronchoalveolar lavage fluid, as well as the detection of serum biomark-
ers. Currently, sputum culture combined with sputum smear is widely used in clinical
laboratory testing as a basis for the clinical diagnosis of lower respiratory tract bacterial
infections. However, when the culture method or medium selected by the microbiology
laboratory is not conducive to the growth of pathogens, the influence of antibacterial
drugs, the extension of sample submission time, and improper storage conditions may
lead to false negative results, especially those affecting subsequent treatment. Obviously,
the culture method can only partially meet clinical needs. Therefore, rapid and accurate
identification of the pathogens involved in bacterial pneumonia will contribute to early
clinical diagnosis and sufficient empirical treatment.

In this study, 13 bacteria, which are important pathogens that cause bacterial
pneumonia, were selected as detection targets for pneumonia. S. pneumoniae, S. aureus,
H. influenzae, and A. baumannii can cause necrotizing pneumonia (12-14). Both S.
pneumoniae and L. pneumophila can cause pulmonary consolidation (15, 16). Among
the pathogens causing ventilator-associated pneumonia, P. aeruginosa was identified
as the main pathogen in 29.2%, followed by methicillin-resistant S. aureus (12.0%)
and K. pneumoniae (9.5%), and the detection rate of multidrug-resistant pathogens
reached 57.8% (17, 18). S. maltophilia can cause hemorrhagic pneumonia in patients
with hematological malignancies (19). The isolation rate of S. maltophilia in pneumonia
patients in ICUs is 16.3%, and the mortality rate is relatively high (20, 21). P. aeruginosa, A.
baumannii, K. pneumoniae, E. coli, Enterobacter, S. maltophilia, and S. aureus are common
pathogens that cause lower respiratory tract infections in Asian countries (1, 22). Among
them, A. baumannii, K. pneumoniae, E. coli, P. aeruginosa, and S. aureus isolates are mostly
typical multidrug-resistant bacteria (23), which can cause the spread of nosocomial
infections. S. pneumoniae, S. pyogenes, H. influenzae, M. catarrhalis, and L. pneumophila
are pathogens that are difficult to culture or prone to missed detection.

The MPCE detection method has high sensitivity and specificity and is based on
multiplex PCR amplification and the isolation of amplification products of different
lengths by capillary electrophoresis, which is a fast and reliable nucleic acid detection
technology. We report a study using the MPCE method in detecting multiple respiratory
pathogens, which is a rapid molecular test for identifying respiratory pathogens. We
selected 13 bacteria as detection targets, and the MPCE detection system we studied
included 15 different pairs of primers (13 target pathogens, human DNA, and internal
control). Each pair of primers amplified a pathogen fragment, and different amplification
products had different lengths. When a capillary electrophoresis analyzer is used to
analyze amplification products, smaller fragments move faster, and larger fragments
move slower. By comparing the migration time with the size standard, various lengths
of PCR product fragments were determined to achieve the simultaneous detection of
13 bacterial species. This method significantly reduces the detection time of clinical
pathogenic bacteria and improves detection efficiency. The MPCE reaction system in this
study contained the UDG enzyme, which effectively prevented the contamination of the
amplification products. Human DNA in a sample can be detected to monitor sample
quality. If inhibitors are present in clinical samples, the quality of PCR amplification
may decrease. Therefore, internal control was included in each amplification reaction to
amplify the target DNA in the clinical sample to monitor the entire detection process
of nucleic acid extraction, PCR amplification, and capillary electrophoresis. The MPCE
reaction system has an anticontamination system and dual-quality control to ensure
more accurate detection results.

Previous studies have shown that the capillary electrophoresis separation method
has been clinically applied for the detection of sexually transmitted diseases, human
papillomaviruses, influenza viruses, and atypical bacteria such as M. pneumoniae (24-27).
The sensitivity and specificity of capillary electrophoresis for Mycoplasma genitalium,
Mycoplasma hominis, Mycoplasma urealyticum, Ureaplasma parvum, Chlamydia trachoma-
tis, Neisseria gonorrhoeae, and Trichomonas vaginalis are 98%-100% and 97%-100%,
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respectively. Six clinically important species of Candida can be quickly identified, with
100% specificity in identifying Candida albicans, Candida krusei, Candida parapsilosis,
Candida glabrata, Candida tropicalis, and Candida dubliniensis (28). This method has
also been used to identify eight important foodborne microorganisms (E. coli, Clostri-
dium perfringens, Campylobacter jejuni, Salmonella enterica, Listeria monocytogenes, Vibrio
parahaemolyticus, S. aureus, and Bacillus cereus) (29) and detect nine pathogenic viruses
in pigs (30). This study is the first to use MPCE for the detection of 13 pathogens
in bacterial pneumonia patients. As the proportion of mixed infections caused by
multiple pathogens increases in critically ill patients, organ transplant patients, and
immunocompromised patients (31, 32), incurable chronic and persistent pulmonary
infections may induce more severe hyperinflammatory syndrome, hyperinflammatory
shock, and higher mortality. Delaying effective treatment increases in-hospital mortal-
ity in pneumonia patients, making the selection of empirical drugs a key dilemma
(33). To increase the possibility of sufficient coverage, it is increasingly necessary to
detect multiple pathogens. However, current culture methods or single-detection PCRs
are cumbersome and costly, making them time-consuming and expensive. The MPCE
method, which is based on multiplex PCR, can save considerable time and cost. This
assay can simultaneously identify 13 pathogens closely related to bacterial pneumonia
in 2.5 h, which is significantly faster than the culture method and reduces the number
of required samples, which is particularly important when samples are limited. The
respiratory pathogen nucleic acid detection kit (multiplex fluorescence PCR method)
currently used in clinical practice in China can simultaneously detect six pathogens,
whereas the respiratory pathogen nucleic acid detection kit (isothermal amplification
chip method) can detect seven pathogens. This MPCE method can simultaneously detect
13 pathogens. Moreover, as this method does not require probes, the cost of reagents
required for each sample is only ¥25-¥30 ($3.5-$4.2), which is superior to the cur-
rently available multiplex fluorescence PCR assay kits and isothermal amplification chip
method kits on the domestic market. MPCE will become an important technical means
for the identification and screening of pathogenic bacteria associated with infectious
diseases.

In the MPCE study, peak maps were drawn via standard strains, and the positive
judgment threshold was set to >1,000 RFU on the basis of the ROC curve. The perform-
ance evaluation of MPCE using standard strains revealed a minimum detection limit
range of 6.0 x 10° cfu/mL~2.0 x 10° cfu/mL for detecting 13 bacteria. There was no
cross-reactivity with other pathogens commonly found in the respiratory tract or easily
causing similar clinical symptoms or close source pathogens with strong specificity. A
total of 420 clinical samples were used for evaluation, with sputum culture results used
as a reference. Among the 256 culture-positive samples, eight samples tested negative
for MPCE. Among them, one case of K. pneumoniae, one case of P. aeruginosa, one
case of methicillin-resistant S. aureus, and one case of S. pyogenes were subjected to
Sanger sequencing, and the sequencing results were consistent with those of MPCE,
considering that the nucleic acids of some pathogens may be degraded before detection
due to temperature changes during storage. One case of K. pneumoniae, one case of
P. aeruginosa, one case of S. pyogenes, and one case of M. catarrhalis were judged
negative because the peak height was <1,000 RFU, and the culture results of the four
samples revealed a small number of bacteria. This false negative was likely caused
by the small number of bacteria in the samples, which was lower than the detection
limit of MPCE, and the primer concentration should be adjusted for these pathogens
in future studies. For 164 culture-negative samples, the MPCE method achieved 100%
specificity for S. pyogenes and L. pneumophila, and the specificities for E. coli, E. cloacae
complex, S. aureus, methicillin-resistant S. aureus, H. influenzae, and M. catarrhalis were
all >95%. Inconsistent samples were subjected to Sanger sequencing, and the sequenc-
ing results were consistent with the MPCE results. MPCE has an important value for
culture-negative samples and can significantly improve the detection rate. For patho-
gens that are inhibited by antibiotics but not completely killed, the culture results may
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be false negatives, leading to missed detection. Nevertheless, MPCE can still detect these
pathogens.

There are several limitations in this study. Although the cost of MPCE detection is
significantly lower than that of Sanger sequencing, it has the same problem as Sanger
sequencing. While detecting infections, it can also detect residual or dead bacterial
undecomposed DNA in samples, leading to false positives. MPCE, Sanger sequencing,
and culture methods have the same problem of needing help to distinguish between
colonization and infection. Owing to oropharyngeal colonization bacteria such as S.
pneumoniae (25), the specificity of certain bacteria in clinical evaluation is relatively
low compared with that of the culture method. Therefore, more qualified respiratory
samples, such as bronchoalveolar lavage fluid samples, are needed for clinical evaluation.

This study successfully established an MPCE detection system that can simultane-
ously detect 13 pathogens through a single detection method, significantly improv-
ing clinical efficiency. It is also suitable for patients at risk of infection with multiple
pathogens, providing a fast, accurate, and high-throughput detection method for the
diagnosis of bacterial pneumonia.
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