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Abstract 

Background Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli, Streptococcus 
pneumoniae and Staphylococcus aureus are major bacterial causes of lower respiratory tract infections (LRTIs) globally, 
leading to substantial morbidity and mortality. The rapid increase of antimicrobial resistance (AMR) in these patho-
gens poses significant challenges for their effective antibiotic therapy. In low-resourced settings, patients with LRTIs 
are prescribed antibiotics empirically while awaiting several days for culture results. Rapid pathogen and AMR gene 
detection could prompt optimal antibiotic use and improve outcomes.

Methods Here, we developed multiplex quantitative real-time PCR using EvaGreen dye and melting curve analysis 
to rapidly identify six major pathogens and fourteen AMR genes directly from respiratory samples. The reproducibility, 
linearity, limit of detection (LOD) of real-time PCR assays for pathogen detection were evaluated using DNA control 
mixes and spiked tracheal aspirate. The performance of RT-PCR assays was subsequently compared with the gold 
standard, conventional culture on 50 tracheal aspirate and sputum specimens of ICU patients.

Results The sensitivity of RT-PCR assays was 100% for K. pneumoniae, A. baumannii, P. aeruginosa, E. coli and 63.6% 
for S. aureus and the specificity ranged from 87.5% to 97.6%. The kappa correlation values of all pathogens 
between the two methods varied from 0.63 to 0.95. The limit of detection of target bacteria was 1600 CFU/ml. The 
quantitative results from the PCR assays demonstrated 100% concordance with quantitative culture of tracheal aspi-
rates. Compared to culture, PCR assays exhibited higher sensitivity in detecting mixed infections and S. pneumoniae. 
There was a high level of concordance between the detection of AMR gene and AMR phenotype in single infections.

Conclusions Our multiplex quantitative RT-PCR assays are fast and simple, but sensitive and specific in detecting 
six bacterial pathogens of LRTIs and their antimicrobial resistance genes and should be further evaluated for clinical 
utility.
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Background
Lower respiratory tract infections (LRTIs) are a leading 
infectious cause of morbidity and mortality globally. It is 
estimated that 336 million episodes of LRTIs occurred 
in 2016, resulting in nearly 2.4 million deaths of all ages 
[1]. Although viruses such as influenza viruses and res-
piratory syncytial viruses are responsible for a large pro-
portion of LRTIs, most deaths are caused by bacterial 
agents, including Streptococcus pneumoniae, Haemo-
philus influenzae, Staphylococcus aureus, Pseudomonas 
aeruginosa, Klebsiella pneumoniae, Escherichia coli and 
Acinetobacter baumannii [2–4]. In recent years, the 
worldwide increase of antimicrobial resistance (AMR) 
in respiratory bacterial pathogens threatens the effec-
tiveness of antibiotic treatment [5]. Multidrug-resistant 
(MDR) Gram-negative pathogens are more frequently 
identified in patients with LRTIs, especially in ICUs, 
leading to increased risks of poor outcomes, prolonged 
hospital stay, and mortality [6–8]. Early and rapid detec-
tion of LRTI pathogens and their AMR phenotype is key 
to informing appropriate antibiotic therapy and reducing 
risks of severe complications and mortality [3, 9, 10].

In recent years, the worldwide increase of antimicro-
bial resistance (AMR) in respiratory bacterial pathogens 
threatens the effectiveness of antibiotic treatment [5]. 
Multidrug-resistant (MDR) Gram-negative pathogens 
are more frequently identified in patients with LRTIs, 
especially in ICUs, leading to increased risks of poor 
outcomes, prolonged hospital stays, and mortality [6–8]. 
Early and rapid detection of LRTI (Lower Respiratory 
Infection) pathogens and their AMR phenotype are key 
to inform appropriate antibiotic therapy and reduce risks 
of severe complications and mortality [3, 9, 10]. Cur-
rently, a variety of traditional diagnostic methods are 
used to detect respiratory pathogens, including micro-
scopic examination, bacterial culture and antigen detec-
tion [11]. These methods often had low sensitivity and 
long turnaround time [11]. Recently, several molecular 
PCR-based assays have been developed for the diag-
nostics of respiratory pathogens. Luminex assays and 
TaqMan array cards can detect many viruses and bacteria 
simultaneously [12, 13]. The BioFire FilmArray Pneumo-
nia Plus Panel can detect 18 bacteria (11 Gram-negative, 
4 Gram-positive and 3 atypical), 7 AMR markers, and 
9 viruses that cause pneumonia [14]. However, the Fil-
mArray assay is expensive and may not be affordable 

for routine diagnostics, particularly in low- and middle-
income (LMIC) settings [15]. Currently, a variety of tradi-
tional diagnostic methods are used to detect respiratory 
pathogens, including microscopic examination, bacte-
rial culture and antigen detection [11]. These methods 
often had low sensitivity and long turnaround times [11]. 
Recently, several molecular PCR-based assays have been 
developed for the diagnostics of respiratory pathogens. 
Luminex assays and TaqMan array cards can detect many 
viruses and bacteria simultaneously [12, 13]. The BioFire 
FilmArray Pneumonia Plus Panel can detect 18 bacteria 
(11 Gram-negative, 4 Gram-positive and 3 atypical), 7 
AMR markers, and 9 viruses that cause pneumonia [14]. 
However, the FilmArray assay is expensive and may not 
be affordable for routine diagnostics, particularly in low- 
and middle-income (LMIC) settings [15].

Alternatively, multiplex real-time PCR with either 
a  fluorescent probe or fluorescent dye targeting key 
locally relevant bacterial-AMR gene combinations can 
provide a pragmatic and inexpensive diagnostic method 
for clinical use. Compared to probe-based assay, dye-
based assay with melting curve analysis (MCA) is less 
expensive and can detect more targets. The most com-
monly used fluorescent dye for multiplex real-time PCR 
is SYBR Green. However, EvaGreen (EG), a third-gen-
eration, new saturating fluorescent dye are proved to 
be better than SYBR Green due to EG dye can be used 
at higher concentrations without inhibiting PCR and 
shows equal binding affinity for GC-rich and AT-rich 
regions [16]. EG-based multiplex real-time PCR with 
MCA has been developed for the detection of multiple 
respiratory pathogens [17, 18].

Here, we aimed to develop and validate EG-based mul-
tiplex quantitative real-time PCR with MCA (EG-mPCR 
assays) to detect six bacterial pathogens and fourteen 
AMR genes directly from respiratory specimens.

Methods
Bacteria strains
To develop and validate our EG-mPCR assays, ATCC 
strains, clinical strains and off-target controls (Acine-
tobacter lwoffii, Staphylococcus epidermidis, Shigella 
sonnei, Salmonella typhi, Campylobacter jejuni) were uti-
lized. Standard strains of E. coli (ATCC25922), K. pneu-
moniae (ATCC700603), S. pneumoniae (ATCC49619), S. 
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aureus (ATCC25923), P. aeruginosa (ATCC27853) were 
purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and subsequently cultured 
in Luria-Bertani (LB) agar or nutrient agar (NA). Further, 
eight clinical strains carrying the target AMR genes were 
used as positive controls for AMR gene detection assays.

Clinical sample preparation
The tracheal aspirates (TA) or sputum specimens col-
lected from ICU patients, who were clinically diagnosed 
with LRTIs at the Hospital of Tropical Diseases in Ho Chi 
Minh City, were sent to Microbiology Department for 
culture. Residual samples from these respiratory speci-
mens were transferred to the Molecular Laboratory at 
Oxford University Clinical Research Unit (OUCRU) for 
the evaluation of the EG-mPCR assays.

Microbiological culture
The TA and the sputum samples were collected into a 
sterile container, followed by Gram staining and exami-
nation under direct microscopy. Samples having < 10 
epithelial cells and > 25 leukocytes in each area upon 
100 × magnification were considered good quality for 
bacterial culture and were included in this study. TA 
samples were liquefied with Sputasol liquid (Oxoid, USA) 
with a  ratio  of 1:1 and diluted with MRD (maximum 
recovery diluent) broth with ratio of 1:9 before microbio-
logical testing.

Subsequently, 1  μl of suspension inoculated into 
blood agar, Macconkey agar and chocolate agar media 
(Oxoid, USA), and incubated for 24—48  h at 35–37  °C 
or at 35–37  °C with ~ 5%  CO2. Bacterial identification 
and antimicrobial susceptibility testing (AST) were per-
formed using MALDI-TOF (Bruker, Germany) and 
Vitek2 automatic identification and AST system (Bio-
mérieux, France). Antimicrobial susceptibility results 
were interpreted according to the Clinical and Labora-
tory Standards Institute (CLSI) 2021 guidelines [19]. In 
TA culture, samples with bacterial growth ≥  105 CFU/mL 
were considered positive following the local guidelines 
for microbiological diagnostics.

Extraction of nucleic acids
DNA extraction from bacterial isolates was performed 
using the Wizard Genomic DNA Extraction Kit (Pro-
mega, Fitchburg, USA) according to the manufacturer’s 
instructions. The quality and concentration of the DNA 
were assessed using a Nano-drop spectrophotometer 
prior to PCR amplification.

For TA/sputum samples, an aliquot of 200  μl was 
homogenized with 4 times the volume of 0.1% dithiothrei-
tol (DTT) for 15 min at room temperature and centrifuged 

at 8000  rpm for 10  min. Subsequently, the  supernatant 
was discarded, and the pellet was resuspended with 200 μl 
PBS. Next, 25 μl of 10X buffer (200 mM Tris–HCl, 0.2 μl 
of Benzonase (Sigma) and 24.8 μl of sterilized water) were 
added, followed by 2-h incubation at 37  °C. The mixture 
was centrifuged at 8000  rpm for 10  min and the pellet 
was subsequently resuspended in a mixture of 4 μl EDTA, 
120 μl NaCl and 76 μl  H2O. Centrifugation was performed 
again at 8000  rpm for 10  min and the pellet was resus-
pended in 200  μl of TE before DNA extraction. 200  μl 
of pre-treated samples were subjected to an automated 
extraction on a MagNA Pure 96 nucleic extraction system 
(Roche Applied Sciences, UK), according to the manufac-
turer’s recommendations. For each DNA extraction batch, 
we incorporated one culture-positive and one culture-
negative tracheal aspirate sample as positive and negative 
controls.

Primer design
Twenty primer sets were designed based on the con-
served regions which can produce amplicons having 
melting temperatures (Tms) ranging from 75 °C to 92 °C 
and target-specific Tm values differed from each other 
by at least 1  °C. The primer sequences are described in 
Table 1. The actual Tm of all primers was determined fol-
lowing the performance of singleplex PCRs and multi-
plex PCRs.

For simultaneous detection of the six LRTI pathogens, 
six primer pairs including two previously published ones, 
were designed to target the known species-specific genes. 
These genes included yaiO for E. coli [20], ompA for A. 
baumannii [21], oatA for P. aeruginosa [22], sa442 for 
S. aureus [18], ply for S. pneumoniae [18] and khe for K. 
pneumoniae [22]. Additionally, fourteen primers were 
also designed to identify fourteen common acquired 
AMR genes present in these bacteria, encoding resist-
ance to β-lactams (blaSHV, blaTEM, blaCTX-M-9, blaCTX-

M-1), methicillin (mecA), carbapenems (blaKPC, blaNDM, 
blaOXA-48, blaOXA-23, blaIMP), colistin (mcr-1), macrolides 
(ermB, mphA) and vancomycin (vanA). All primer pairs 
underwent a comprehensive search against the ARG-
ANNOT (Antibiotic Resistance Gene-ANNOTation) 
database to ascertain their inclusivity across all variants.

Development of EG‑mPCR assays
Singleplex real-time PCR assays were performed in 20 μl 
reaction volume, which included 5  μl DNA template, 
0.8 μl forward and reverse primers and 10 μl SensiFAST 
HRM kit (Meridian Bioscience), to check the actual Tms 
of each individual target amplicon. Sterile -  purified 
water was used as the negative control. PCR amplifica-
tions were run on a LightCycler 480II (Roche applied 
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sciences, UK) with the following thermal conditions: ini-
tial denaturation at 95 °C for 5 min, followed by 40 cycles 
of denaturation, 95 °C, for 10 s; annealing, 60 °C for 30 s; 
extension, 72  °C for 30  s. For multiplex real-time PCR 
assays, the component and thermal condition were the 

same as singleplex real-time PCRs, except the concentra-
tion of each primer pair varied from 0.25 μM to 0.5 μM. 
After PCR amplification, the melting curve analysis 
(MCA) was conducted in the same thermocycler at 65 °C 
to 95 °C; and cooling cycle at 37 °C for 30 s. Fluorescence 

Table 1 Sequences of primers used for singleplex and multiplex real-time EG-PCR assays

Primer Gene Sequence (5’‑3’) Final conc.(μM) Amplicon size 
(bp)

Reference

Pathogen detection assays
 A. baumannii-F ompA GTT AAA GGC GAC GTA GAC G 1 194 this study

 A. baumannii-R TCA GAA GTA CCA CGT GTA CCA 

 P. aeruginosa-F oatA GAA CTG CTC TTC CAC CGA CA 0.6 170 this study

 P. aeruginosa-R GCT GGT TCC TGA TGG AGC C

 K. pneumoniae-F khe AGG GTT CGA GTT TGC TGC T 1 171 this study

 K. pneumoniae-R AGA CAA CCG CGT AGG CAT T

 E. coli-F yaiO TGA TTT CCG TGC GTC TGA ATG 1 115 [20]

 E. coli-R ATG CTG CCG TAG CGT GTT TC

 S. aureus-F sa442 TCG GTA CAC GAT ATT CTT CAC 1.2 179 [18]

 S. aureus-R ACT CTC GTA TGA CCA GCT TC

 S. pneumoniae-F ply GAA TTC CCT GTC TTT TCA AAGTC 0.6 106 this study

 S. pneumoniae-R GAC CTT GTT AGA GAA TAA TCCCA 

AMR gene detection assays
 mecA-F mecA GGC ATC GTT CCA AAG AAT GT 0.8 128 this study

 mecA-R AGT GGA ACG AAG GTA TCA TCTT 

 ermB-F ermB GTC TCG ATT CAG CAA TTG 1.2 171 this study

 ermB-R CAG TTG ACG ATA TTC TCG AT

 OXA-48-F blaOXA-48 GCG TGT ATT AGC CTT ATC GG 0.5 204 this study

 OXA-48-R GCG GGT AAA AAT GCT TGG T

 CTX-M-9-F blaCTX-M-9 GTG CTT TAT CGC GGTGA 0.8 128 this study

 CTX-M-9-R GCA GGC TTG ATC TCG ACA GG

 SHV-F blaSHV GGT GGA TGC CGG TGA CGA 0.5 96 this study

 SHV-R TCG GCA AGG TGT TTT TCG C

 OXA-23-F blaOXA-23 ACT TGC TAT GTG GTT GCT TC 0.8 106 this study

 OXA-23-R GAA TCA CCT GAT TAT GTC CTT 

 mcr-1-F mcr-1 TCG TAT CGC TAT GTG CTA AAGC 0.5 128 this study

 mcr-1-R TCG GTC TGT AGG GCA TTT TG

 TEM-F blaTEM CCC TTT TTT GCG GCA TTT TGC 0.5 163 this study

 TEM-R TTG GAA AAC GTT CTT CGG GG

 NDM-F blaNDM GAC AAT ATC ACC GTT GGG AT 0.5 113 this study

 NDM-R TAG TGC TCA GTG TCG GCA T

 mphA-F mphA AAC TGT ACG CAC TTG CAG 0.5 179 this study

 mphA-R CAG CAC CCG CGC CTC TGG TT

 IMP-F blaIMP GGT TTA AYA AAA CAA CCA CC 0.5 189 this study

 IMP-R GGA ATA GAG TGG CTT AAY TCTC 

 VanA-F VanA TGT TTG GGG GTT GCT CAG A 0.5 190 this study

 VanA-R TAT CCG GCG AGA GTA CTG C

 CTX-M-1-F blaCTX-M-1 ACC ACC AAC GAT ATC GCG G 0.5 143 this study

 CTX-M-1-R TAC AAA CCG TCG GTG ACG AT

 KPC-F blaKPC TCG TCG CGG AAC CATTC 0.8 121 this study

 KPC-R ACA GTG GGA AGC GCT CCT C



Page 5 of 14Dung et al. BMC Infectious Diseases          (2024) 24:164  

was continuously measured and the melting temperature 
(Tm) was calculated by plotting the negative derivative of 
fluorescence over temperature versus temperature (− dF/
dT versus T). Conventional PCRs with a different set of 
primers were later performed to confirm the results of 
EG-mPCR assays.

The reproducibility, linearity,  and limit of detection 
(LOD) of EG-mPCR assays for pathogen detection were 
evaluated using fivefold serial dilutions of two DNA 
control mixes. Each DNA control mix was prepared by 
pooling an equal volume of  108 CFU/mL of each bacte-
rium, followed by DNA extraction. Subsequently, five-
fold serially diluted DNA standards, corresponding to 
the bacterial concentrations from  106 to 12.8  CFU/mL, 
were prepared for the assays. The standard curves were 
performed on each EG-mPCR run. A reliable quantita-
tive EG-mPCR reading was established when the linear 
coefficient R2 surpassed 0.8, signifying a robust linear 
relationship between the fluorescence intensity and the 
logarithm (log10) of the bacterial concentration. The 
efficiency of the two quantitative EG-mPCR assays was 
assessed by analyzing the Cp values derived from fivefold 
serial dilutions of DNA control mixes. The efficiency was 
calculated using the formula: Efficiency =  10(−1/slope)-1, 
following the methods of Rasmussen [23]. Assessment of 
non-specific amplification or interference was performed 
by comparing the PCR results obtained from singleplex 
versus multiplex assays.

To validate the assays in the TA specimen, 200 μl pre-
treated culture-negative TA specimen was spiked with 
fivefold serial dilutions of bacteria (from  106 to 12.8 CFU/
mL), followed by DNA extraction using Roche’s MagNA 
Pure 96 system. The EG-mPCR assays were performed as 
described above.

Diagnostic performance of EG‑mPCR assays in comparison 
to conventional culture
Fifty respiratory samples, including 32 tracheal aspirates 
and 18 sputum specimens, were diagnosed using both 
the EG-mPCR assays and conventional culture. Single-
plex EG-PCR and conventional PCR were employed 
to validate discrepancies between the culture and PCR 
results. The conventional multiplex PCR assays utilized 
the identical set of target genes as the EG-mPCR assays, 
albeit with distinct primer sequences (Table S1). The con-
ventional PCR conditions involved an initial denatura-
tion at 95 °C for 15 min, followed by 35 cycles consisting 
of a) denaturation at 95 °C for 30 s, b) primer annealing 
at 55 °C for 45 s, c) primer extension at 72 °C for 2 min, 
and a final extension at 72  °C for 10  min. In addition, 
the correlation between the presence of the  AMR gene 
and AMR phenotype was also examined. The degree of 
agreement between EG-mPCR assays and conventional 

culture for bacterial identification was measured by 
Cohen’s kappa [24].

Turnaround time
The turnaround time from sample collection to the final 
PCR results was estimated to be around 6  h. This esti-
mation incorporated the time from sample collection to 
delivery to the lab (15 min), followed by sample process-
ing to automatic DNA extraction (4  h), the execution 
of EG-mPCR (1.5  h), and concluding with data analysis 
(15 min).

Results
Detection of six bacteria and AMR genes by EG‑mPCR 
assays
Two EG-mPCR assays were used to detect 6 bacterial 
pathogens and additional three EG-mPCR assays were 
used to detect 14 AMR genes (Table  1). In each EG-
mPCR assay, the melting curve analysis showed distinct 
Tm peaks corresponding to the target bacteria and AMR 
genes, while negative controls did not show any signal 
(Fig.  1). The difference between two consecutive peaks 
was more than 2  °C (Table  2). There was no interfer-
ence and cross-reactivity in our EG-mPCR assays. We 
additionally evaluated our assays on other closely related 
bacteria and did not find any non-specific signal for Sal-
monella Typhi, Campylobacter jejuni, Acinetobacter 
lwoffii, Staphylococcus epidermidis. However, the yaiO 
primer which was supposed to be specific to E. coli, pro-
duced false positive signal for one Shigella sonnei isolate.

Reproducibility, quantification and LOD of the two 
EG‑mPCR assays for bacterial identification
The reproducibility of EG-mPCR assays was evaluated 
by accessing Tm values in inter and intra-assays. The 
standard deviation (SD) and coefficient variation (CV) 
of Tm were calculated in 5 replicates within the same run 
(intra-assay) and across 5 different runs (inter-assay). The 
intra-assay CV of each of the target bacteria ranged from 
0.1% to 0.4% and the inter-assay CV ranged from 0.3% 
to 0.5%. Similarly, intra-assay CV and inter-assay CV of 
each of the target AMR genes varied from 0.04% to 0.57% 
and from 0.51% to 0.92%, respectively (Table  2). These 
data indicated good reproducibility of Tm values in our 
assays.

The standard curve for each bacterium in the two EG-
mPCR assays was obtained by plotting the fluorescence 
intensity (− dF/dT) or the height of the peak (y-axis) 
values against the  log10 of the bacterial concentrations 
(x-axis) inferred from the serially diluted DNA control 
mixes. The coefficient of determination of linear regres-
sion model of standard curves were R2 = 0.92 for S. 
aureus, R2 = 0.92 for S. pneumoniae, R2 = 0.91 for E. coli, 
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R2 = 0.97 for A. baumannii, R2 = 0.98 for K. pneumoniae 
and R2 = 0.95 for P. aeruginosa. These data showed a good 
linear correlation between the fluorescence values and 
the  log10 of bacterial concentration over a range of bac-
terial concentrations. The efficiency of EG-mPCR assay 
was 104% (95% CI, 88.6–119%) for the detection of A. 
baumannii/P. aeruginosa/K. pneumoniae and 92% (95% 
CI, 80–104%) for the detection of E. coli/S. aureus/S. 
pneumoniae.

The limit of detection (LOD) was evaluated by observ-
ing the Tm peaks of each bacterium in the two serially 
diluted DNA control mixes. The experiment was per-
formed in 5 replicates within the same run and in 10 
replicates between different runs. Based on the low-
est concentration of a target bacterium in a control 
mix where all targets showed positive signal, a LOD of 
1600 CFU/mL was determined for each of the two EG-
mPCR assays (Fig. 2). When a TA specimen was spiked 
with target bacteria, a LOD of 3200 CFU/mL was identi-
fied for each of the two EG-mPCR assays.

Diagnostic performance of EG‑mPCR assays in comparison 
to conventional culture
Between December 2020 and March 2021, 50 con-
secutive TA and sputum specimens were included for 
both conventional culture and EG-mPCR assays. Con-
ventional culture showed that 38 samples (76%) were 

positive for a single pathogen and 8 samples (16%) 
were positive for more than one pathogen (including 4 
pathogens not covered in the PCR assays: Haemophi-
lus influenzae, Moraxella spp., Stenotrophomonas malt-
ophilia, Enterobacter. spp). P. aeruginosa was the most 
prevalent pathogen (26%, 13/50), followed by A. bau-
mannii (20%, 10/50), S. aureus (18%, 9/50), K. pneumo-
niae (12%, 6/50) and E. coli (2%, 1/50) (Table 3). Three 
samples (6%) were culture negative for all six patho-
gens. A total of 51 target pathogens were yielded from 
culture.

Compared to culture results, PCR assays found less 
samples positive for a single target pathogen (28/50, 
56%) and more samples positive for at least two target 
pathogens (18/50, 36%). The most common patterns of 
co-infections by PCR were P. aeruginosa and S. pneumo-
niae (3/18) and P. aeruginosa and S. aureus (3/18), P. aer-
uginosa and K. pneumoniae (2/18), and P. aeruginosa and 
A. baumannii (2/18). P. aeruginosa (12/18) was the most 
common organism found in co-infections (Fig.  3). EG-
mPCR assays showed negative results in four samples, 
three of which were also culture negative. The sample 
that was culture positive but was negative by EG-mPCR 
contained S. aureus. Overall, PCR assays detected more 
target bacteria than culture, with a total of 67 organisms.

The sensitivity and specificity of EG-mPCR assays ver-
sus culture were 100% and 97.5% for K. pneumoniae, 

Fig. 1 Melting curve analysis showing the melting temperature peaks (Tm) of 14 AMR genes (A, B, C) and 6 bacterial pathogens (D, E) and negative 
control (NTC) in 5 multiplex PCR assays
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100% and 97.2% for A. baumannii, 100% and 87.5% for 
P. aeruginosa, 100% and 93.8% for E. coli and 63.6% and 
94.9% for S. aureus, respectively (Table  3). The positive 
predictive value (PPV) and negative predictive value 

(NPV) of EG-mPCR assays were 90.9% and 100% for K. 
pneumoniae, 93.3% and 100% for A. baumannii, 81.8% 
and 100% for P. aeruginosa, 50% and 100% for E. coli and 
77.8% and 90.2% for S. aureus, respectively.

Table 2 Tm values of primers used for singleplex and multiplex real-time PCR assays

Primer Gene Intra‑assay Tm Inter‑assay Tm Intra‑assay CV% Inter‑assay CV%

Pathogen detection assays
 A. baumannii-F ompA 80.6 ± 0.2 80.75 ± 0.27 0.3 0.3

 A. baumannii-R

 P. aeruginosa-F oatA 87.6 ± 0.3 87.7 ± 0.3 0.4 0.5

 P. aeruginosa-R

 K. pneumoniae-F khe 84.2 ± 0.3 84.22 ± 0.4 0.3 0.3

 K. pneumoniae-R

 E. coli-F yaiO 86.8 ± 0.1 86.95 ± 0.4 0.2 0.4

 E. coli-R

 S. aureus-F sa442 79 ± 0.16 79.12 ± 0.3 0.2 0.3

 S. aureus-R

 S. pneumoniae-F ply 84.49 ± 0.13 84.66 ± 0.3 0.1 0.4

 S. pneumoniae-R

AMR gene detection assays
 mecA-F mecA 76.49 ± 0.14 76.44 ± 0.7 0.19 0.92

 mecA-R

 ermB-F ermB 79.83 ± 0.19 79.77 ± 0.73 0.24 0.91

 ermB-R

 OXA-48-F blaOXA-48 82.9 ± 0.08 81.98 ± 0.72 0.09 0.88

 OXA-48-R

 CTX-M-9-F blaCTX-M-9 84.72 ± 0.1 84.66 ± 0.69 0.12 0.81

 CTX-M-9-R

 SHV-F blaSHV 88.27 ± 0.1 87.85 ± 0.49 0.11 0.55

 SHV-R

 OXA-23-F blaOXA-23 78.26 ± 0.11 77.98 ± 0.39 0.14 0.51

 OXA-23-R

 mcr-1-F mcr-1 81.8 ± 0.13 81.43 ± 0.55 0.16 0.67

 mcr-1-R

 TEM-F blaTEM 83.77 ± 0.16 83.41 ± 0.55 0.19 0.66

 TEM-R

 NDM-F blaNDM 87.22 ± 0.11 86.87 ± 0.54 0.12 0.62

 NDM-R

 mphA-F mphA 89.43 ± 0.19 89.12 ± 0.46 0.22 0.51

 mphA-R

 IMP-F blaIMP 78.14 ± 0.15 78.68 ± 0.55 0.2 0.7

 IMP-R

 VanA-F VanA 82.21 ± 0.22 82.61 ± 0.42 0.26 0.51

 VanA-R

 CTX-M-1-F blaCTX-M-1 85.69 ± 0.04 86.15 ± 0.57 0.04 0.66

 CTX-M-1-R

 KPC-F blaKPC 88.78 ± 0.5 89.4 ± 0.63 0.57 0.7

 KPC-R
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Out of the 51 target pathogens detected by culture, 
48 pathogens (94.1%) were also identified by EG-mPCR 
assays with a quantity ≥  105 CFU/mL, which is the culture 
positivity cut-off (Fig. 4A). These findings demonstrated a 
high degree of agreement between EG-mPCR assays and 
culture method. When considering only target pathogens 
detected by quantitative culture with growth ≥  105 CFU/
mL in TA samples (n = 26), the concordant rate with EG-
mPCR assays reached 100% (Fig.  4B). There were some 
discordant results between the two methods. The PCR 
assays found 6 S. pneumoniae positives with a quantity 
ranging from  103.6 to  109 CFU/mL while culture method 
did not grow any S. pneumoniae isolates. Furthermore, 
the PCR assays identified an additional 10 target bacteria 
(8 bacteria with a quantity ≥  105 CFU/mL and 2 bacteria 
with a quantity <  105 CFU/mL) that were missing by cul-
ture (Fig. 4A).

Application of EG‑mPCR assays for AMR gene detection 
from clinical samples
Three EG-mPCR assays were used to identify 14 AMR 
genes commonly present in the target pathogens from the 
50 respiratory samples. After excluding mixed infections 
by PCR, the level of correlation between the presence 
of AMR genes and AMR phenotype was assessed in 28 
target bacteria (Table 4, Figure S1). In A. baumannii, all 
seven isolates carrying blaOXA23 and blaTEM were resist-
ant to ceftazidime, cefepime and carbapenems (imipe-
nem, meropenem). All four K. pneumoniae isolates that 
were resistant to 3rd and 4th- generation cephalosporins 
(ceftriaxone, cefotaxime, cefepime) carried blaCTX-M-1, 
three of them also carried blaTEM. BlaNDM and blaOXA48 
genes were both detected in two carbapenem resistant 
K. pneumoniae isolates. For P. aeruginosa, blaOXA23 was 
found in one isolate that was resistant to imipenem and 
meropenem and blaCTX-M-9 was found in another isolate 
that was resistant to the 3rd generation cephalosporin 
(ceftriaxone, cefotaxime). Among five S. aureus isolates 

that were resistant to macrolides (clindamycin), ermB 
gene was detected in 3 isolates (60%). Furthermore, mecA 
gene was found in 3/4 oxacillin-resistant S. aureus. Two 
isolates (1  K. pneumoniae and 1 A. baumannii) were 
resistant to colistin, but the mcr-1 gene was not found. 
There was one E. coli isolate resistant to cefotaxime and 
imipenem carrying blaSHV and blaTEM genes but the car-
bapenem resistance genes were undetected.

Discussion
The selection and duration of empirical antibiotic treat-
ment for LRTIs have become a major challenge in LMIC 
settings where MDR causative bacteria are prevalent. 
Although culture-guided definitive treatment is often 
followed to avoid overuse/misuse of initial antibiot-
ics, the long waiting time for culture results has delayed 
effective antibiotic therapy, leading to increased mortal-
ity and selection of AMR bacteria. Rapid and inexpensive 
molecular PCR-based diagnostics are urgently needed in 
clinical practice to inform antibiotic therapy. Here, we 
successfully developed two EG-mPCR assays to detect 
and quantify 6 major bacterial pathogens and three EG-
mPCR assays to identify 14 AMR genes directly from 
TA and sputum samples. Our PCR assays exhibited 
high sensitivity (100%) and high specificity (from 87.5% 
to 97.5%) compared to conventional culture, except for 
S. aureus (sensitivity: 63.6%). The sensitivity, specificity, 
and agreement rates in this study are comparable to the 
results of other molecular assays for the diagnostics of 
respiratory agents [14]. The FDA-cleared CE-marked 
BioFire FilmArray Pneumonia Panel had 100% sensitiv-
ity for 15/22 etiologic targets with BAL specimens and 
10/24 targets with sputum specimens. Sensitivities for 
other targets were either 75% or could not be calculated 
due to their low prevalence in the study population. The 
specificity for all targets was 87.2% [14]. Despite its high 
diagnostic yield, the direct cost of FilmArray Pneumonia 
Panel was estimated to be around €155/test [17] and its 

A B

Fig. 2 The sensitivity of simultaneous detection of S. aureus, S. pneumoniae, E. coli (A) and A. baumannii, K. pneumoniae, P. aeruginosa (B) 
with concentrations ranging  106 to 12.8 CFU/mL. LOD of simultaneous detection of S. aureus, S. pneumoniae, E. coli was 1600 CFU/mL and the same 
for A. baumannii, K. pneumoniae, P. aeruginosa 
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Fig. 3 Heatmap of bacterial mixed infection pattern detected by the EG-mPCR assays in the respiratory samples

Fig. 4 The detection and quantity of 6 target bacteria by EG-mPCR assays in accordance with culture results. A All samples; B Tracheal aspirates; 
C Sputum samples. The circles indicate the detection of the target bacterium alone, while the triangles illustrate co-detection with another target 
bacterium in EG-mPCR assays. Colours (green, purple, and orange) correspond to the culture results of the target bacterium: green for culture 
positive alone, purple for culture positive with another bacterium, and orange for culture negative. The Y-axis represents the target bacterium 
quantity in CFU/ml, determined through the quantitative EG-mPCR. The dashed line indicates the cut-off for culture positivity (10.5 CFU/ml)
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clinical utility in LMIC required further evaluation [15]. 
Our assays are simple and inexpensive with a turna-
round time of around 6 h, offering a useful tool to poten-
tially guide optimal antibiotic therapy.

A key advantage of our PCR assays is the ability to 
quantify the amount of each bacterium and thus may 
help to distinguish between bacterial colonization and 
infection. In fact, the quantitative data obtained from 
PCR assays demonstrated 100% concordance with 
the  quantitative culture results of TA samples. A pre-
vious study using a similar approach raised concern 
about the reduced linear relationship between fluores-
cence levels and bacterial concentration in multiplex 
PCR assays, which may be attributed to the competi-
tion amongst EvaGreen dyes [25]. This limitation has 
been addressed in this work by increasing the amount 
of the PCR mix and adding extra EvaGreen dye to the 
reaction. Our experiments showed a good linear corre-
lation (R2 > 0.91) between fluorescence readouts and the 
log10 of bacterial concentrations. Furthermore, the LOD 
of PCR assays  (103.6  CFU/mL) was much lower than 
the cut-off point for culture positivity (≥  105 CFU/mL), 
meaning our assays not only could identify true patho-
gens above the positivity cut-off but also detect other 
potentially pathogenic bacteria present with lower con-
centrations for further monitoring.

Notably, PCR assays were able to detect more mixed 
target bacteria in the respiratory samples. The fact that 
EG-mPCR assays were more sensitive than conventional 
culture in detecting mixed infections of which most tar-
get bacteria had a concentration >  105 CFU/mL suggested 
that culture method may have missed some true target 
pathogens in the sample. Although culture is consid-
ered to be the gold standard for the diagnosis of bacte-
rial LRTIs, it may be challenging to accurately recover all 

pathogens from a nonsterile sample [26]. Alternatively, 
recent antibiotic treatment may affect the culture results 
and some target bacteria may present at a concentra-
tion <  105 CFU/mL and thus not detected by the culture 
method [14, 17, 18]. Mixed bacteria by PCRs with quan-
titative results above the culture positivity cut-off can be 
regarded as a recent or current mixed infection. On the 
other hand, mixed bacteria by PCRs with the quantitative 
result(s) below the cut-off should be followed up by addi-
tional microbiological culture and PCR testing to con-
firm the pathogens. We recommend promptly reporting 
the PCR results to clinicians for patient monitoring and 
advocating for further testing if deemed necessary.

In this study, S. pneumoniae was only found by PCR 
assays in mixed infections, which was the main factor 
affecting the agreement between the two methods. S. 
pneumoniae was notoriously difficult to identify by con-
ventional culture because the bacteria tends to autolyze 
after reaching the stationary phase, as well as the effect 
of prior antibiotic treatment [27]. Previous studies com-
paring multiplex PCR with culture for the detection of S. 
pneumoniae and H. influenzae from sputum also found 
similar results with S. pneumoniae only found by qPCR 
[28]. Our quantitative PCR assay therefore could serve as 
a useful diagnostic tool to detect S. pneumoniae from res-
piratory samples.

The use of EG-mPCR assays for AMR gene identifica-
tion was also evaluated using 50 clinical samples. Over-
all, our findings demonstrated a high agreement between 
the detected AMR genes and the AMR profiles of target 
bacteria present in the single infections. This means our 
assays can rapidly identify clinically relevant AMR genes 
to guide antibiotic therapy. As PCRs tend to detect more 
mixed infections, there may be some uncertainty about 
which AMR genes belong to which bacteria in these 

Table 4 Frequency of common AMR genes detected in microbiologically-confirmed target bacteria either phenotypically resistant to 
3rd/4th cephalosporins, carbapenem, macrolide and oxacillin

* EG-mPCR detected 3 S. aureus and did not identify 2 S. aureus in single-infection cases

Cephalosporin resistance Carbapenem resistance Macrolide resistance Oxacillin resistance

Pathogens Resistance AMR genes Resistance AMR genes Resistance AMR genes Resistance AMR genes

(n) (n) (n) (n) (n) (n) (n) (n) (n)

Gram negative A. baumannii (9) 7 TEM (7/7) 7 OXA-23 (7/7)

K. pneumoniae (5) 4 TEM (3/4) 2 NDM (2/2)

CTXM-1 (1/4) OXA-48 (2/2)

E. coli (2) 1 SHV (1/1) 1

TEM (1/1)

P. aeruginosa (9) 1 CTXM-9 (1/1) 1 OXA-23 (1/1)

Gram positive *S. aureus (5) 5 ermB (3/5) 4 mecA (3/4)
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samples. However, further research with increased sam-
ple size can add more insights into the species-specific 
AMR gene distribution in single infections, and thus help 
to predict the most probable combinations of bacterial 
species-AMR genes in mixed infections.

Our study has some limitations. The EG-mPCR assay 
had low sensitivity for the detection of S. aureus, probably 
due to its resistance to chemical lysis during DNA extrac-
tion [29]. Our assay should be further developed prior to 
its implementation for the diagnosis of S. aureus. Further 
optimization is currently underway, aiming to enhance 
the recovery of S. aureus DNA by incorporating lysozyme 
and lysostaphin during DNA extraction or omitting the 
sample processing step. Here, we only looked for com-
monly acquired AMR genes in the target bacteria, disre-
garding the resistance mechanisms driven by single point 
mutations or overexpression of efflux pump, and thus the 
absence of AMR genes may not always correlate with a 
lack of phenotype. Furthermore, as we only target 6 key 
pathogens, the PCR-negative samples may contain other 
pathogens that are not included in our PCR assays. Nev-
ertheless, these bacteria are the main pathogens causing 
LRTIs in our setting. While our in-house EG-mPCR assays 
are more cost-effective than commercially available molec-
ular testing systems, it is important to note that a compre-
hensive cost analysis was not conducted in this study.

Conclusions
Our multiplex RT-PCR with EvaGreen dye MCA assays 
have been proven to be sensitive and quantitative for 
rapid detection of 6 key pathogens and 14 AMR genes 
directly from respiratory samples. Our assays provide 
culture-independent information regarding bacterial 
pathogens and pathogen abundance in samples as well 
as the genotypic AMR status of LRTIs. Our PCR method 
can possibly offer a tool to promote antibiotic stew-
ardship and evaluate antibiotic treatment response in 
patients with LRTIs. The PCR assays have strong poten-
tials to be adopted in clinical practice due to its feasibil-
ity, low cost and fast turnaround time. The impact of our 
PCR assays on antibiotic therapy and clinical outcome 
warrants a thorough investigation to facilitate its imple-
mentation in routine practice.
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