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ABSTRACT

Objectives: Carbapenem resistance is a serious clinical and public health threat. Carbapenemase can
confer carbapenem resistance, and most carbapenemase genes are plasmid encoded so resistance can
easily spread. In this study, we aimed to develop a novel system based on the TagMan platform for the
rapid detection of 6 clinically prevalent carbapenemase genes: Klebsiella pneumoniae carbapenemase,
New Delhi metallo-p-lactamase, oxacillinase, imipenem-hydrolyzing, Verona integron-encoded metallo-
B-lactamase, and Guiana extended-spectrum B-lactamase.

Methods: The triplex assay was verified by testing genomic DNA of 6 carbapenemase-producing
Klebsiella pneumoniae. It was validated with a blinded panel of 310 Enterobacteriaceae isolates,
including 225 carbapenemase-producers and 85 non-producers, by direct colony triplex real-time
polymerase chain reaction (PCR). The real-time PCR was performed using the ABI 7500 fast instrument
(Applied Biosystems, CA, USA) and specific primers for each carbapenemase target were designed to
include modified peptide-nucleic acid oligonucleotides.

Results: No amplification was detected among the negative samples. The result showed 100%
concordance with the genotypes previously identified. The entire assay, including DNA extraction and
real-time PCR, was completed within 2 hours.

Conclusion: The newly developed triplex real-time PCR assay was useful for the rapid, accurate and
simultaneous detection of 6 carbapenemase genes in Enterobacteriaceae, suggesting its potential to
allow an early decision on the appropriate treatment, management, and prevention of the spread of
resistant infections in hospitals.

©2020 Korea Centers for Disease Control and Prevention. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

clinical challenge as these infections are increasingly difficult
to control in many hospitals [1-3]. Carbapenems, given their

Enterobacteriaceae is the largest family of gram-negative
bacteria that are significant causes of community- and
healthcare-associated human infections. In particular, the
considerable increase of multidrug-resistant Enterobacteriaceae
with extended spectrum B-lactamase (ESBL) poses a serious

broad spectrum of antibacterial activity against hydrolysis
by most B-lactamases, are agents currently regarded as the
last-line of defense for the treatment of infections by ESBL
producers [4-6]. The increased use of carbapenems has led to
an emergence of carbapenem-resistant Enterobacteriaceae
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(CRE) and/or carbapenemase-producing Enterobacteriaceae
(CPE) [7-9]. CPEs are classified as A, B, and D, based on their
amino acid sequence according to the Ambler system. Class A
includes the active-site serine B-lactamases such as Klebsiella
pneumoniae carbapenemase (KPC) and Guiana extended-
spectrum f-lactamase (GES), class B includes the metallo-b-
lactamases such as New Delhi metallo-p-lactamase (NDM),
imipenem-hydrolyzing (IMP), and Verona integron-encoded
metallo-B-lactamase (VIM) and class D is the oxacillinase (OXA-
48 like)[10,11]. The rapid spread of carbapenem resistance is
mainly attributed to the horizontal transfer of carbapenemase
genes between organisms, since they are located on mobile
plasmids [12,13].

Since the first imported case of CPE infection in 2010,
the Korea Centers for Disease Control and Prevention has
implemented a national laboratory surveillance system of
carbapenem-non-susceptible Enterobacteriaceae (CNSE). Based
on these data, we recently identified a remarkable increase of
CPE infections from 2011 to 2016 in Korea [14,15].

The seriousness of this situation resulted in the Korean
government designating the CRE/CPE infection as a notifiable
disease, and expanded the monitoring system for strengthening
strict control measures of the spread of these bacteria within
individual hospitals.

Many clinicians have emphasized the need for improved
laboratory capacity to facilitate the rapid and accurate
detection of CPE to identify patients at high risk, and initiate
appropriate treatments as soon as possible [16,17]. Indeed,
early intervention, by administering the most appropriate
antimicrobials is the most important factor to prevent death,
and prevent transmission of infection to other patients
in the hospital. Traditional culture-based confirmation of
carbapenemase producers requires supplementation with
additional, laborious phenotypic tests such as the modified
Hodge test, which can take up to 18 hours to obtain results
[18,19]. As an alternative, polymerase chain reaction (PCR)
based-molecular detection is a promising tool for the
rapid identification of a specific carbapenemase gene in
Enterobacteriaceae. Most carbapenemase kits available on
the market can identify one or a few genes at a time, and
kits that can cover all 6 genes of carbapenemase are not
common [20-24]. As target genes, the 6 most prevalent types
of carbapenemases identified in the CNSE surveillance of
Korea were selected: KPC, NDM, OXA-48 like, IMP, VIM, and
GES [14]. In particular, the dissemination of GES-producing
Enterobacteriaceae was considered of significant importance
to include in this CPE screening system [25-27].

In this study, two triplex real-time PCR assays for the
simultaneous detection of 6 carbapenemase genes were
developed, reducing the turn-around time of screening
carbapenemase producers in hospital laboratories, and in

large-scale surveillance. To improve the specificity of this assay,
the modified peptide-nucleic acid (PNA) oligonucleotides
technique was adopted. PNA is an artificially synthesized
nucleic acid analogue in which the phosphate-ribose backbone
of DNA is replaced with a peptide-like amide backbone, and
therefore exhibits a stronger binding affinity and a higher
specificity to the target DNA for molecular diagnosis [28,29].

The assays were optimized by using direct colony PCR,
without complex sample preparation, and the results and
performance were compared to the conventional PCR method.
This developed triplex real-time format assay is widely
accessible to clinical diagnosis for rapid detection of the
carbapenemase enzyme in Enterobacteriaceae.

Materials and Methods

1. Bacterial strains

Six reference strains of K. pneumoniae were used to verify the
assay: CKPN20100021 with blay,., CKPN20160166 with blaypy,
CKPN20140654 with blagys.ss jie» CKPN20130418 with blayp,
CKPN20140712 with blay, and CKPN20150958 with blas.

For the assessment of specificity and sensitivity, 310
Enterobacteriaceae isolates from the National Laboratory
Surveillance for CRE from 2010 to 2017 were tested, which
were previously characterized using conventional PCR and/
or sequencing analysis. Among them, 201 strains carried
only 1 type of carbapenemase gene, and 24 strains carried
several combinations of one or more carbapenemase genes.
The remaining 85 strains had none of the 6 carbapenemase
genes. These strains included 26 Enterobacteriaceae species
5.6,7)» OXA-48 like (blaoxa.as, 181, 232), IMP (blap.1, 4.6), VIM (blayy.y,
,), and GES (blags._s). All CPE isolates were confirmed by both
the phenotypic method, and an in-house conventional PCR
method, as previously described [14,30].

2. DNA preparation

All bacteria were grown on tryptic soy agar at 37°C overnight.
Genomic DNA from the reference strains used for triplex RT-
PCR assay optimization was extracted using the Qiagen DNeasy
Blood & Tissue Kit (Qiagen GmbH, Hilden, Germany) according
to manufacturer’s instructions. The DNA concentration was
determined on a Nanodrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Dreieich, Germany). Serial dilutions
of genomic DNA were prepared, calculated, and adjusted to
cover the range of 10° to 10' to evaluate the limit of detection
of each triplex real-time PCR. In addition, specificity was
determined as the detection of a single carbapenemase
gene from the pooled sample of 6 different genetic types of
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Table 1. Distribution of CPE types and species by carbapenemase gene.

Carbapenemase CPE type (n) Species (n)
C. murliniae (1) | C. freundii (2) | C. koseri (1) | E. coli (6) | E. cloacae
Single- bla KPC-2 (46) | KPC-3 (5) | KPC-4 (17) | (5) | E. asburiae (1) | E. aerogenes (1) | E. hormaechei (1) |
producing Kpe KPC-12 (1) [ KPC-19 (4) K. pneumoniae (49) | K. oxytoca (1) [ K. variicola (1) |
R. ornithinolytica (2) | S. marcescens (1) [ H. alvei (1)
: 3 . C. freundii (2) | C. amalonaticus (1) [ K. pneumoniae (14) [ E. coli (11)
blaypm EBM_; gé?} 4\1%11?4“{[63(1(}} {\II\SIKAI\{I;ES) / | E. clqacge (5)./ E. aerogenes (1) | K. oxytoca (1) | M. morganii (1) /
R. ornithinolytica (1)
blaoya. s iike OXA-48 (3) | OXA-181 (2) /| OXA-232(21)  E.coli(5) | K. ascorbata (1) | K. oxytoca (1) | K. pneumoniae (19)
E. cloacae (7) | K. oxytoca (2) [ K. pneumoniae (12) [ Pantoea spp. (3)
blay, IMP-1 (20) / IMP-4 (4) | IMP-6 (1) I's. marcescens (1)
C. freundii (6) | E. coli (1) | E. hormaechei (1) | E. cloacae (3) | E.
blay, VIM-1 (5) /| VIM-2 (22) asburiae (2) | E. aerogenes (1) | K. oxytoca (2) | K. pneumoniae (9) |
K. variicola (1) [ S. marcescens (1)
C. freundii (1) | E. aerogenes (2) | E. cloacae (2) | K. oxytoca (2) |
blages ClEse (120 K. pneumoniae (3) [ S. marcescens (3)
KPC-2, NDM-1 (5) | KPC-2, VIM-1 (2) |
KPC-4, NDM-1 (2) | KPC-6, NDM-1 (1)
Co- " NDM-1, 0XA-232 (2) /| NDM-1,VIM-2 (1)  C freundii (5) [ K. pneumoniae (8) | E. asburiae (1) | E. cloacae (3)
producing /| NDM-1, GES-5 (2) | NDM-5, OXA-181 K. oxytoca (1) [ R. planticola (1) [ R. ornithinolytica (2)
(5)/ IMP-1, VIM-2 (2) / VIM-2, GES-5 (1)
| KPC-4, VIM-2, NDM-1 (1)
C. freundii (7) | C. koseri (2) [ E. aerogenes (8) [ E. cloacae (11) |
E. coli (9) | E. hormaechei (2) | E. asburiae (3) [ K. oxytoca (2) |
non-CPE - - K. pneumoniae (12) | M. morganii (5) | P. mirabilis (5) | P. vulgaris (2)

| P. penneri (1) [ P. hauseri (1) | P. Rettgeri (6) | P. favisporus (1) |
P. Stuartii (2) | S. marcescens (5) | R. planticola (1)

*Producing > 2 carbapenemase genes.

CPE = carbapenemase-producing Enterobacteriaceae; KPC = Klebsiella pneumoniae carbapenemase; NDM = New Delhi metallo-p-lactamase; OXA-
48 like = oxacillinase; IMP = imipenem-hydrolyzing; VIM = Verona integron-encoded metallo-p-lactamase; GES = Guiana extended-spectrum

B-lactamase.

carbapenemase.

For direct-colony PCR, DNA was extracted directly from the
bacterial colonies by boiling. In brief, 1-2 colonies of bacteria
were picked in a 1 uL loop and suspended in 100 uL of sterile
distilled water, and heated at 100°C for 10 minutes. The culture
supernatant (2 uL) was then used for real-time PCR. The total
turn-around time of DNA preparation was approximately 15
minutes.

3. Design of primer and probe sets for real-time PCR

There were two sets of triplex real-time PCR assays
developed: one (Rx1) targeting KPC, NDM, and OXA-48 like,
and the other (Rx2) targeting IMP, VIM, and GES. Primers
and probes were designed to amplify the targeted region of
each carbapenemase gene based on the conserved nucleotide
sequence to cover all known, and published subtypes from
the NCBI database (http://www.ncbi.nlm.nih.gov). Detailed
information of primer and probe sets is given in Table 2.
The PNA probes with superior binding affinity to a short
base sequence, were manufactured by the PNA synthesizer

(PANAGENE Inc., Daejeon, Korea), and labelled with different
fluorophores such as FAM (6-carboxyfluorescein), HEX
(4,4,7,2’,4',5’,7’-hexachloro-6-carboxyfluorescein), and ROX
(carboxy-X-rhodamine) dye for the respective target attached
to the 3’-end.

4. Optimization of two triplex real-time PCR assays

The assays (Rx1 and Rx2) were performed on the ABI7500
fast real-time PCR system (Applied Biosystems, Inc., Foster
City, CA, USA) using the Panagene triplex real-time PCR Mix
(PANAGENE Inc., Daejeon, Korea). The following parameters
were reviewed and optimized to ensure valid results of the
triplex real-time PCR: primer and probe concentration, input
DNA concentration, and reaction cycle conditions (Table 2).
The assays were carried out in a single tube with a 25 ulL
reaction volume containing the optimum concentration of each
component: 9 uL of 2.5x concentrated master mix, 0.5 uL of
each of 3 up- and downstream primer pairs, 0.25 uL of each of
3 probes, and 2 primers of DNA per reaction. Concentrations of
the primers and probes are listed in Table 2. The real-time PCR
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Table 2. Primers and probes for detecting the carbapenemase genes blaypc, blaypy, blaoxass iixes Pl@p, blayy, and blaggs.

. bla Primer and 06y Conc. of oligo Amplicon o
Reaction target Probe Sequence (5'-3') in Rxn (nM) (bp) Condition
KPCF TGACAACAGGCATGACGG 40
KPC KPCR GCGCATGAAGGCCGTC 600 121
KPC probe Dabcyl-GCAATACAGTGAT-FAM 5
NDM F GATCAAGCAGGAGATCAAC 120
95°C 15 min + 40x
Rx1 NDM NDM R GGCATAAGTCGCAATCC 400 111 (95°C 15 sec + 58°C 45
sec +72°C 15 sec)
NDM probe Dabcyl-CATCAGGACAAG-HEX 10
OXA-48 F CGTAGTTGTGCTCTGGAATGA 160
OXA-48 oxA-48R CATCCCACTTAAAGACTTGGTG 640 163
OXA-48 probe Dabcyl-AATAGCTTGATC-ROX 10
IMP F CATAGCGACAGCACRGG 160
IMP IMP R CCGCTAAATGAATTTKTRGCTTG 1000 124
IMP probe Dabcyl-AATAGCTTGATC-FAM 20
VIM F GTCTCATTGTCCGTGATG 40
95°C 15 min + 40x
Rx2 VIM VIM R TCGTCATGAAAGTGCGTGGA 400 141 (95°C 15 sec +58°C 45
sec +72°C 15 sec)
VIM probe Dabcyl-GATTGATACAGC-HEX 5
GESF TGGCTAAAGTCCTCTATGG 120
GES GESR TAGGAAAACCCGCTCGTAGTG 600 110
GES probe Dabcyl-GTGGCTGATCGG-ROX 10

KPC = Klebsiella pneumoniae carbapenemase; NDM = New Delhi metallo-p-lactamase; OXA-48 like = oxacillinase; IMP = imipenem-hydrolyzing;
VIM = Verona integron-encoded metallo-p-lactamase; GES = Guiana extended-spectrum p-lactamase.

involved the following steps: 15 minutes of initial denaturation
at 95°C, followed by 40 cycles of denaturation at 95°C for 15
seconds, annealing at 58°C for 45 seconds, and extension at
72°C for 15 seconds. The intensity of the fluorescent signal was
measured, and the cycle threshold (Ct) was determined as the
point at which the fluorescence reached the threshold value
in each reaction. The limit of detection of all target genes was
calculated as the mean Ct values using 10-fold serial dilutions
of DNA from each corresponding reference strains throughout
three independent PCR experiments.

Results

Confirmation that the single primer pair, and designed
probes produced the expected signal individually using
monoplex real-time PCR for each target gene alongside
positive-and negative-control DNA was performed.

Spiked serial-dilution PCRs for each of the 6 carbapenemase
genes were linear over a correlated well with KPC (R? = 0.995),

NDM (R? = 0.996), OXA-48 like (R* = 0.999), IMP (R* = 0.997),
VIM (R* = 0.997), and GES (R? = 0.991) over the entire range,
with efficiencies of at least 92.2%, 92.3%, 92.3%. 99.6%, 95.1%,
and 102.9%, respectively (Figure 1).

Three pairs of primers and probes were then pooled for
the individual triplex PCRs (Rx1 and Rx2), and the detailed
parameters were adjusted until the program that was effective
for the simultaneous differential amplification of the three
targets in a single reaction tube was found. Under these final
optimized conditions, all six K. pneumoniae reference strains
carrying only one type of carbapenemase gene, showed the
corresponding positive results for each of the 6 carbapenemase
genes tested by the two triplex real-time PCR assays, via
direct colony PCR (data not shown). Moreover, the newly
developed assays did not amplify DNA from isolates that
either lacked carbapenemase genes, or that harbored other
types of carbapenemase genes not included as targets of the
primers and probes. These results confirmed the simultaneous
amplification and accurate identification of the three targets in
each single reaction tube.
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Figure 1. Triplex real-time PCR efficiencies of 6 carbapenemases.

KPC = Klebsiella pneumoniae carbapenemase; NDM = New Delhi metallo-p-lactamase; IMP =
imipenem-hydrolyzing; VIM = Verona integron-encoded metallo-p-lactamase; GES = Guiana
extended-spectrum f-lactamase; PCR = polymerase chain reaction.

For specificity of evaluation, the test collection of 310
Enterobacteriaceae clinical isolates were applied to the two
new assays, which identified the corresponding target genes
in all 225 positive isolates. None of the 85 negative isolates
generated a positive signal. Detection of the 6 carbapenemase
genes (blaype, blaypy, blaoxa.as tixer Dlaoxa-as ties DAy, and blaggs)
showed 100% concordance between the previous conventional
PCR, and newly developed triplex real-time PCR methods based
on direct colony real-time PCR.

In all cases, the 6 target genes were detected with Ct values
ranging from 10 to 35 (Supplementary Table S1). There was
no significant difference in the Ct value range of triplex real-
time PCR between single gene-producing and co-producing
isolates. The interpretation of detection for each of the 6
carbapenemases was determined as a Ct value of 35 for the
two triplex real-time PCR assays. The sensitivity test for the 10-
fold serial dilutions of the bacterial suspensions experimentally
demonstrated that these triplex real-time PCR assays can
detect approximately 2 x 10* colony forming units carrying the
carbapenemase genes.

Discussion

Since the first report of non-metalloenzyme carbapenemase
in 1993, CPE have been identified in many countries [31].
However, until recently, CPE isolates were rarely detected in
the Korean antimicrobial resistance surveillance system (Kor-
GLASS), with a rate of less than 0.1% estimated in 2017 [30].
However, increasing awareness of the sharp increase of CPE
isolates reported from health settings prompted the need to
intensify the strict preparedness of control strategies for the
potential risks of the amplification and transmission of CPE
within individual institutions in Korea.

Above all, early screening, and confirmation of carbapenemase
producers cannot be overestimated for appropriate infection
control, and treatment in acute hospital settings [32]. There
is no perfect single laboratory diagnostic method available
for rapidly detecting all known carbapenemases. The routine
culture-based susceptibility tests to detect carbapenemase
producers generally require additional confirmatory tests, and
careful interpretation owing to varied levels of carbapenemase
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expression, and the poor specificity of some antibiotic
combinations [33,34].

In addition, some exceptional cases cannot be detected
with phenotypic testing methods, such as CPE with low-level
carbapenem resistance or susceptibility to carbapenems (e.g.,
KPC, GES enzymes) [35,36]. Moreover, the main drawback of
the phenotypic testing method is the prolonged turnaround
time of at least 24-72 hours. To overcome these limitations,
various molecular-based diagnostic methods have been
developed recently, as a first-line screening strategy of CPE
infection, which are now being employed in hospital settings
[37].

In this study the applicability of a triplex real-time PCR
assay was assessed in the routine diagnosis or surveillance
of CPE, to shorten the turnaround time of the previous
conventional PCR. Indeed, the triplex real-time PCR assay
capable of easily identifying more positive samples than the
previous conventional PCR method was optimized in this
study. Several factors were examined and adjusted to allow
for the simultaneous amplification of triple targets in a single
reaction tube. Consequently, the two triplex real-time PCR
assays showed similar sensitivities to those determined with
monoplex real-time PCR for each target gene. Importantly,
these assays also allowed for the definitive identification of
the most common 6 types of carbapenemase genes in Korea
and their variants, showing good concordance with previously
determined characteristics of clinical Enterobacteriaceae
isolates. Overall, these results indicate that the newly
developed triplex real-time PCR assay is an attractive tool
owing to the rapid turn-around time (approximately 2 hours),
and high sensitivity for CPE detection.

A key drawback of any PCR-based method targeting limited
types of carbapenemases is that other carbapenemase types
cannot be detected, including novel types [38,39]. Although
the distribution of carbapenemase types differs widely among
countries, even within regions, the representative 6 types of
carbapenemases targeted in this study accounted for more
than 97% of the total number of CPE strains collected by the
national laboratory surveillance system of CNSE in Korea [14].
Accordingly, these two assays are expected to cover a very
high proportion of CPE in the country. Nevertheless, further
research is needed to uncover novel carbapenemases or rare
enzyme types that were not included in these assays.

In addition, we intend to examine whether these assays
are applicable for the detection of carbapenemase genes in
other gram-negative bacteria such as Acinetobacter spp. and
Pseudomonas spp., and the feasibility of the assays in direct
testing of clinical specimens or environmental swabs for
screening of CPE carriage and/or patients in hospital settings.

Importantly, the entire assay flow, including DNA extraction,
and real-time PCR, can be completed within only 2 hours. This

fast turnaround time will markedly shorten the time to derive
results, representing a significant advantage for initiating
timely measures at a hospital and/or intensive care unit, and
primary settings for outbreaks of CPE reported in Korea.

Moreover, our proposed broad triplex real-time PCR
screening strategy would be suitable for epidemiologic surveys
in an outbreak situation.
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Supplementary materials are available at https://www.
kcdcphrp.org.
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