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Introduction

Carbapenems are a class of antibiotics with extensive

activity against gram-negative bacteria and some gram-

positive bacteria; they are especially effective in the

treatment of bacterial species that produce extended-

spectrum β-lactamases and are commonly used for this

indication [1]. Carbapenem antibiotics include imipenem

(IMP), meropenem, doripenem, and ertapenem (ETP).

Resistance to carbapenems is defined as tolerance to one

or more of the antibiotics in this class [2]. Carbapenem-

resistant Enterobacteriaceae (CRE) first emerged in the

1990s owing to misuse of carbapenems and have since

become a serious public health threat worldwide, as they

result in increased hospitalization periods, costs, and

patient mortality rates [1, 3, 4]. In addition, according to

the Antibiotic Resistance Threat Report by the Centers

for Disease Control and Prevention (CDC), the preva-

lence of CRE infections in the US is 1.3 million cases per

year, causing 1,100 deaths and costing approximately

$130 million in medical expenses [4].

CRE can be divided into two groups based on their

antibiotic resistance mechanisms: carbapenemase-

producing CRE (CP-CRE) and non-carbapenemase-
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producing CRE (non-CP-CRE) [5]. The primary

mechanism of antibiotic resistance in CP-CRE is the

production of carbapenem-degrading enzymes, whereas

the mechanisms in non-CP-CRE include changes in the

outer membrane proteins, overproduction of antibiotic-

degrading enzymes (such as AmpC) and extended-

spectrum β-lactamases, and production of run-off pumps

[6−8].

In Korea, the first case of CP-CRE was reported in

December 2010 [9, 10]. In 2017, the KCDC designated

CRE infections as class III infectious diseases following

the 2015−2016 epidemic. These were subsequently

revised to class II infectious disease agents with a rela-

tively high proliferation rate, and as of January 2020,

patients with these infections are required to undergo

isolation [11, 12]. To effectively manage CRE propaga-

tion, active surveillance is recommended to actively

identify carriers at home and abroad [13, 14].

Therefore, screening tests are conducted to minimize

CRE propagation through early identification of CRE

carriers in all patients at admission, regardless of prior

contact with a CRE-infected person [13, 14]. During a

previous study, only 16.5% of CRE carriers developed an

infection whereas the majority remained asymptomatic

[15]. Active monitoring of CRE has been reported to

reduce in-patient infections and mortality by enabling

early initiation of antibiotic treatment [16].

Molecular detection of carbapenemase-producing

genes using polymerase chain reaction (PCR), or DNA

sequencing is highly sensitive and specific; however, the

need for substantial expertise and expensive equipment

as well as high diagnostic costs limit their widespread

use in laboratories [17]. Therefore, this study aimed to

shorten the enrichment time required by standard meth-

ods to reduce the overall cost of testing and encourage

hospitals to implement regular screening.

Materials and Methods

Ethics
This study was performed in accordance with the ethical

guidelines presented in the Declaration of Helsinki, and

the research protocol was approved by the Institutional

Review Board of the BHS Hanseo Hospital, Busan,

Korea (IRB Number: CTS-19-005) prior to the start of

the study. The requirement for informed consent was

waived by the review board as all experimental data

were obtained through routine patient care activities

and all samples were anonymized, meaning there was

no extra risk to patients or personal data required for

participation.

Specimen collection
CRE screening among high-risk patients, regardless of

symptoms, was carried out in the Department of Diag-

nostic Medicine at Hospital B located in Busan, Korea,

between mid-October and November 2017. Two rectal

swabs were collected from each patient, transferred to

the laboratory in transport medium (Asan, Korea), and

cultures performed immediately thereafter. 

Culture method for clinical specimens
Direct inoculation. Of the two swabs placed in a single

transport medium tube, one was used to directly inocu-

late both MacConkey (Asanpharm, Korea) and CHRO-

MID Carba medium (bioMérieux, France) and the other

was retained and preserved. The inoculated plates were

incubated overnight at 35 ± 2℃, in ambient air (Fig. 1A).

Enrichment culture. The same sample swab that was

used for direct inoculation was used to inoculate a culture

tube containing trypticase soy broth. Rectal swabs were

used for direct inoculation into a culture tube containing

a trypticase soy broth (TSB; Difco Laboratories, USA)

and a 10 µg ETP disk (BBL, USA) and were allowed

enrichment times of 3, 6, and 24 h at 35 ± 2℃ (Fig. 1B).

The enriched cultures were adjusted to 0.5 McFarland

according to the Clinical and Laboratory Standards

Institute (CLSI) guidelines and then diluted in isotonic

sodium chloride solution to a final ratio of 1:10 [18]. The

samples were inoculated using three different media

conditions, MacConkey agar (with and without an ETP

disk) and CHROMID Carba medium, and were cultured

for 24 h at 35 ± 2℃ (Fig. 1C).

For isolation on McConkey medium with an ETP disk,

100 μl of the diluted bacterial suspension was thinly

spread onto MacConkey medium using a cotton swab.

After 3−5 min of drying, a 10 μg ETP disk was planted

onto the inoculated media, followed by culture for 24 h

(Fig. 1D). Among the colonies growing within a 21 mm

radius around the ETP disk, single colonies that were

suspected to be Enterobacteriaceae were selected for
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species identification and antimicrobial susceptibility

testing [19].

Bacterial isolates and antimicrobial susceptibility testing 
Clinical isolates were identified by using standard

microbiological procedures and VITEK-2 (bioMérieux).

The identification of all isolates was confirmed by 16S

rDNA sequencing [20].

Susceptibilities to the following antimicrobials were

determined using VITEK 2 AST N224 cards (Vitek;

bioMérieux): amoxicillin-clavulanic acid (AMC),

piperacillin-tazobactam (TZP), ampicillin (AMP),

cefazolin (CFZ), cefoxitin (FOX), cefotaxime (CTX),

ceftazidime (CAZ), cefepime (FEP), aztreonam (ATM),

amikacin (AMK), gentamicin (GEN), trimethoprim-

sulfamethoxazole (SXT), ciprofloxacin (CIP), tigecycline

(TGC), colistin (CST), ETP, and IMP. In the case of IMP,

ETP, and meropenem resistance, zone diameter was

confirmed using the Kirby-Bauer disk diffusion method

on Mueller-Hinton agar (Becton Dickinson, USA).

Strains that demonstrated resistance or sensitivity to

any one of the three carbapenem antibiotics tested were

classified as resistant and sensitive strains, respectively.

The antibiotic susceptibility tests and minimum inhibi-

tory concentration (MIC) breakpoint interpretations

were performed according to CLSI guidelines [18].

Colistin susceptibility was determined by the broth

microdilution method with freshly prepared cation-

adjusted Mueller-Hinton broth, following the CLSI

guidelines [18].

Carbapenemase differential test
The carbapenem inactivation tests were performed

according to the methods of Tsai et al., with some modifi-

cations [21]. Briefly, an inoculation loop was used to

resuspend isolated CRE colonies in two culture tubes

containing 2 ml of TSB and either a 10 μg meropenem

disk (BBL), only (mCIM), or supplemented with 5 mM

EDTA (eCIM). Both tubes were incubated at 35℃ for

4 h ± 15 min. EDTA addition to the eCIM test results in

Fig. 1. Schematic of the overall experimental procedure. Rectal swab specimens were enriched in trypticase soy broth for 3, 6,
and 24 h at 35 ± 2℃. The enriched cultures were then inoculated onto MacConkey medium, CHROMID Carba medium, and
MacConkey medium containing an ETP disk. (A) Rectal swabs were used for direct inoculation on MacConkey and CHROMID Carba
media. (B) Another batch of rectal swabs were placed in trypticase soy broth containing a 10 µg ETP disk and enriched for 3, 6, and
24 h at 35 ± 2℃. (C) The samples were then inoculated on MacConkey and CHROMID Carba media and cultured for 24 h at 35 ± 2℃.
(D) For isolation on McConkey medium with an ETP disk, 100 μl of the diluted bacterial suspension was thinly spread onto
MacConkey medium using a cotton swab. After 3-5 min of drying, 10 μg ETP disk was planted onto the inoculated media, followed
by culture for 24 h. 
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the chelation of metal ions necessary for metallo-β-lact-

amase function. Strains that grow in mCIM produce car-

bapenemases which allow the growth of the reference

strain. mCIM positive isolates were then tested using

eCIM. Growth of the reference strain in both tests indi-

cated the production of serine-based carbapenemases;

reference strain growth in mCIM, but not in eCIM indi-

cated the production of metallo-based carbapenemases.

The carbapenemases differential test was carried out as

follows. The meropenem disks were transferred to Muel-

ler-Hinton agar inoculated with a carbapenem-suscepti-

ble Escherichia coli ATCC 25922 strain and the plates

were incubated at 35℃ for 16 to 20 h [21]. Following

overnight incubation, the zones of inhibition were mea-

sured to determine whether meropenem had been

hydrolyzed (growth of the indicator organism close to the

disk) or was still active (a large zone of inhibition around

the disk) [22].

Inhibition zone diameters were measured and inter-

preted according to CLSI guidelines [20]. Briefly, for

mCIM, a 6−15 mm zone diameter or pinpoint colonies

within 16−18 mm of the disk indicated the presence of

active carbapenemases. The eCIM results, in contrast,

were interpreted relative to a positive mCIM result

for the respective isolate. The presence of metallo-β-

lactamases was indicated if a zone diameter increase of

≥ 5 mm for eCIM was observed compared with that for

mCIM.

Detection of resistance genes. PCR was performed for

the detection of the carbapenemase genes (blaKPC,

blaKPC-2, blaIMP-1, blaVIM-2, blaNDM, blaGES, and blaOXA-48-

like) in Klebsiella pneumoniae strains as previously

described [23]. The primer sequences and amplicon sizes

are indicated in Table 1. Briefly, for each reaction, 5 μl

DNA extract was added to a reaction mixture compris-

ing 0.7 U of Taq DNA polymerase (Doctor protein INC,

Korea), 10× Taq buffer (2.5 μl) (Doctor protein INC),

10 mM dNTP mix (0.5 μl), 10 pmol of each primer, and

distilled water added to obtain a 25 µl reaction volume.

The reaction cycling conditions were as follows: 95℃ for

5 min, followed by 35 cycles of 95℃ for 30 s, 45−58℃ for

30 s, and 72℃ for 90 s (Table 1). A final extension step of

72℃ for 10 min was then carried out. The amplicons

were visualized by performing 1% agarose gel electro-

phoresis and were then purified using a standard ampli-

con purification kit (Thermo Scientific, USA). The

purified products were sequenced using a 3730xl DNA

analyzer (Applied Biosystems, Weiterstadt, Germany),

and the nucleotide sequences were analyzed using the

Table 1. β-lactamase primers for PCR identification of resistance determinants.

Gene Primer Sequence (5’-3’) Amplicon size (bp) Annealing temperature (°C)

VIM
VIM_F ATTGGTCTATTTGACCGCGTC 

780 58
VIM_R TGCTACTCAACGACTGAGCG

IMPase
IMP_F CATGGTTTGGTGGTTCTTGT

488 45
IMP_R ATAATTTGGCGGACTTTGGC

NDM
NDM_F TGGAATTGCCCAATATTATGC 

813 45
NDM_R TCAGCGCAGCTTGTCGGCCATGC

OXA-48
OXA-48_F TTGGTGGCATCGATTATCGG 

743 45
OXA-48_R GAGCACTTCTTTTGTGATGGC

GES
GES_F ATGCGCTTCATTCACGCAC 

863 56
GES_R CTATTTGTCCGTGCTCAGGA

KPC-2
KPC-2_F ATGTCACTGTATCGCCGTCT

893 52
KPC-2_R TTTTCAGAGCCTTACTGCCC

KPC
Kpc_F CTGTCTTGTCTCTCATGGCC

795 52
Kpc_R CCTCGCTGTGCTTGTCATC

VIM, Verona integron-encoded metallo-β-lactamases; IMPase, imipenemase; NDM, New Delhi metallo-β-lactamase; OXA-48, oxacillinase; GES,
Guiana extended-spectrum; KPC, Klebsiella pneumoniae carbapenemase.
27. Jeong S, Kim JO, Jeong SH, Bae IK, Song W. 2015. Evaluation of peptide nucleic acid-mediated multiplex real-time PCR kits for rapid detec-
tion of carbapenemase genes in gram-negative clinical isolates. J. Microbiol. Methods. 113: 4-9.
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Basic Local Alignment Search Tool (https://blast.ncbi.

nlm.nih.gov/Blast.cgi). 

Statistical analysis. Receiver-Operating Characteristic

(ROC) curve analysis was used for determining the sen-

sitivity and specificity of carbapenem-resistant Entero-

bacteriaceae (CRE) detection from different samples.

Results

Specimen characteristics
Twenty-four isolates were obtained from the forty-

nine rectal swabs through the methods of inoculation fol-

lowing enrichment and direct inoculation. Of these, 19

were CRE strains and 5 were carbapenem-intermediate

Enterobacteriaceae (CIE). Out of the 19 CRE strains iso-

lated, 13 were CP-CRE. The identified CRE strains

included sixteen (84.2%) isolates of K. pneumoniae, two

of (10.5%) E. coli, and one of (5.3%) Klebsiella aerogenes

isolate (Fig. 2A−C). The CRE-infected patients had a

mean age of 78.5 years, and 11 out of 19 were male.

CRE detection rate
Following direct culture, 16/19 (81.25%) and 17/19

(88.24%) CRE strains were isolated from MacConkey

and CHROMID Carba media, respectively. Similarly,

after 3 h of enrichment, 16/19 (81.25%) and 17/19

(88.24%) CRE strains were isolated on MacConkey and

CHROMID Carba media, respectively, whereas on the

MacConkey medium containing an ETP disk, 17/19

strains (88.24%) were isolated. After 6 h of enrichment,

the detection rates were the same for all three media (19/

19 strains, 100%). However, after 24 h of enrichment, 21,

22, and 24 strains were isolated on MacConkey medium,

CHROMID Carba medium, and MacConkey medium

containing an ETP disk, respectively. 

The number of positive cultures obtained following

24 h of enrichment in MacConkey medium (n = 21),

CHROMID Carba medium (n = 22), and MacConkey

medium containing an ETP disk (n = 24) was higher

than that obtained following 6-h enrichment (n = 19, 19,

and 19, respectively). The sensitivity and specificity of

CRE identification were higher after 6 h of enrichment

than with direct culture or enrichment for 3 or 24 h

(Fig. 3). Therefore, the additional strains that were iso-

lated after 24 h of enrichment were regarded as false

positives and they were removed with carbapenemases

treatment. It is possible that the concentration of antibi-

otics in the medium had been reduced over time, which

would have allowed the growth of non-CRE.

Among the 24 strains, 19 were identified as CRE, and

the false positive rate of 24 h enrichment culture was

9.52% (MacConkey agar), 13.64% (CHROMID Carba),

and 20.83% (MacConkey medium containing an ETP

disk). On CHROMID Carba agar, the specificity was

1.07 after direct inoculation, and 1.06, 1.00, and 0.90

when inoculated following 3 h, 6 h, and 24 h of enrich-

ment cultures, respectively (Fig. 3). On MacConkey

medium containing an ETP disk, the specificity was 1.07

after 3 h inoculation, and 1.00 and 0.90 when inoculated

following 6 h and 24 h enrichment cultures, respectively.

Antimicrobial susceptibility testing
MIC results for all the isolated strains showed that 19

strains were resistant to IMP and ETP, whereas five

strains were ETP-sensitive or -intermediate. In IMP-

resistant strains, the MIC was 4 µg/ml.

Disk diffusion assay using IMP, ETP, and meropenem

Fig. 2. Patient characteristics. Results are based on the
direct inoculation method. (A) Bacterial strains were identified
according to their antimicrobial susceptibilities: 19 carbapenem-
resistant Enterobacteriaceae (CRE) strains, 18 carbapenem-
sensitive Enterobacteriaceae (CSE) strains, 5 carbapenem-
intermediate Enterobacteriaceae (CIE) strains, and 7 no growth
(N-G) strains. (B) Distribution of all strains according to patient
gender. (C) Distribution of the genotypes of the CRE isolates
(n = 19).  
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revealed resistance in 19 strains and sensitivity in five

strains. Broth microdilution revealed that, based on the

MIC values, 19 strains showed resistance, and five strains

were susceptible to all carbapenem antibiotics tested.

Antimicrobial susceptibility testing showed that the

19 strains were resistant to penicillin, most cephalo-

sporins, carbapenems, and monobactams. The tolerance

rates to GEN, TGC, and SXT were 50%, 48%, and 17%,

respectively. No strain was found to be resistant to AMK

(Table 2).

Carbapenemase (class A, B, D) differential test
Table 2 shows the results of carbapenemase differen-

tial testing. Of the 24 strains tested for eCIM and

mCIM, 13 strains were mCIM-positive indicating car-

bapenemase production in the isolates. 

Detection of carbapenemase genes
Among the 19 CRE isolates, 13 showed positivity for

the KPC-2 gene of which 12 were in. K. pneumoniae and

one was in E. coli. However, no strain was confirmed to

carry blaIMP, blaVIM, blaNDM, blaGES, and blaOXA-48.

Discussion

CRE infections are associated with high medical

expenses and poor prognosis because their resistance to

first-line antibiotic treatment limits therapeutic options

[24]. Therefore, understanding the mechanism of antibiotic

resistance in bacteria is extremely important for infec-

tion control and epidemiological studies. Therefore, a

quick and effective detection method for CRE strains is

essential as a countermeasure to avoid therapeutic failure

as well as to prevent and control the spread of these

multidrug-resistant bacteria. Here, the average age of

the participants was 78.5 years which is in line with

previous reports of CRE infections being more common

among older populations [25]. The Korea Center for

Table 2. Antimicrobial susceptibilities of carbapenem-resistant Enterobacteriaceae isolates and phenotypes.

Isolate (N)

Susceptibility Carbapenemase detection test
 n (%)

Gene type
 n (%)n (%) of isolates

FEP AMK GEN TGC SXT CST eCIM mCIM KPC-2

CRE strains (19) 0 (0) 18 (94.7) 7 (36.8) 11 (57.9) 3 (15.8) 19 (100) 0 13 (68.4) 13 (68.4)

CIE strains (5) 2 (40%) 5 (100) 2 (40) 5 (100) 5 (100) 5 (100) 0 0 0

CRE, carbapenem-resistant Enterobacteriaceae; CIE, carbapenem-intermediate Enterobacteriaceae; KPC-2, Klebsiella pneumoniae carbapenemase;
FEP, cefepime; AMK, amikacin; GEN, gentamicin; TGC, tigecycline; SXT, trimethoprim-sulfamethoxazole; CST, colistin; eCIM, EDTA-modified
carbapenem inactivation method; mCIM, modified carbapenem inactivation method.

Fig. 3. Receiver-Operating Characteristic (ROC) curve. ROC curve for determining the sensitivity and specificity of carbape-
nem-resistant Enterobacteriaceae (CRE) detection from different samples. Inoculating with 6- and 24-h-enriched cultures
resulted in higher specificity and sensitivity of CRE detection. (A) MacConkey medium. (B) CHROMID Carba medium. (C) MacConkey
agar with an ertapenem disk. The Direct line of Fig. 3A and 3B overlaps the 3 h-enriched cultures line. 
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Disease Control and Prevention (KCDC) reported that

most CRE infections occur in general hospitals. This

trend may also be indicative of a potential increase in

CRE infection rates in convalescent hospitals [24]. 

Therefore, rapid and accurate identification of CRE in

these settings is important to implement infection

control measures, which include isolation of patients

with CRE infections. The general methods of CRE detec-

tion used in the diagnosis of CRE infections include the

disk diffusion test, broth microdilution method, and

using automated systems. However, isolating CRE

according to the CLSI guideline takes an average of 4 to

5 days and slow diagnosis increases the burden on

patients, caregivers, and medical personnel. As a prompt

infection control strategy, the rapid detection of multidrug-

resistant bacteria by identifying asymptomatic carriers

is expected to reduce the spread of multidrug-resistant

bacteria.

Rapid molecular methods, such as Xpert Carba-R

(Cepheid, USA), can be directly implemented for detect-

ing K. pneumoniae carbapenemases, New Delhi metallo-

β-lactamase, Verona integron-encoded metallo-β-lact-

amase, imipenemase, and oxacillinase genes [26]. How-

ever, since PCR apparatuses are not readily available in

convalescent and general hospitals, rapid and accurate

bacterial detection through microorganism culture-

based methods would be extremely useful if made

widely available. Thus, this study aimed to investigate

the benefits of a shortened enrichment time for CRE

bacterial cultures compared with that of the direct cul-

ture, which is the current standard, for the accurate and

rapid detection of CRE. This method was tested using 49

swabs and yielded 24 isolates (CRE:19, CIE:5) from a

general hospital in Korea.

In this study, before bacterial identification, bacterial

suspensions were first enriched in an enrichment

medium containing an ETP disk for 3 h, 6 h and 24 h at

35 ± 2℃, followed by inoculation of the enriched bacterial

suspension on MacConkey agar, CHROMID Carba

media, on the MacConkey medium containing an ETP

disk and incubation for 24 h at 35 ± 2℃. 

Previous studies have shown that the number of CRE

positive results increases when BHI Broth of higher con-

centrations is used [27]. However, as the growth of intes-

tinal bacteria exponentially increases after 1 h, reducing

the enrichment time might be useful to shorten the overall

bacterial detection process. For this purpose, different

enrichment times of 3, 6, and 24 h were tested.

This study revealed that 6 h of enrichment in TSB

resulted in higher sensitivity and specificity of CRE

detection compared with the 24 h of direct culture, which

corresponds to the average duration of a bacterial

growth cycle. Furthermore, 3 h of enrichment resulted in

low sensitivity, whereas 24 h of enrichment led to low

specificity. The results also showed that although direct

culture in MacConkey or CHROMID Carba media may

accelerate diagnosis, it reduced the accuracy of CRE

detection. 

We acknowledge that this study had several limita-

tions. First, this experiment was conducted using only

49 rectal swab samples. Future studies with larger sam-

ple sizes should be conducted. strains carrying the KPC-

2 gene were selected as representatives of the isolated

carbapenemase-producing Enterobacteriaceae (CPE)

strains; thus, the results need to be verified using

strains carrying other CPE genes. Second, the identifica-

tion of false positive CRE strains in 24-hour enrichment

cultures seems to have been caused by a decreased titer

of antibiotics over time. In this regard, antibiotic concen-

tration tests should be accompanied.

Future studies should develop an effective infection

management strategy following the identification of

CRE. 

In conclusion, in this study, an improved method to

detect CRE with high rapidity and accuracy by shorten-

ing the enrichment time was successfully developed.

Since CRE is of great concern in a clinical setting, this

study provides valuable insight into the detection of

CRE in rectal swab samples. 
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