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ABSTRACT

Objectives: This study aimed to evaluate the diagnostic performance of the combination
disk method and carbapenem inactivation method (CIM) for detecting carbapenemase pro-
duction in Enterobacterales isolates with reduced susceptibility or resistance to carbapen-
ems, using real-time multiplex polymerase chain reaction (PCR) as the reference method.

Materials and Methods: Enterobacterales isolates obtained from clinical samples between
2015 and 2016, which were at least minimally susceptible or resistant to at least one car-
bapenem, were included in the study Phenotypic evaluation was performed using the
KPC&MBL&OXA-48 combination disk kit (Liofilchem, Italy), which detects Klebsiella pneumo-
niae carbapenemase (KPC), metallo-p-lactamase (MBL), and OXA-48-type carbapenemases.
In addition, the CIM method was applied. For genotypic confirmation, the KPC, OXA-48, and
New Delhi metallo-g-lactamase (NDM) genes were investigated using the BD MAX™ CRE
Assay (Becton, Dickinson and Company, Sparks, MD, USA). Diagnostic accuracy parameters
and the agreement coefficient (k) were calculated for the index tests.

Results: A total of 111 Enterobacterales isolates were analyzed. The majority of isolates
were K. pneumoniae (n=80; 72.1%) and Escherichia coli (n=20; 18.0%). Carbapenemase genes
were detected in 90 isolates by real-time multiplex PCR. The OXA-48 gene predominated
(68.5%), while OXA-48+NDM (9.9%) and NDM (2.7%) were also detected; KPC was not detect-
ed. The sensitivity and specificity of the temocillin resistance-based phenotypic approach
for predicting the presence of OXA-48 or OXA-48+NDM were 100.0% and 95.8%, respectively
(k=0.97). The MBL phenotype of isolates carrying NDM showed complete agreement with
multiplex PCR for carbapenemase detection using the CIM test (sensitivity and specificity
100%, k=1.00).

Conclusion: The carbapenem inactivation method demonstrated high diagnostic accuracy
for detecting carbapenemase production. The combination disk method, including temocil-
lin resistance and ethylenediaminetetraacetic acid (EDTA)-based evaluation, showed strong
performance in predicting OXA-48- and NDM-associated carbapenemases. However, in en-
demic regions, phenotypic results should ideally be confirmed by molecular methods.
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Phenotypic and Genotypic Comparison for Carbapenemase Detection

INTRODUCTION

'EI nterobacterales are among the most import-

ant causative agents of both community-ac-
J_l quired and hospital-acquired infections (1).
They are major causes of urinary tract infections
and bloodstream infections, which are associated
with significant morbidity and mortality (1,2). In
particular, the development of carbapenem resis-
tance has become a major public health concern
because it significantly limits treatment options (3).
Carbapenem resistance may arise through several
mechanisms, including p-lactamase production,
decreased outer membrane permeability, increased
efflux pumps, or genetic transfer of carbapenemase
genes (4).

According to the Ambler classification system, car-
bapenemases are grouped into three classes: A, B,
and D (3). Among these, the most well-character-
ized carbapenemases include enzymes such as
Klebsiella pneumoniae carbapenemase (KPC; class
A), New Delhi metallo-B-lactamase (NDM; class B),
and oxacillinase-48 (OXA-48; class D) (3). OXA-48-
like enzymes have been reported to play a partic-
ularly important role in Turkiye and neighboring
countries, while NDM may occur either alone or in
combination with OXA-48 (5). Accurate and rapid
identification of these resistance mechanisms is
important for both appropriate antimicrobial ther-
apy selection and timely implementation of infec-
tion control measures (6).

Various phenotypic and genotypic methods have
been developed to screen for and confirm carbap-
enemase production in Enterobacterales species
(7,8). Combination disk tests can help predict resis-
tance mechanisms such as KPC and metallo-B-lact-
amase (MBL) based on inhibitor-related differences
in inhibition zone diameters (9,10). For OXA-48-like
enzymes, temocillin resistance may be used as a
phenotypic indicator (10,11). The carbapenem inac-
tivation method (CIM) aims to functionally demon-
strate carbapenemase activity and stands out as a
low-cost approach (7). Because the performance of
phenotypic tests may vary depending on the proto-
col used, threshold values, and local epidemiologi-
cal characteristics, it is important to validate these
methods under local laboratory conditions.
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The aim of this study was to evaluate the diagnostic
performance of the combination disk method and
CIM in detecting carbapenemase production in En-
terobacterales isolates with reduced susceptibility
or resistance to carbapenems, using real-time mul-
tiplex polymerase chain reaction (PCR) as the refer-
ence method.

MATERIALS AND METHODS

This diagnostic accuracy and method comparison
study investigated the presence of carbapenemase
in Enterobacterales isolates with reduced suscepti-
bility or resistance to carbapenems obtained from
clinical culture samples. The results of the combi-
nation disk method and CIM were compared with
real-time multiplex PCR results used as the refer-
ence standard.

Enteric Gram-negative bacterial isolates obtained
from clinical samples sent to the Microbiology Lab-
oratory of Sivas Cumbhuriyet University Faculty of
Medicine Hospital between 2015 and 2016 were
evaluated.

The inclusion criterion was identification by
the matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI
-TOF MS) (Bruker Daltonics, Bremen Germany)
and reporting as minimally susceptible or resis-
tant to at least one of the carbapenems (ertape-
nem, imipenem, or meropenem) according to the
European Committee on Antimicrobial Suscepti-

HIGHLIGHTS

e The phenotypic combination disk method and
carbapenem inactivation method (CIM) were
evaluated against multiplex PCR.

e OXA-48 was the predominant carbapenemase,
followed by NDM and OXA-48+NDM.

e Temocillin resistance accurately predicted OXA-
48 or NDM (sensitivity 100% and specificity
95.8%).

e EDTA-based MBL phenotyping detected NDM-pos-
itive isolates with complete agreement (k=1.00).

e CIM showed 100% sensitivity and specificity for
detecting carbapenemase production (k=1.00).



bility Testing (EUCAST) criteria using the BD Phoe-
nix 100 automated antimicrobial susceptibility
testing system (BD Diagnostics, Sparks, MD, USA)
(12).

Power analysis (a=0.05, p=0.10, and (1-p)=0.90) in-
dicated that a sample size of 111 isolates would be
sufficient. The statistical power of the study was
calculated as 0.9041.

Test Methods

Combination Disk Method

The KPC&MBL&OXA-48 disk kit (Liofilchem, Italy)
was used for the phenotypic detection of carbap-
enemase production (13). The kit consists of five
disks: MRP, MR+ED, MR+BO, MR+CL, and TMO, cor-
responding to meropenem (10 jg), meropenem+
ethylenediaminetetraacetic acid (EDTA), meropen-
em + phenylboronic acid, meropenem + cloxacillin,
and temocillin (30 pg), respectively.

The method is based on inhibition of Class A car-
bapenemases, including KPC, by phenylboronic
acid, and inhibition of class B carbapenemases—
imipenemase (IMP), NDM, and Verona integron-en-
coded metallo-B-lactamase (VIM)—by EDTA. Class
D carbapenemases such as OXA-48 are indicated by
temocillin resistance.

A bacterial suspension prepared from a pure cul-
ture at a turbidity equivalent to 0.5 McFarland was
inoculated onto a Mueller-Hinton agar using a ster-
ile swab. After placement of the disks included in
the test kit, the plates were incubated at 36+1°C for
18-24 hours and then evaluated.

Evaluation was based on differences in inhibition
zone diameters between the meropenem disk and
the disks containing inhibitors. An increase of >4
mm in the inhibition zone diameter with the MR+-
BO disk, together with increases of <5 mm in the
MR+ED and MR+CL disks, was interpreted as con-
sistent with KPC production. Metallo-p-lactamase
production was defined as an increase of >5 mm in
the MR+ED disk together with MR+BO <4 mm and
MR+CL <5 mm. The profile suggesting AmpC pro-
duction with porin loss or efflux mechanisms was
defined as MR+BO 24 mm together with MR+CL
>5 mm.
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Carbapenem Inactivation Method (CIM)

Ten microliters of the bacterial colony to be tested
were added to a tube containing 400 pL of distilled
water. A 10-pg meropenem disk was placed in the
prepared bacterial suspension and incubated at
36x1°C for two hours.

The disk was subsequently transferred onto Muel-
ler-Hinton agar previously inoculated with the
carbapenem-susceptible E. coli ATCC 25922 strain
prepared at a turbidity equivalent to 0.5 McFarland
and incubated at 36+1°C for six hours. Growth of E.
coli around the disk was interpreted as carbapene-
mase production (8).

Real-Time Multiplex PCR Method

For genotypic confirmation, KPC, OXA-48, and NDM
genes were investigated using the BD MAX™ sys-
tem (BD Diagnostics, Sparks, MD, USA) with the BD
MAX™ CRE Assay.

A suspension with a turbidity equivalent to 0.5 Mc-
Farland was prepared in 4.5 mL of physiological sa-
line (108 cfu/mL) using colonies obtained from pure
culture plates. The suspension was diluted to a final
concentration of 1 x 10* CFU/mL. Ten microliters
of this suspension were transferred to the sample
buffer tube provided with the kit. After vortexing,
the system components were loaded according to
the manufacturer's instructions.

The BD MAX™ system automatically performed ly-
sis, DNA extraction, amplification, and signal inter-
pretation and included an internal control. Results
were reported as positive or negative (14).

Index tests and the reference standard test were
performed sequentially using fresh subcultures
obtained from the same isolate. As the study was
conducted in vitro, no clinical intervention occurred
between the index and reference tests.

Statistical Analysis

Descriptive data were presented as numbers (n)
and percentages (%). Statistical analyses were per-
formed using IBM SPSS Statistics version 22.0 (IBM
Corp., Armonk, NY, USA). The distribution of test
results by type was evaluated using the chi-square
test or Fisher's exact test.

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0 International License.
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Table 1. Characteristics of Enterobacterales isolates.

Characteristics n (%)
Species

Klebsiella pneumoniae 80 (72.1)
Escherichia coli 20 (18.0)
Klebsiella oxytoca 4(3.6)
Serratia marcescens 3(2.7)
Enterobacter cloacae 2(1.8)
Enterobacter aerogenes 1(0.9)
Citrobacter freundii 1(0.9)
Clinical samples

Urine 59 (53.2)
Wound 17 (15.3)
Respiratory 16 (14.4)
Blood culture 10 (9.0)
Other? 9(8.1)
Clinics units

Intensive care unit 48 (43.2)
Internal medicine 37 (33.4)
Surgical units 26 (23.4)

20ther: Catheter (4), vaginal swab (3), chest tube (1), and nasal swab (1).

Table 2. Distribution of index test results according to species.

In diagnostic accuracy analyses, multiplex PCR re-
sults were accepted as the reference standard, and
sensitivity, specificity, positive and negative pre-
dictive values were calculated. Ninety-five percent
confidence intervals (CI) were determined using the
Clopper-Pearson exact method.

Agreement between index tests and multiplex PCR
was assessed using Cohen's kappa (k) coefficient. A
p-value <0.05 was considered statistically significant.

RESULTS

Distribution Profile of Enterobacterales Isolates
The study included Enterobacterales isolates with
reduced susceptibility or resistance to carbapenems.
A total of 111 isolates meeting the inclusion criteria
were analyzed. Klebsiella pneumoniae and E. coli were
the predominant species among the isolates (Table 1).

Isolates were most frequently obtained from urine
samples, followed by wound and respiratory tract
samples. A substantial proportion of isolates origi-
nated from the intensive care unit.

Index Test Results

The distribution of the combination disk method
and CIM results according to bacterial species is
presented in Table 2.

Combination disk method, n (%) CIM, n (%)

Species (n) n

KPC MBL OXA-48-like | MBL+OXA-48-like | AmpC+porin loss Negative Positive Negative
K. pneumoniae 80 0(0.0) 0(0.0) 60 (75.0) 8(10.0) 0(0.0) 12 (15.0) 67 (83.8) 13 (16.2)
E. coli 20 0(0.0) 0(0.0) 11 (55.0) 2(10.0) 0(0.0) 7 (35.0) 13 (65.0) 7 (35.0)
K. oxytoca 4 0(0.0) | 2(50.0) 2 (50.0) 0(0.0) 0(0.0) 0(0.0) 4(100.0) 0(0.0)
S. marcescens 3 0(0.0) 0(0.0) 3(100.0) 0(0.0) 0(0.0) 0(0.0) 3(100.0) 0(0.0)
E. cloacae 2 0(0.0) | 1(50.0) 0(0.0) 1(50.0) 0(0.0) 0(0.0) 2(100.0) 0(0.0)
E. aerogenes 1 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(100.0) 0(0.0) 1 (100.0)
C. freundii 1 0(0.0) 0(0.0) 1(100.0) 0(0.0) 0(0.0) 0(0.0) 1 (100.0) 0(0.0)
Total 11 | 0(0.0) 3(27) 77 (69.4) 11(9.9) 0(0.0) 20 (18.0) 90 (81.1) 21(18.9)

KPC: Klebsiella pneumoniae carbapenemase; MBL: Metallo-p-lactamase; CIM: Carbapenem inactivation method; OXA-48-like: OXA-48-type carbapenemase phenotype;
AmpC: AmpC p-lactamase.
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Using the combination disk method, most isolates
were classified as having an OXA-48-like phenotype.
KPC and AmpC/porin loss phenotypes were not de-
tected in any isolates. The distribution of the MBL
phenotype according to species was statistically sig-
nificant (x?=22.14; p=0.001), whereas no significant
difference was found in the distribution of the OXA-
48-like phenotype between species (x2=12.07; p=0.06).

The majority of isolates tested positive in the CIM
test. No statistically significant difference was ob-
served in CIM positivity across species (x?=10.36;
p=0.16).

Carbapenemase Gene Distribution

Multiplex PCR analysis revealed that 90 (81.1%) of
the Enterobacterales isolates carried at least one
carbapenemase gene, while 21 (18.9%) were nega-
tive (Table 3).

Among the positive isolates, OXA-48 was the pre-
dominant gene detected (68.5%). In addition, only
NDM positivity was detected in three isolates,
whereas OXA-48 + NDM co-production was iden-
tified in 11 isolates. The distribution of carbapen-
emase genotypes among species was statistically
significant (x2=68.72; p=0.001).

Comparison of the Combination Disk Method
and Multiplex PCR Results

Among the 111 isolates evaluated using the combi-
nation disk method, 91 (82.0%) were phenotypically
positive for carbapenemase production.

Infect Dis Clin Microbiol 2026; 8(3): 253-61

When temocillin resistance was used as a pheno-
typic indicator of OXA-48 or OXA-48+NDM produc-
tion, resistance was observed in almost all isolates
that were PCR-positive for these genes. Temocillin
resistance was not detected in only one K. pneu-
moniae isolate. All isolates that were multiplex
PCR-negative for carbapenemase genes were also
phenotypically negative for temocillin resistance
(Table 4).

Overall, the temocillin resistance-based phenotyp-
ic approach demonstrated high diagnostic perfor-
mance for predicting the presence of OXA-48 or
OXA-48+NDM and showed excellent agreement
with multiplex PCR results (k=0.97).

Performance of MBL Phenotyping in Detecting
NDM Positivity

All 14 isolates identified as NDM or OXA-48+NDM
positive by multiplex PCR were also classified as
positive by the combination disk-based MBL phe-
notyping test (Table 4).

Accordingly, the MBL phenotype demonstrated
high diagnostic performance in predicting the pres-
ence of NDM and was fully consistent with multi-
plex PCR (k=1.00).

Comparison of CIM and Multiplex PCR Results

Carbapenemase production was detected in 90
of the 111 isolates using the CIM test. All isolates
identified as carbapenemase gene-positive by CIM,
indicating complete concordance between the two

Table 3. Distribution of carbapenemase genes according to species.

Species (n) n OXA-48 NDM OXA-48 + NDM KPC Negative Total

K. pneumoniae 80 59 (73.8) 0(0.0) 8(10.0) 0(0.0) 13 (16.3) 80 (100.0)
E. coli 20 11 (55.0) 0(0.0) 2(10.0) 0(0.0) 7 (35.0) 20 (100.0)
K. oxytoca 4 2 (50.0) 2 (50.0) 0(0.0) 0(0.0) 0(0.0) 4(100.0)

S. marcescens 3 3(100.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 3(100.0)

E. cloacae 2 0(0.0) 1 (50.0) 1 (50.0) 0(0.0) 0(0.0) 2(100.0)

E. gerogenes 1 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1 (100.0) 1 (100.0)

C. freundii 1 1 (100.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(100.0)

Total 111 76 (68.5) 3(2.7) 11(9.9) 0(0.0) 21 (18.9) 111 (100.0)

NDM: New Delhi metallo-B-lactamase; KPC: Klebsiella pneumoniae carbapenemase; OXA-48-like: OXA-48-type carbapenemase phenotype.

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0 International License.
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Table 4. Diagnostic performance of phenotypic tests.

Phenotypic Reference test TP Fp N ™ Sensitivity, % | Specificity, % PPV, % NPV, % Cohen’s

test (multiplex PCR) (95% ClI) (95% ClI) (95% ClI) (95% ClI) kappa

Temocillin OXA-48 or 37 1 0 23 100.0 95.8 98.9 100.0 0.97

resistance OXA-48+NDM (95.8-100.0) (78.9-99.9) (93.8-100.0) (85.2-100.0) :
NDM or 100.0 100.0 100.0 100.0

MBL phenotype | - ya_4gNDM 14 0 0 97 (76.8-100.0) (96.3-100.0) (76.8-100.0) (96.3-100.0) 1.00
Carbapenemase 100.0 100.0 100.0 100.0

M gene 20 0 0 21 (96.0-100.0) (83.9-100.0) (96.0-100.0) (83.9-100.0) 1.00

TP: True positive; FP: False positive; FN: False negative; TN: True negative; PPV: Positive predictive value; NPV: Negative predictive value; Cl: Confidence interval;

MBL: Metallo-B-lactamase; CIM: Carbapenem inactivation method; NDM: New Delhi metallo-B-lactamase; OXA-48-like: OXA-48-type carbapenemase phenotype.

methods in detecting carbapenemase production
(Table 4; x=1.00).

DISCUSSION

Carbapenemase-producing Enterobacterales rep-
resent a major global public health concern due
to their resistance to carbapenems, which signifi-
cantly limits treatment options and facilitates rap-
id hospital spread (3, 15). Although KPC, MBLs, and
OXA-48-like enzymes occur at varying frequencies
across regions, these enzymes have disseminated
widely across many continents (16,17). In Turkiye,
several studies have demonstrated the predom-
inance of OXA-48-like carbapenemases among
Enterobacterales, while NDM has become increas-
ingly prominent in recent years (9,18). This epide-
miological pattern highlights the importance of
reliable phenotypic screening methods supported
by genotypic confirmation in clinical microbiology
laboratories. Notably, because the isolates in this
study were collected in 2015-2016, current carbap-
enemase epidemiology may differ from that ob-
served during the study period, particularly given
the increasing prevalence of NDM reported in re-
cent years. This factor should be considered when
generalizing the findings to present-day settings.

In this study, two phenotypic methods were com-
pared with multiplex PCR as the reference method
for detecting carbapenemase production in Entero-
bacterales isolates with reduced susceptibility or
resistance to carbapenems. Multiplex PCR results
showed that carbapenemase genes were predomi-
nantly OXA-48, with a smaller number of NDM or
OXA-48+NDM. This distribution is consistent with

Cabuk A et al.

previous epidemiological studies reporting the pre-
dominance of OXA-48 in Turkiye (18-20).

The temocillin resistance-based approach in the
combination disk method demonstrated high per-
formance in predicting the presence of OXA-48 or
OXA-48+NDM and showed excellent agreement
with multiplex PCR. However, previous studies
have reported variable performance of temocil-
lin-based approaches (Table 5) (10,11,21,22). One
possible explanation for this heterogeneity is that
mechanisms such as AmpC production, porin loss,
or efflux may mimic the temocillin resistance phe-
notype, potentially leading to false-positive results
(23). In addition, differences in test protocols (single
disk vs. combination disk), cut-off values, and lo-
cal epidemiological characteristics may contribute
to variability between studies. Therefore, in regions
such as Turkiye, where OXA-48 is endemic, temo-
cillin resistance may serve as a useful screening
indicator but should be confirmed by genotypic
methods.

Importantly, no KPC-producing isolates were de-
tected in our study. Consequently, the performance
of the inhibitor-based component targeting KPC in
the combination disk panel could not be evaluat-
ed. In our study, the EDTA-based MBL phenotyping
correctly identified all isolates that were NDM or
OXA-48+NDM positive according to multiplex PCR,
demonstrating very high diagnostic performance.
However, other studies have reported lower sen-
sitivity and specificity values for EDTA-based MBL
detection (11,24). These differences may be relat-
ed to the diversity of MBL subtypes, methodolog-
ical variations in test application, and differences
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in local prevalence. Taken together, these findings
suggest that EDTA-based phenotyping is useful for
indicating the presence of MBL enzymes but should
be supported by genotypic confirmation, especially
in settings where isolates carrying other MBL types,
such as VIM or IMP, may occur.

This study has several limitations. First, the multiplex
PCR reference method was limited to the genes cov-
ered by the BD MAX panel (KPC, NDM, and OXA-48),
and therefore carbapenemases outside the panel or
alternative resistance mechanisms could not be ful-
ly evaluated. Second, the limited number of positive
isolates in some subgroups, particularly NDM-posi-
tive isolates, resulted in wider 95% CIs and increased
statistical uncertainty. Third, the absence of KPC-pro-
ducing isolates prevented evaluation of the inhib-
itor-based KPC component of the combination disk

panel, thereby limiting generalizability. Finally, as the
isolates were collected during 2015-2016, the findings
should be interpreted with caution in the light of
temporal changes in carbapenemase epidemiology.
Nevertheless, this study provides a comparison of
phenotypic methods that are routinely available in
clinical laboratories with multiplex PCR.

In conclusion, CIM demonstrated high diagnostic
performance for detecting carbapenemase pro-
duction, while the combination disk method based
on temocillin resistance and EDTA-based showed
strong accuracy in predicting OXA-48- and NDM-as-
sociated carbapenemases. These findings suggest
that phenotypic approaches can provide valuable
support for routine laboratory screening; however,
in endemic settings, phenotypic results should ide-
ally be confirmed by molecular methods.
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