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 Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) have emerged as a major class of 
bacterial pathogens which pose a significant threat to global public health. CRE are 
usually resistant to all β-lactam antibiotics and frequently carry additional resis-
tance mechanisms against other antimicrobial agents, resulting in limited treatment 
options. One current clinical dilemma is that CRE infections are associated with 
high mortality (∼30–70%) in immunocompromised hosts, while identification of 
CRE by culture typically takes 2–3 days, leading to delays in appropriate therapy.

CRE are generally defined as Enterobacteriaceae that are non-susceptible (i.e., 
intermediate or resistant) to a carbapenem [1]. Resistance to carbapenems can arise 
from multiple mechanisms, including alterations in outer membrane permeability 
mediated by the loss of porins, the upregulation of efflux systems along with hyper-
production of AmpC β-lactamases or extended-spectrum β-lactamases (ESBLs), or, 
more commonly, the production of carbapenemases [2]. In its 2015 Update CRE 
Toolkit [1], CDC updated the definition of CRE to include Enterobacteriaceae that 
are (i) resistant to any carbapenem antimicrobials (i.e., minimum inhibitory concen-
trations (MICs) of ≥2 μg/ml against ertapenem or ≥4 μg/ml against doripenem, 
meropenem, or imipenem) or (ii) documented to produce carbapenemase through a 
phenotypic or molecular assay, regardless of in vitro carbapenem susceptibility. 
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Of these two categories, carbapenemase-producing CRE (CP-CRE) have received 
more attention, as they are more widely disseminated in comparison with non- 
carbapenemase- producing CRE. This is primarily due to the fact that carbapene-
mase genes are frequently harbored by mobile elements found on large conjugative 
plasmids, thereby facilitating horizontal transfer of resistance into different bacte-
rial strains and species. In addition, plasmids harbored by CP-CRE often carry 
additional resistance elements and thus have the potential to increase resistance to 
multiple drug classes.

Carbapenemase can be divided into different Ambler classes [3], primarily 
Ambler A, B, and D. Ambler classes A (e.g., KPC carbapenemases) and D (e.g., 
OXA-48-like carbapenemases) contain active serine sites, whereas Ambler class B 
(metallo-β-lactamases, or MBLs)—including IMP (active on imipenem), VIM 
(Verona integron-encoded MBL), and NDM (New Delhi metallo-β-lactamase)—
requires zinc ions in their active sites. Among the aforementioned, KPC, NDM, and 
OXA-48 carbapenemases are the most common. KPCs are most frequently identi-
fied in Klebsiella pneumoniae in the USA, China, Colombia, Israel, Greece, and 
Italy, with NDMs primarily found in K. pneumoniae and Escherichia coli from the 
Indian subcontinent and OXA-48-like carbapenemases frequently seen in K. pneu-
moniae and E. coli from North Africa and Turkey [4]. In addition, KPC producers 
have been mostly identified among nosocomial isolates, whereas NDM and OXA- 
48 producers are associated with both nosocomial and community-acquired patho-
gens [4].

CP-CRE are currently disseminated throughout most global regions, wherein 
they are frequently associated with high mortality and morbidity due to their unprec-
edented multi- or pan-drug resistance, in addition to the absence of standardized, 
clinically effective detection methods for early identification [5]. Consequently, 
there is an urgent need for rapid and accurate detection of carbapenem resistance in 
clinical laboratories, as it is imperative for patient treatment, infection control, and 
epidemiological studies aimed at limiting further spread of CRE. In actual practice, 
however, clinical laboratories commonly struggle with how best to detect CRE and 
especially how to detect carbapenemase-producing isolates [6].

Molecular detection of CP-CRE, in comparison with conventional culture-based 
phenotypic tests, offers several advantages, including the rapid turnaround time, the 
definitive identification of specific carbapenemase types, and, in some cases, the 
ability to test directly from clinical specimens without the need for culture (Table 1) 
[9]. Molecular detection of carbapenemase genes is often regarded as the gold stan-
dard for studies evaluating detection methods for CP-CRE. In this chapter, we will 
discuss the progress achieved to date on molecular detection methods for CRE and 
particularly CP-CRE.

Based on the detection targets involved, molecular detection of CP-CRE can 
generally be divided into nucleic acid-based assays and non-nucleic acid-based 
assays, with the former being the most commonly used.
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 Rapid Nucleic Acid-Based Tests

As described above, carbapenemases are encoded by different β-lactamase genes, 
which allow for direct detection of the presence or absence of resistance genes using 
nucleic acid-based assays. These assays provide a rapid, sensitive, and specific tool 
for the recognition and identification of carbapenem resistance genes [10] and can 
provide molecular epidemiologic data which can be essential for infection control 
and outbreak investigations. Most of these techniques are based on PCR technology 
and may additionally be followed by Sanger DNA sequencing of the amplicon to 
identify sequence variations.

 Conventional PCR Assays

The increasing frequency of carbapenemase-producing Gram-negative bacteria 
underlies the necessity of tools to monitor the emergence and spread of different 
classes of carbapenemase genes. As such, several conventional PCRs have been 
developed to detect and differentiate specific carbapenemase genes. In 2007, 
Ellington et al. [11] developed a multiplex PCR assay which successfully detects 
and distinguishes genes encoding five different acquired MBL families (VIM, IMP, 
SPM, GIM, and SIM) in a single reaction. The assay displayed excellent perfor-
mance, correctly distinguishing and identifying 11 known reference MBL-producing 
strains producing IMP-1, IMP-2, IMP-4, IMP-7, IMP-12, VIM-1, VIM-2, VIM-7, 
SIM-1, GIM-1, and SPM-1, respectively.

In 2011, Poirel et al. [12] developed a multiplex PCR assay for detection of 11 
carbapenemase genes belonging to different classes. The assay consisted of three 
multiplex PCR reactions and was able to detect several common carbapenemase 
genes belonging to Ambler classes A (KPC), B (NDM, IMP, and VIM), and D 
(OXA-48), as well as several newly identified carbapenemase genes encoding DIM- 
1, BIC-1, AIM-1, etc. The assay was rapid and reproducible and provided a conve-
nient molecular tool for detection of both common and “minor” carbapenemase 
genes, thereby allowing for better evaluation of the prevalence of these clinically 
relevant carbapenemase genes.

Whereas the two assays described above focused solely on carbapenemase 
genes, other researchers have developed assays that also target AmpC β-lactamase 
and ESBL genes. In 2010, Dallenne et  al. [13] developed a set of six multiplex 
PCRs and one simplex PCR for rapid detection of the most frequently encountered 
β-lactamase genes, including OXA-1-like broad-spectrum β-lactamases, ESBLs, 
plasmid-mediated AmpC β-lactamases, and class A, B, and D carbapenemases. An 
evaluation of the assay was performed using a collection of 31 clinical 
Enterobacteriaceae strains displaying resistance to broad-spectrum third- generation 
cephalosporins or carbapenems. Direct sequencing from PCR products was subse-
quently carried out to identify β-lactamase gene variations. Most PCR amplicons 
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contained major substitutions, allowing the identification of different clusters of 
β-lactamase genes (e.g., differentiating broad-spectrum β-lactamase SHV genes 
from ESBL-type SHV genes).

In an updated version of the assay, Voets et al. [14] described an additional set of 
7 multiplex PCR assays for detection of an additional 25 β-lactamase families, 
including plasmid-mediated AmpC β-lactamases (ACC, ACT, DHA, CMY, FOX, 
LAT, MIR, and MOX), metallo-carbapenemases (GIM, NDM, SIM, and SPM), ser-
ine carbapenemases (IMI, SME, and NMC-A), and OXA β-lactamases (OXA 
groups 1, 2, 4, 23, 24, 48, 51, and 58). The combination of the two PCR assays [13, 
14] can therefore detect a wide range of β-lactamase genes using the same amplifi-
cation conditions. This enables the identification of the majority of clinically impor-
tant β-lactamases responsible for resistance to third-generation cephalosporins and 
carbapenems.

More recently, Lee et al. [15] developed a rapid and accurate PCR assay using 62 
primer pairs, designed through an elaborate optimization process. To investigate the 
applicability of this large-scale bla detection method (named large-scaleblaFinder by the 
authors), the assays were performed on a number of previously reported bacterial 
control isolates/strains. With 100% specificity and 100% sensitivity in 189 control 
strains and 403 clinical isolates, the large-scaleblaFinder detected almost all clinically 
recognized bla genes, along with 24 previously unreported bla genes. This PCR-
based system is therefore able to detect nearly all bla genes existing in a clinical 
isolate, providing an important aid for monitoring the emergence and dissemination 
of bla genes, and potentially minimizing the spread of resistant bacteria.

The aforementioned conventional PCR assays can be easily adapted by different 
laboratories around the world and require limited resources and have been widely 
used in CRE detection and epidemiological studies. However, conventional PCRs 
are performed on bacteria grown in pure culture and usually involve gel electropho-
retic analysis of multiple bands, which is both time-consuming and less practical for 
direct detection of bla genes in primary clinical samples. By contrast, real-time 
PCR assays overcome most of these limitations and offer several advantages includ-
ing greater sensitivity, minimal post-amplification analysis, and lower risk of PCR- 
based laboratory contamination.

 Real-Time PCR Assays

 In-house Real-Time PCR

At present, many clinical laboratories use “in-house” or laboratory-developed tests 
(LDT) involving real-time PCR-based methods, to overcome the limitations of phe-
notypic detection methods and conventional PCRs and to reduce detection time. 
Real-time PCR assays performed directly on bacterial colonies or primary speci-
mens can generate results within hours, with excellent sensitivity and specificity. A 
number of multiplex real-time PCR methods have been described in the literature 
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[16–41]. These real-time PCR assays typically use sequence-specific probes (e.g., 
molecular beacon or TaqMan probe) or nonspecific double-stranded DNA (dsDNA)-
binding dyes (e.g., SYBR Green), followed by melting curve analysis, for the detec-
tion of amplified DNA products.

Mendes et  al. [41], for example, described one of earliest multiplex real-time 
PCR assays for detection of metallo-β-lactamase-producing Gram-negative bacte-
ria. The assay is a single-tube reaction, requiring a total of 2 h following colony 
selection. MBL identification is based on differentiation of characteristic amplicon 
melting curves. Shortly thereafter, Bisiklis et  al. [42] reported another real-time 
PCR assay which is able to specifically detect blaVIM and blaIMP genes from Gram- 
negative bacteria within 1 h. The authors showed that melting curve analysis of the 
real-time PCR products clearly differentiates the target genes into four groups: (i) 
blaVIM-1-like, (ii) blaVIM-2-like, (iii) blaIMP-1-like, and (iv) blaIMP-2-like.

In 2011, Chen et  al. [39] developed a multiplex real-time PCR assay using 
molecular beacons (MB-PCR) for rapid and accurate identification of blaKPC vari-
ants. The assay consists of six molecular beacons and two oligonucleotide primer 
pairs, allowing for detection and classification of a number of blaKPC variants 
(blaKPC-2 to blaKPC-11). The described real-time PCR can distinguish between dif-
ferent blaKPC variants and therefore provides information of both epidemiological 
and evolutionary significance. Subsequently, the same group [43] described a mul-
tiplex real-time PCR assay capable of identifying both the epidemic K. pneumoniae 
ST258 clone and blaKPC in a single reaction using molecular beacon probes. The 
assay displayed excellent sensitivity (100%) and specificity (100%), providing an 
effective tool for screening of KPC-producing K. pneumoniae isolates and surveil-
lance of the epidemic ST258 clone. More recently, Chavda et al. [44] reported a 
multiplexed molecular beacon-based real-time PCR assay to identify prominent 
extended-spectrum-β-lactamases, plasmid-mediated AmpC β-lactamases (pAmpC), 
and carbapenemase genes directly from perianal swab specimens. The assay 
included two linear-after-the-exponential PCR (LATE-PCR) assays with melting 
curve analysis in order to improve the performance for single-mutation-based SHV- 
and TEM-ESBL detection. This assay is one of few real-time PCR methods able to 
detect SHV- or TEM-type ESBLs without further sequencing requirements. The 
assay was evaluated using 158 perianal swabs collected from hematopoietic stem 
cell transplant recipients and demonstrated that it was highly sensitive and specific 
for detection of CTX-M-, AmpC-, and KPC-producing Enterobacteriaceae com-
pared to culture on chromogenic agar [44].

 Commercial Real-Time PCRs

Over the past few years, commercial manufacturers have likewise recognized the 
need to have low-to-moderate complexity tests for carbapenemase detection available 
for rapid detection and institutional surveillance purposes. Several commercial real-
time PCR-based platforms have been developed. A few have obtained FDA clearance 
for clinical testing, while the majority are available for research use only (RUO).
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FDA-Approved Real-Time PCR Assays

 (a) BioFire FilmArray
BioFire Diagnostics, LLC (Salt Lake, UT, USA), now part of bioMérieux, 

has developed an integrated diagnostic platform known as the BioFire® 
FilmArray, which fully automates the detection and identification of multiple 
organisms from a single sample in about 1 h. An unprocessed clinical sample is 
subjected to nucleic acid purification, reverse transcription, a high-order nested 
multiplex PCR reaction, and amplicon melt curve analysis (Fig. 1a). Biochemical 
reactions are enclosed in a disposable pouch, minimizing PCR contamination 
risk [45]. Their FilmArray blood culture identification (BCID) panel can iden-
tify >25 pathogens and 4 antibiotic resistance genes from positive blood cul-
tures in 1 h [46]. At the end of the run, a report is automatically generated which 
documents any detectable organism(s) as well as the antimicrobial resistance 
genes: mecA, vanA/B, or blaKPC. FilmArray BCID was the first  FDA- cleared 
(June 2013) diagnostic test to directly query the blaKPC gene. A recent large 
multicenter study evaluated 2207 positive blood cultures (1568 clinical and 639 

Fig. 1 Workflow of FDA-approved rapid molecular detection platforms for CP-CRE. (a) Real 
time method. (b) Microarray method

Molecular Detection and Characterization of Carbapenem-Resistant…
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seeded) collected in 8 clinical microbiology laboratories in the USA [47]. 
The assay displayed both 100% sensitivity and specificity in detecting KPC gene 
from 6 clinical KPC-positive specimens and 33 seeded specimens. Recently, a 
research use-only antimicrobial resistance panel of FilmArray systems cover-
ing a wide range of resistance mechanisms in Gram-negative bacteria was also 
developed [48]. The panel consists of assays for 22 resistance determinants, 
including ESBLs (CTX-M, TEM, SHV), AmpCs (CMY, DHA, FOX), car-
bapenemases (KPC, NDM, VIM, IMP, OXA), and quinolone resistance deter-
minants (gyrA, parC, QnrA/B/S/D, QepA). Currently, this panel is under 
optimization, and it is expected that implementation of the antimicrobial resis-
tance Gram-negative panel will benefit clinical laboratories interested in rapid 
molecular detection of CRE.

 (b)  GeneXpert Carba-R Test
In 2013, Cepheid described a GeneXpert® (Cepheid, Sunnyvale, CA, USA) 

as a real-time PCR platform with ready-to-use cartridges for rapid detection of 
clinically relevant carbapenemase genes (blaKPC, blaVIM, and blaNDM) directly 
from rectal swabs or perirectal swabs (Xpert MDRO assay) (Fig. 1a) [49]. An 
updated assay, the Xpert® Carba-R, was subsequently developed to allow for 
detection of blaKPC, blaNDM, blaVIM, blaIMP (subgroup 1), and blaOXA-48-like (e.g., 
blaOXA-48, blaOXA- 162, blaOXA-163) carbapenemase genes, making it one of the earliest 
commercially available assays able to detect blaIMP-1. However, the Xpert Carba-R 
assay is unable to detect several important blaOXA-48 variants, e.g., blaOXA-181 and 
blaOXA- 232 [50]; a later version (Xpert Carba-R version 2) was subsequently 
updated to allow for efficient detection of blaOXA-181 and blaOXA-232.

The Xpert Carba-R kit version 2 (v2) was tested on a collection of 150 well- 
characterized enterobacterial isolates, including several different blaOXA-48-like vari-
ants (20 blaOXA-48, 2 blaOXA-162, 9 blaOXA-181, 5 blaOXA-204, 3 blaOXA-232, and 2 blaOXA-244) 
[51]. The Xpert Carba-R v2 was able to detect all blaKPC, blaNDM, blaVIM, and blaOXA- 48 
variants, including blaOXA-181 and blaOXA-232. In addition, the assay’s performance was 
evaluated within the context of the daily workflow of a hygiene unit in a setting with 
low CP-CRE prevalence [52]. The Xpert® Carba-R v2 assay correctly detected 12 
OXA-48-like, 1 KPC, and 1 OXA-48-like/NDM carriers with 100% sensitivity and 
99.13% specificity and with 85.71% and 100% positive and negative predictive val-
ues, respectively [52]. This study demonstrated that the Xpert® Carba-R v2 kit is 
well adapted for rapid screening of high-risk patients in low-prevalence regions, with 
turnaround times of <1 h versus 24/48 h for culture [52].

In March 2016, the Xpert Carba-R assay obtained initial FDA clearance for 
detection and differentiation of carbapenemase genes in pure bacterial isolates, fol-
lowed by expanded clearance in June 2016 for analysis of direct rectal swab speci-
mens, thereby positioning the Xpert Carba-R kit as a valuable tool for identification 
of colonized patients and as an aid to infection control efforts.

S. Niu and L. Chen



173

Commercially Available Research Use-Only (RUO) Assays

The Check-Direct CPE kit (Check-Points, Wageningen, The Netherlands) is a new 
commercial multiplex real-time PCR assay designed to simultaneously detect the 
most prevalent and clinically important carbapenemase genes (blaVIM, blaOXA-48, 
blaNDM, and blaKPC) directly from rectal swabs. The Check-Direct CPE assay is 
able to differentiate between blaKPC, blaOXA-48, and blaVIM/NDM, obtaining results 
within 3 h; however, it is not able to differentiate between NDM and VIM, as the 
probes corresponding to these targets share the same fluorescent tags [24]. Also, 
IMP carbapenemases are not targeted by this assay [53]. In a multicenter evalua-
tion of the Check-Direct CPE assay for direct screening of carbapenemase-produc-
ing Enterobacteriaceae from rectal swabs in Belgium, the assay showed 100% 
sensitivity and 94% specificity when compared with selective culture [54]. In 
another study, Lau et al. [55] evaluated the clinical performance of Check-Direct 
CPE for carbapenemase detection directly from 301 perirectal swabs (258 patients) 
in a non- outbreak setting. Check-Direct CPE demonstrated a sensitivity value, 
specificity value, positive predictive value (PPV), and negative predictive value 
(NPV) of 100% (all blaKPC), 88%, 21%, and 100%, respectively. False positives 
accounted for 79% (n = 34) of samples and were all due to targets with low inci-
dence in the USA, such as blaNDM/VIM and blaOXA-48. The authors suggested that 
Check-Direct CPE will likely prove most useful in high-prevalence areas or out-
break settings where rapid carbapenemase detection is critical for infection control 
management [55].

Other carbapenemase surveillance assays currently in development or clinical 
trials include BD MAX™ CRE assay (Becton-Dickinson, USA), RenDx Carbaplex 
assay (Renshaw, UK), and Amplidiag CarbaR+VRE (Mobidiag, Espoo, Finland). 
These assays detect a variety of carbapenemases, typically including KPC, NDM, 
OXA-48, and VIM (VIM is not available for BD MAX). These commercial assays 
offer a reliable method to detect bacteria with clinically significant carbapenemases. 
Whether clinical laboratories choose to perform molecular testing, and the subse-
quent choice of test, will ultimately depend on the cost, intended throughput, target 
gene prevalence, and ability to fit into local workflows.

 PCR/ESI-MS

Endimiani et al. developed a PCR-based PCR/electrospray ionization-mass spec-
trometry (PCR/ESI-MS) method for the detection and identification of blaKPC 
genes among Enterobacteriaceae in 2010 [56]. The PCR/ESI-MS technology 
measures the exact molecular mass of PCR products and interprets the data as 
DNA sequence information. As such, it is a promising genotyping system pos-
sessing high multiplexing capacity and can be used for detecting different genes 
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present in a single strain. This system can also detect single-nucleotide polymor-
phisms, including mutations corresponding to changes in key amino acids. In 
their study, Endimiani and colleagues detected 100% of the KPC producers, and 
all blaKPC-2-possessing and blaKPC-3-possessing strains were correctly reported 
[56]. Given its rapid performance, the PCR/ESI-MS-based platform could be 
used in hospitals to improve the outcome of infected patients, as well as to per-
form epidemiological and infection control studies where isolates need to be 
rapidly detected.

 Loop-Mediated Isothermal Amplification

Despite its unparalleled success as a molecular biology tool, there are inherent limi-
tations associated with PCR, such as the cost involved in purchasing consumables 
and the inactivation of Taq polymerase by inhibitors (such as heparin) in crude 
biological samples. In order to overcome these deficiencies, the loop-mediated iso-
thermal amplification (LAMP) assay, a relatively simple and field-adaptable plat-
form which only requires a temperature-controlled water bath to ensure isothermal 
conditions, has been developed [57]. Autocycling strand displacement DNA synthe-
sis is performed in the presence of the Bst DNA polymerase under isothermal condi-
tions, using a set of four to eight primers that attach to unique sites on the target 
DNA sequence, ensuring highly specific amplification. Several in-house LAMP 
assays for carbapenemase genes, including blaOXA-48, blaVIM, blaIMP-14, and blaKPC, 
have been reported, all demonstrating high sensitivity and specificity and rapid turn-
around time [38, 58–60].

The eazyplex® SuperBug CRE system (Amplex Biosystems GmbH, Giessen, 
Germany) is a commercially available LAMP assay, consisting of a freeze-dried, 
ready-to-use mixture which facilitates an isothermal amplification reaction that 
targets carbapenemase variants of the VIM, NDM, and KPC families, several 
members of the OXA family (OXA-48, OXA-23, OXA-40, and OXA-58 for eazy-
plex® SuperBug complete A and OXA-48, OXA-23, OXA-40, and OXA-181 for 
eazyplex® SuperBug complete B), as well as CTX-M-1 and CTX-M-9 ESBL fami-
lies. The eazyplex® SuperBug CRE system can directly detect carbapenemase pro-
ducers from bacterial colonies, rectal swabs, or positive blood cultures, allowing 
for detection within 15–30 min (depending on sample type) without DNA extrac-
tion. Amplification products are visualized by real-time fluorescence detection of 
a fluorescent dye bound to double-stranded DNA, using a portable Genie® II 
instrument. Garcia-Fernandez et al. tested a collection of 94 previously genotypi-
cally characterized and 45 prospectively collected carbapenemase-producing 
strains [61]. The eazyplex® SuperBug CRE system correctly detected bla car-
bapenemase genes with or without blaCTX-M genes in 100% of the molecularly 
characterized strains.
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 Microarray

DNA hybridization techniques in microarray formats allow for simultaneous detec-
tion of numerous sequences. Microarray technology utilizes a number of DNA 
probes that hybridize to DNA targets, including carbapenemase genes. Microarrays 
can be paired with PCR amplification of target genes or used to directly query DNA 
sequences within bacterial isolates. The advantage of an array platform compared to 
PCR assays is in the number of targets available for interrogation; while PCR can 
typically accommodate a maximum of four to five targets per assay, microarrays can 
include hundreds of targets, depending on the platform.

Check-Points has several commercially available microarray kits for epidemio-
logical use (http://www.check-points.eu/). The Check-MDR CT101 array targets 
carbapenemase genes blaKPC and blaNDM, AmpC β-lactamase genes, and blaCTX-M, 
blaSHV, and blaTEM (both wild type and ESBLs). The Check-MDR CT102 array also 
includes carbapenemase genes blaVIM, blaIMP, and blaOXA-48 but omits the AmpC tar-
gets. Check-MDR CT103 XL contains all of the targets in Check-MDR CT101 and 
CT102 and includes additional carbapenemase genes typically identified in 
Acinetobacter baumannii or Pseudomonas aeruginosa, such as blaOXA-23, blaOXA-24/40, 
and blaOXA-58, as well as gene encoding some emerging carbapenemases (e.g., blaGIM, 
blaGES, blaSPM) and ESBLs (e.g., blaVEB, blaPER, blaBEL, blaGES), thereby making the 
Check-MDR CT103 XL array one of the most clinically relevant β-lactamase gene 
detection commercial panels. The assays usually work on bacterial cultures and 
involve DNA extraction, ligation-mediated PCR, amplification of ligated probes, and 
hybridization on the microarray. These assays provide highly accurate detection of 
known resistance genes within several hours, thereby facilitating rapid implementa-
tion of isolation measures and appropriate antibiotic treatment [62]. Bogaerts et al. 
[63] evaluated the performance of Check-MDR CT103 XL in 223 well- characterized 
Enterobacteriaceae, Pseudomonas spp., and Acinetobacter spp. strains. Specificity 
and sensitivity values of 100% were recorded for most bla genes, with a slightly lower 
signal observed for blaIMP.

The Verigene Gram-negative blood culture (BC-GN) assay (Nanosphere, Inc., 
Northfield, IL) is an FDA-approved (Jan 2014), automated, multiplexed nucleic 
acid microarray-based test for rapid Gram-negative bacterial speciation and antimi-
crobial resistance detection from blood cultures. A workflow of Verigene BC-GN 
assay is shown in Fig. 1b. The assay allows for detection of the eight most com-
monly isolated Gram-negative organisms, E. coli, K. pneumoniae, K. oxytoca, 
Enterobacter spp., Citrobacter spp., Proteus sp., Acinetobacter spp., and P. aerugi-
nosa, as well as six classes of resistance genes: blaCTX-M, blaKPC, blaNDM, blaVIM, 
blaIMP, and blaOXA (https://www.luminexcorp.com). The assay exhibits 92.2–100% 
positive agreement for speciation and 95.3–100% for resistance gene identification, 
when compared with the reference method (www.nanosphere.us). In a recent study, 
Walker et  al. [64] evaluated the clinical impact of implementing the Verigene 
BC-GN assay for detection of Gram-negative bacteria in positive blood cultures 
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obtained from hospitalized patients. The BC-GN panel yielded a positive 
 identification in 87% of Gram-negative cultures and was accurate in 95/97 (98%) of 
the cases compared to results using conventional culture. Verigene BC-GN had 
significantly shorter turnaround times for organismal identification (mean, 10.9 h 
versus 37.9 h; P < 0.001). Moreover, length of ICU stay, 30-day mortality, and mor-
tality associated with multidrug-resistant organisms were significantly lower in the 
Verigene BC-GN intervention group (P  <  0.05). The results showed that the 
Verigene BC-GN assay is a valuable addition for early identification of Gram-
negative organisms that cause bloodstream infections and can significantly impact 
patient care, particularly when resistance markers are detected. However, it is 
important to note that the BC-GP assay is not a target amplification assay; instead, 
amplification occurs within the blood culture bottle during incubation. A recog-
nized limitation is that polymicrobial cultures are subject to false-negative results 
and thus lower sensitivity, due to the slower growth of some Gram-negative bacilli 
in mixed cultures [65, 66]. Consequently, the bacterial concentrations present in the 
sample may be lower than the limit of detection for species-specific and resistance 
gene targets.

The CarbDetect (Alere Technologies GmbH, Loebstedter, Jena, Germany) plat-
form is a novel oligonucleotide microarray-based assay designed for bacterial cul-
tures [67, 68]. RNA-free, unfragmented genomic DNA from pure and monoclonal 
culture material is amplified ~ 50-fold and labeled with biotin-11-dUTP using a 
linear amplification protocol, of which only one antisense primer per target is used 
to generate single-stranded DNA products in order to simultaneously label and 
amplify an essentially unlimited number of sequence-specific targets. However, the 
amplification sensitivity is lower than that of a standard PCR assay, and conse-
quently the method is restricted to pure culture and cannot be performed on swabs 
or other primary specimens. The biotin-labeled ssDNA is transferred and hybrid-
ized to DNA oligonucleotide microarrays bearing 238 probes for 35 carbapene-
mase genes; 26 ESBLs, narrow-spectrum β-lactamases, and AmpC genes; as well 
as 48 other relevant antibiotic resistance genes (e.g., aminoglycoside resistance). 
Additionally, eight species markers are provided, including E. coli (including 
enteroinvasive strains), K. pneumoniae, P. aeruginosa, A. baumannii, C. freundii, 
Shigella spp., Salmonella spp., and Enterobacter spp. (CarbDetect AS-2 Kit, 
https://alere-technologies.com). This assay is currently the most comprehensive 
resistance gene detection test commercially available and includes additional resis-
tance targets beyond β-lactamase genes. The assay was evaluated with DNA 
extracted from 117 clinical Enterobacteriaceae, P. aeruginosa, and A. baumannii 
strains collected from urinary, blood, and stool samples, which was then used to 
identify bacterial species, carbapenemases, ESBLs, and narrow-spectrum 
β-lactamase genes in a single reaction, with 98.2% and 97.4% sensitivity and speci-
ficity, respectively [68]. The newly developed assay thus provides an accurate and 
convenient tool to identify and discriminate the most clinically relevant 
carbapenemases.
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 Next-Generation Sequencing (NGS)

The “first generation” of DNA sequencing technology, commonly referred to as 
Sanger sequencing, was the primary sequencing technology from 1975 to 2005. 
Sanger sequencing produces relatively long (500–1000  bp) high-quality DNA 
sequences and has long been accepted as the gold standard for DNA sequencing. 
The introduction of pyrosequencing technology by 454 Life Sciences in 2005 began 
the “next-generation sequencing” (NGS) revolution [69]. This high-throughput 
technology allowed for the generation and detection of thousands to millions of 
short sequencing reads in a single run with no need for cloning. Since then, a num-
ber of NGS technologies have emerged, and the development of various high- 
throughput platforms has paved the way for the application of whole-genome 
sequencing to the study of bacterial pathogens and antimicrobial resistance.

Using NGS technology, a large amount of sequence data can be generated in a 
relatively short time, with read lengths ranging from 100 to 300 bp (e.g., Illumina 
HiSeq/MiSeq platforms) to >20,000 bp (e.g., PacBio and MinION platforms) [70]. 
The primary steps in this process include DNA isolation from bacterial culture, 
library preparation, DNA fragment sequencing, and data analysis. Depending on the 
type of information needed, NGS can include either DNA or RNA (in the form of 
cDNA) as sequencing material. DNA NGS captures the entire genomic content and 
can be used to identify the presence of antimicrobial genes or genetic mutations, 
while RNA NGS (or RNA sequencing) can detect global gene expression, including 
that of genes indirectly contributing to antimicrobial resistance (e.g., porin or efflux 
pump genes). Coupled with appropriate bioinformatics pipelines for identification 
of antimicrobial resistance genes, NGS offers the unprecedented advantage of rap-
idly providing genetic information at the whole-genome level, thus making it ideal 
for identifying all possible genetic determinants of antimicrobial resistance within a 
microbial genome [71]. In addition, NGS can be directly performed on primary/
uncultured clinical samples, which allows for detection of all pathogens and mining 
of the resistance information (resistome) in a bacterial community, i.e., metagenom-
ics analysis.

NGS facilitates molecular characterization of bacterial pathogens on many lev-
els, without the need for a priori selection of targets as is required for PCR. The 
sequence data generated can be used for many purposes, including speciation and 
strain discrimination; resistome, plasmidome, and virulome identification; outbreak 
investigations and source tracking; and transmission and evolution studies. With 
regard to antibiotic resistance monitoring, NGS offers especially great promise, as 
the full repertoire of resistance genes, the sequences of plasmids that bear them, and 
the chromosomal background of the host strains can all be deduced from the same 
data. In the case of CRE, NGS also allows for differentiation of carbapenemase 
producers from isolates that are resistant by virtue of other mechanisms, which can 
be important for infection control. Furthermore, with the advancement of long-read 
sequencing, the sequences of complete genomes and plasmids can be readily 
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obtained without the need for transformation, conjugation, or PCR gap closure, 
thereby facilitating downstream bioinformatics analysis and accurate prediction of 
antimicrobial resistance.

Currently, real-time integration of NGS into clinical laboratories has been ham-
pered by processing speed, financial costs, and automated data analysis [72]. In addi-
tion, the complexities of NGS require an evolving set of standards in order to ensure 
testing quality. Regulatory and accreditation requirements, professional guidelines, 
and best practices that help ensure the quality of NGS-based tests are needed [73]. 
However, with decreasing cost and turnaround time, improved sample preparation 
workflow, and development of user-friendly bioinformatics tools, it is only a matter 
of time until NGS becomes a key tool for antimicrobial surveillance and infection 
control, with widespread implementation in clinical microbiology settings.

 Rapid Non-nucleic Acid-Based Tests: MALDI-TOF MS

Matrix-assisted laser desorption ionization-time of flight mass spectroscopy 
(MALDI-TOF MS) is increasingly utilized in clinical microbiology laboratories for 
identification of bacteria and yeasts. Several MALDI-TOF MS assays for detection 
of β-lactamase activity, including carbapenemases, have been developed in recent 
years [74–84]. The methodology utilized typically involves the following steps: a 
fresh bacterial culture, usually grown overnight, is suspended in a buffer and centri-
fuged; the pellet is then resuspended in a reaction buffer containing the β-lactam 
molecule; after incubation at 35 °C for 1 to 3 h, the reaction mixture is centrifuged, 
and the supernatant is mixed with an appropriate matrix and measured by MALDI- 
TOF MS. The resulting spectra displaying peaks representing the β-lactam mole-
cule, its salts, and/or its degradation products are then analyzed [85].

A MALDI-TOF MS assay for detection of carbapenemases was published in 
2011 by Hrabak et al. [74]. This method allows for detection of resistance to car-
bapenems in Enterobacteriaceae carbapenemase-mediated hydrolysis, without 
false-positive results. Several modified MALDI-TOF MS assays were subsequently 
published, with varying carbapenem targets and methodological details [75–84]. 
The MALDI-TOF MS carbapenemase detection assays usually yield high sensitiv-
ity (~95%–100%) and specificity (~95%–100%) in comparison with phenotypic 
detection methods. In addition, this approach can be directly used for clinical speci-
mens, such as blood culture and urine samples [84, 86–91]. Detection of carbapen-
emases by MALDI-TOF MS can be a powerful, quick, and cost-effective method 
for microbiological laboratories, without false-positive or false-negative results 
[76]. In addition, MALDI-TOF MS has been used to characterize porin function in 
relation to carbapenem resistance, with one study suggesting that compared with 
SDS-PAGE, MALDI-TOF MS is able to rapidly identify porin-deficient strains 
within half an hour with greater sensitivity and less cost [92].

In summary, MALDI-TOF MS is becoming an essential tool in clinical microbi-
ology laboratories, not only for rapid identification of bacterial pathogens but also 
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for resistance detection. However, while various methods and models have been 
described in the literature, a notable limitation associated with detection of enzy-
matic carbapenem degradation by MALDI-TOF MS is the lack of well-standardized 
protocols. Moreover, whereas MALDI-TOF MS can detect production of carbapen-
emases and carbapenemase activity, it cannot differentiate specific carbapenemase 
types and is consequently less informative for molecular studies.

 Conclusion

Carbapenemase-producing Enterobacteriaceae have now spread worldwide and 
become a major public health issue, challenging not only treatment solutions but also 
detection methods. However, appropriate treatment and infection control rely largely 
on efficient and timely identification of carbapenem-resistant bacteria. Therefore, 
there is an urgent need for rapid and accurate detection of carbapenemases, and it is 
necessary to introduce molecular methods into clinical diagnostic workflows. 
Clinical susceptibility testing provides valuable phenotypic resistance information 
for therapeutic decision-making but usually takes more than 48 h, which may delay 
appropriate treatment. Culture-based methods for carbapenemase detection, such as 
the MHT, Carba NP test, and mCIM, can provide rapid carbapenem resistance infor-
mation but are unable to differentiate specific carbapenemases, which may be impor-
tant for infection control and epidemiological investigations of CRE transmission. 
Currently, there are a variety of molecular-based methods able to detect most of the 
major carbapenemase gene families in global circulation, but they are largely limited 
to known carbapenemase sequence targets and can potentially miss novel variants 
or carbapenem resistance mechanisms. NGS, which can detect the entire genomic 
content or expression profile of a bacterial strain, is currently the most promising 
platform in antimicrobial resistance detection; however, further work is required to 
improve the workflow, including shortening turnaround times, reducing costs further, 
and improving automatic data-analyses pipelines. In summary, while no single detec-
tion platform can encompass all possible genes or resistance mechanisms, one can 
envision that future testing might incorporate rapid methods for both molecular 
detection of common carbapenemases and rapid non- nucleic acid-based determina-
tion of antimicrobial susceptibility, thus enabling timely identification of CRE and 
facilitating effective antibiotic therapy and infection control measures to prevent 
further CRE dissemination.
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