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A B S T R A C T

Objectives: Many multidrug-resistant Gram-negative bacilli (MDR-GNB) harbour multiple β-lactamases.
The aim of this study was to assess the impact of multiple β-lactamase carriage on the accuracy of
susceptibility tests and extended-spectrum β-lactamase (ESBL) and carbapenemase confirmation
methods.
Methods: A total of 50 MDR-GNB, of which 29 carried multiple β-lactamases, underwent broth
microdilution (BMD) and disk diffusion (DD) testing as well as confirmation tests for ESBLs and
carbapenemases. Whole-genome sequencing (WGS) was used for β-lactamase gene identification.
Results: Categorical agreement of BMD and DD testing results ranged from 86.5 to 97.7% for 10 β-lactam
agents. BMD and DD algorithms for ESBL detection were highly variable; 6 of 8 positive strains carried an
ESBL plus a carbapenemase or an AmpC enzyme, which may confound antimicrobial selection. The
sensitivity and specificity of the modified carbapenem inactivation method (mCIM) were both 100%,
whilst mCIM and EDTA-modified carbapenem inactivation method (eCIM) when used together to
differentiate serine from metallo-β-lactamase carriage were both 96%. Xpert1 Carba-R results (in vitro
diagnostic test) were consistent with WGS results. Predicting phenotypic carbapenem resistance from
WGS data overall showed 100% specificity but only 66.7% sensitivity for Enterobacterales isolates that
were non-susceptible to imipenem and meropenem.
Conclusions: Multiple β-lactamases in MDR-GNB does not impact DD results, the utility of mCIM/eCIM
tests, or Xpert Carba-R results. However, ESBL algorithms produced inconsistent results and predicting
carbapenem resistance from WGS data was problematic in such strains.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial

Chemotherapy. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

1. Introduction

Multidrug-resistant Gram-negative bacilli (MDR-GNB), espe-
cially those that are carbapenem-resistant, have become a major
medical and public-health threat globally [1,2]. Carbapenem
resistance can be mediated by the production of carbapenemases,
such as Klebsiella pneumoniae carbapenemase (KPC) or New Delhi
metallo-β-lactamase (NDM), or through the production of extend-
ed-spectrum β-lactamases (ESBLs) or AmpC β-lactamases in
bacterial strains with porin changes that reduce the amount of
antimicrobial agent that enters the cell [3,4]. ESBLs and AmpC
β-lactamases continue to be recognised globally among MDR-GNB

and typically outnumber carbapenem-resistant strains in most
surveys [5–7]. In one hospital study, non-carbapenemase-produc-
ing carbapenem-resistant isolates accounted for 50.0–68.4% of
carbapenem-resistant bacteria annually [4]. Carbapenem resis-
tance may also be a result of chromosomal enzymes in conjunction
with efflux mechanisms in Pseudomonas aeruginosa and Acineto-
bacter baumannii [8,9].

Differentiating carbapenemase-producing organisms from
organisms with ESBLs or AmpC enzymes that have undergone
porin changes has important therapeutic implications [10]. Thus, it
is recommended that laboratories have the capability to differen-
tiate carbapenemase-producing organisms from other carbape-
nem-resistant organisms [11]. This can be accomplished using
either phenotypic methods, such as the combination of modified
carbapenem inactivation method (mCIM) and EDTA-modified
carbapenem inactivation method (eCIM) testing [12], CARBA-5
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(NG Biotech, Guipry, France) [13] or double disk synergy methods
[14], or genotypic methods such as Xpert1 Carba-R (Cepheid,
Sunnyvale, CA, USA; an in vitro diagnostic test) [15], Amplidiag
CarbaR+MCR (Mobidiag, Paris, France) [16] or Check-MDR CT103XL
(Check-Points BV, Wageningen, Netherlands) [17], or combinations
of both phenotypic and genotypic methods. Many laboratories
continue to perform confirmation tests for ESBLs, although it is not
recommended for routine reporting by either the Clinical and
Laboratory Standards Institute (CLSI) [18] or the European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
2017 guidance on resistance mechanisms [19]. None the less,
the knowledge bases (sometimes called ‘expert systems’) available
on many automated susceptibility testing systems still report
ESBLs [20].

One caveat of using confirmatory ESBL or carbapenemase
detection methods is that contemporary MDR-GNB often contain
multiple β-lactamases, potentially including combinations of
ESBLs, AmpC β-lactamases and carbapenemases [21,22]. However,
many of the studies to develop and validate the confirmation tests
used micro-organisms containing only a single β-lactamase or
multiple β-lactamases of the same type [13,23,24]. Thus, the
accuracy of the confirmation methods may be questioned. Many
isolates in the US Centers for Disease Control and Prevention (CDC)
resistance challenge set, which are used for validating ESBL and
carbapenemase detection methods, also carry more than one
β-lactamase gene, which could confound analysis [25]. Thus, the
aim of this study was to test a collection of MDR-GNB with multiple
β-lactamase genes, identified by whole-genome sequencing
(WGS), using the broth microdilution (BMD) and disk diffusion
(DD) susceptibility testing methods as well as several ESBL and
carbapenemase confirmatory assays to determine the impact of
multiple β-lactamases on test results.

2. Materials and methods

2.1. Strains

A total of 46 Gram-negative bacilli from Cepheid’s global strain
collection and 4 isolates from the CDC & FDA Antibiotic Resistance
Isolate Bank, including Citrobacter freundii #0021, P. aeruginosa
#0103, Serratia marcescens #0123 and K. pneumoniae #0347 [25],
were selected for WGS based on antibiograms and species
diversity. Sequencing data for the carbapenemases, ESBLs and
AmpC β-lactamases were used as the basis for the method
comparisons in this study.

2.2. Species identification

Micro-organisms were identified using a MicroScan1 WalkAway
instrument (Beckman Coulter, Brea, CA, USA) with the bacterial
identification panel Neg ID type 2 as described by the manufacturer.
Unusual species identifications or those with low identification
probabilities were confirmed by matrix-assisted laser desorption/
ionisation time-of-flight (MALDI-TOF) (Bruker Daltonik GmbH,
Bremen, Germany) as described by the manufacturer.

2.3. Antimicrobial susceptibility testing methods

BMD was performed using a MicroScan1 WalkAway instru-
ment with Gram-negative NM43 and Detect Neg MIC 2 panels as
described by the manufacturer. Micro-organisms also were tested
for susceptibility to 10 antimicrobial agents by the DD assay on
Mueller–Hinton agar (Hardy Diagnostics, Santa Maria, CA, USA)
according to the CLSI guidelines [26]. Interpretive criteria for BMD
and DD results and for detecting ESBLs were those described by the
CLSI [18]. For ESBL detection, an increase in the diameter of the

zone of inhibition of �5 mm for cefotaxime or ceftazidime in the
presence of clavulanic acid compared with the zone diameter for
the disk with only cefotaxime or ceftazidime is indicative of ESBL
carriage. Similarly, a �3 doubling dilution decrease in the
minimum inhibitory concentration (MIC) of cefotaxime or
ceftazidime in the presence of clavulanic acid compared with
the MIC of the drug alone indicated ESBL carriage. Quality control
organisms included P. aeruginosa ATCC 27853, Escherichia coli ATCC
25922 and ATCC 35218, and K. pneumoniae ATCC 700603.

2.4. Phenotypic carbapenemase detection methods

The mCIM was performed and interpreted according to CLSI
guidelines [18], whilst the eCIM to distinguish between serine and
metallo-carbapenemases was performed as described by Sfeir et al.
[12].

2.5. Whole-genome sequencing

Pure cultures of each micro-organism were grown overnight in
trypticase broth (Hardy Diagnostics) and DNA was extracted using
a DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA, USA) as
described by the manufacturer. DNA concentrations were deter-
mined by ultraviolet light absorbance using a NanoPhotometer
system (Implen, Munich, Germany). Sequencing libraries were
prepared from extracted genomic DNA using either Kapa Hyper-
Prep (Kapa Biosystems/Roche, Basel, Switzerland) or Nextera XT
(Illumina Inc., San Diego, CA, USA) kits. Resultant libraries were
sequenced on a MiSeq sequencer (Illumina Inc.) using V3 reagent
chemistry with 301-cycle paired-end reads. All procedures were
performed in accordance with the manufacturer’s protocols.
Subsequently, libraries were quantified using quantitative PCR
(qPCR) (Kapa Biosystems/Roche) or Droplet DigitalTM PCR (ddPCR)
(Bio-Rad). Assemblies were generated from fastq sequence files
using A5-miseq software with default settings. The software
carries out adapter trimming, quality control, assembly, error
correction and scaffolding. Sequence data were analysed using the
ResFinder 3.2 online tool from the Center for Genomic Epidemiol-
ogy (CGE) [27].

2.6. Predicting carbapenem phenotypes from whole-genome
sequencing data

Organisms were classified phenotypically as susceptible or non-
susceptible to carbapenems based on BMD test results for
ertapenem, imipenem and meropenem, or just imipenem and
meropenem. The non-susceptible MIC category included organ-
isms that were either intermediate or resistant to each of the
antimicrobial agents. The results for Enterobacterales were
analysed separately from the results for the Pseudomonas,
Acinetobacter and Shewanella isolates.

2.7. Xpert1 Carba-R testing

Organisms were tested in pure culture for the blaKPC, blaNDM,
blaVIM, blaOXA-48 and blaIMP carbapenem resistance genes using the
Xpert1 Carba-R cartridge (Cepheid, Sunnyvale, CA, USA) as
described by the manufacturer. To ensure resistance gene retention
prior to testing, as recommended in the product labelling,
carbapenem-resistant organisms were grown on sheep blood agar
plates (Hardy Diagnostics) with a 10 mg meropenem disk placed in
the centre of the inoculum. Three to five colonies taken from the
inner edge of the zone of inhibition were suspended in Mueller–
Hinton broth to a density of 0.5 McFarland standard and 10 mL of
the suspension was added to 5 mL of sample reagent prior to
testing with the Xpert Carba-R cartridge [15].
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2.8. Statistical analysis

Confidence intervals (CIs) were calculated using binomial
distribution (Minitab 18 Statistical Software). The WGS carbapenem
resistance predictions were compared with the phenotypic resis-
tance obtained by the BMD method using the McNemar’s test [28].

3. Results

3.1. Characteristics of bacterial isolates

The carbapenem resistance phenotypes determined by BMD
and the β-lactamase gene carriage of the 50 isolates used in this

study are shown in Table 1; 56% contained two or more
β-lactamase genes. Among the isolates, there were 37 Enter-
obacterales, 11 Pseudomonas spp., 1 Acinetobacter nosocomialis and
1 Shewanella xiamenensis. Thirty isolates (18 Enterobacterales, 10
Pseudomonas spp. and both the A. nosocomialis and S. xiamenensis)
contained at least one carbapenemase gene by WGS, including
blaKPC, blaNDM, blaVIM, blaIMP, blaOXA-48, blaOXA-181, blaSME or blaNMC.
Nineteen of the Enterobacterales isolates contained either ESBLs or
AmpC enzymes or both, but no carbapenemase genes by WGS.
Although the OXA-50 β-lactamase is reported to have weak
carbapenem hydrolytic activity [29], for phenotype–WGS compar-
isons in this study blaOXA-50 was not included as a carbapenemase
gene since none of the P. aeruginosa isolates that contained only

Table 1
Characteristics of study micro-organisms, including broth microdilution susceptibility results for carbapenems, mCIM/eCIM results, and β-lactamase gene carriage.

# Species MIC (mg/mL) [interpretative category] mCIM/eCIM resulta β-Lactamase genes

MEM ETP IPM Carbapenemase ESBL AmpC

1 Acinetobacter nosocomialis >8 [R] >4 [N/A] >8 [R] Metallo blaNDM-1, blaOXA-94
2 Citrobacter freundii complex �1 [S] �0.5 [S] �1 [S] Neg. blaCMY-80

3 C. freundii complex �1 [S] 2 [R] �1 [S] Neg. blaCFE-1
4 C. freundii complex �1 [S] 1 [I] �1 [S] Neg. blaCMY-2

5 C. freundii complex �1 [S] 1 [I] �1 [S] Neg. blaCMY-48

6 C. freundii complex �1 [S] 1 [I] �1 [S] Neg. blaCMY-2

7 Enterobacter asburiae 4 [R] >4 [R] 4 [R] Neg. blaACT-4
8 Enterobacter cloacae >8 [R] >4 [R] >8 [R] Neg. blaCMH-3

9 E. cloacae 8 [R] >4 [R] 8 [R] Neg. blaSHV-12 blaACT-1
10 E. cloacae 8 [R] >4 [R] 8 [R] Neg. blaACT-7
11 E. cloacae >8 [R] >4 [R] >8 [R] Neg. blaACT-15
12 E. cloacae >8 [R] >4 [R] >8 [R] Serine blaNMC-A blaACT-12
13 Escherichia coli >8 [R] >4 [R] >8 [R] Metallo blaNDM-5 blaCTX-M-15 blaCMY-6, blaDHA-1
14 E. coli �1 [S] �0.5 [S] 2 [I] Metallo blaVIM-1 blaCTX-M-14 blaACC-1
15 E. coli >8 [R] >4 [R] >8 [R] Metallo blaNDM-7 blaCTX-M-15 blaCMY-4

16 E. coli �1 [S] 2 [R] 2 [I] Neg. blaCMY-2

17 E. coli �1 [S] �0.5 [S] �1 [S] Neg. blaCTX-M-15

18 E. coli �1 [S] �0.5 [S] �1 [S] Neg. blaCTX-M-15 blaCMY-2

19 E. coli 8 [R] >4 [R] 4 [R] Serine blaKPC-2 blaSHV-5
20 E. coli 8 [R] >4 [R] 8 [R] Serine blaKPC-2, blaOXA-48
21 Hafnia alvei �1 [S] 1 [I] �1 [S] Neg. blaACC-2
22 Klebsiella aerogenes 4 [R] >4 [R] 8 [R] Neg. AmpCb

23 K. aerogenes 4 [R] >4 [R] 8 [R] Neg. AmpCb

24 K. aerogenes >8 [R] >4 [R] >8 [R] Neg. AmpCb

25 Klebsiella pneumoniae >8 [R] >4 [R] >8 [R] Metallo blaNDM-1 blaCTX-M-15

26 K. pneumoniae >8 [R] >4 [R] 8 [R] Metallo blaNDM-1 blaSHV-11 blaDHA-1
27 K. pneumoniae >8 [R] >4 [R] >8 [R] Metallo blaNDM-1 blaCTX-M-15 blaDHA-1
28 K. pneumoniae �1 [S] �0.5 [S] �1 [S] Neg.
29 K. pneumoniae �1 [S] >4 [R] �1 [S] Neg. blaCTX-M-15, blaSHV-28
30 K. pneumoniae >8 [R] >4 [R] >8 [R] Serine blaKPC-2 blaCTX-M-65, blaSHV-11
31 K. pneumoniae >8 [R] >4 [R] 8 [R] Serine blaKPC-3 blaCTX-M-15, blaSHV-11
32 K. pneumoniae >8 [R] >4 [R] >8 [R] Serine blaKPC-3 blaSHV-11
33 K. pneumoniae >8 [R] >4 [R] >8 [R] Serine blaOXA-48 blaCTX-M-15, blaSHV-11
34 K. pneumoniae 2 [I] >4 [R] 8 [R] Serine blaOXA-48 blaCTX-M-15, blaSHV-11
35 K. pneumoniae >8 [R] >4 [R] >8 [R] Serine blaKPC-3
36 Proteus mirabilis �1 [S] �0.5 [S] 8 [R] Metallo blaOXA-48 blaCTX-M-14

37 Pseudomonas aeruginosa >8 [R] >4 [N/A] >8 [R] Metallo blaVIM-2, (blaOXA-50)c

38 P. aeruginosa >8 [R] >4 [N/A] >8 [R] Metallo blaIMP-1, (blaOXA-50)
39 P. aeruginosa >8 [R] >4 [N/A] >8 [R] Metallo blaVIM-2, (blaOXA-50)
40 P. aeruginosa >8 [R] >4 [N/A] >8 [R] Metallo blaIMP-1, (blaOXA-50)
41 P. aeruginosa >8 [R] >4 [N/A] >8 [R] Metallo blaNDM-1, (blaOXA-50)
42 P. aeruginosa 8 [R] >4 [N/A] 4 [I] Metallo blaVIM-5, (blaOXA-50) blaGES-9, blaOXA-21
43 P. aeruginosa �1 [S] >4 [N/A] �1 [S] Neg. (blaOXA-50)
44 P. aeruginosa 2 [S] >4 [N/A] �1 [S] Neg. (blaOXA-50)
45 P. aeruginosa �1 [S] >4 [N/A] �1 [S] Neg. (blaOXA-50)
46 Pseudomonas putida >8 [R] >4 [N/A] >8 [R] Metallo blaIMP-1

47 P. putida >8 [R] >4 [N/A] >8 [R] Metallo blaVIM-2

48 Serratia marcescens �1 [S] 2 [R] 4 [R] Serine blaKPC-4 blaSHV-30
49 S. marcescens >8 [R] >4 [R] >8 [R] Serine blaSME-3

50 Shewanella xiamenensis 8 [I] >4 [N/A] 8 [I] Serine blaOXA-181

mCIM, modified carbapenem inactivation method; eCIM; EDTA-modified carbapenem inactivation method; MIC, minimum inhibitory concentration; MEM, meropenem; ETP,
ertapenem; IPM, imipenem; ESBL, extended-spectrum β-lactamase; R, resistant; I, intermediate; S, susceptible; N/A, not applicable.
Note: Narrow-spectrum β-lactamases, e.g. blaTEM-1, are not listed.

a Metallo, metallo-β-lactamase; Neg., negative; Serine, serine-based carbapenemase.
b AmpC gene was identified by BLAST data.
c blaOXA-50 is not considered a carbapenemase in this study, so it is listed in parentheses.
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this resistance gene were resistant to meropenem, imipenem or
the extended-spectrum cephalosporin ceftazidime, and both the
mCIM and eCIM tests for carbapenemases were negative.

3.2. Comparison of minimum inhibitory concentration and disk
diffusion test results

Categorical agreement between the results of BMD and DD
testing for 10 β-lactam agents for the 50 test isolates is shown in
Table 2. For carbapenems, categorical agreement was 87.8% for
ertapenem, 91.5% for imipenem and 93.6% for meropenem with no
very major errors observed. For cephalosporins and monobactams,
agreement ranged from a low of 86.5% for cefoxitin to a high of
97.7% for cefotaxime. Many of the categorical errors came from just
two isolates. One Hafnia alvei isolate produced a very major error
by DD when compared with BMD results for cefotaxime,
ceftazidime and ceftriaxone (i.e. BMD results were all reported
as resistant but DD results were susceptible). This isolate contained
only a blaACC-2 gene. The other isolate was a Proteus mirabilis that
was susceptible to both ertapenem and meropenem by BMD
testing but resistant by DD testing (major errors). This isolate was
examined carefully to prevent misinterpreting the zones of
inhibition due to swarming. The isolate also showed minor errors
with aztreonam and ceftazidime. It harboured both a blaOXA-48 and
a blaCTX-M-14 β-lactamase. There was 97.7% agreement between the
categorical results of BMD and DD testing with ceftazidime/
avibactam, with one major error. A P. aeruginosa containing
blaGES-9, blaOXA-21, blaOXA-50, blaPAO and blaVIM-5 was borderline
susceptible with a ceftazidime/avibactam MIC of 8 mg/mL but was
resistant by DD with a zone diameter of 20 mm. The data were
reproducible on re-testing.

3.3. Reliability of extended-spectrum β-lactamase screening tests

DD and BMD tests using ceftazidime and cefotaxime
� clavulanic acid were used to examine isolates for ESBL
production. Ceftazidime plus clavulanic acid testing by DD
identified 11 organisms as ESBL-producers, even though 5
contained a carbapenemase (blaOXA-48 or blaKPC) in addition to
an ESBL (blaCTX-M-15 or blaSHV-30), 2 had an ESBL (both had
blaCTX-M-15) plus an AmpC β-lactamase (either blaCMY-24 or blaACT-1),
2 had only an AmpC β-lactamase (blaCMY-24 or blaCMY-48), and 2 had
an ESBL (both had blaCTX-M-15) plus a narrow-spectrum β-lactamase
(blaTEM-1). All were Enterobacterales. Only four of the organisms
identified by DD testing as ESBL-producers were also identified by
BMD-based ESBL testing. In addition, a P. mirabilis that was not
called an ESBL-producer by either the ceftazidime or cefotaxime
DD tests was positive by BMD-based ESBL testing. Of the five
organisms positive for ESBLs by BMD testing, all harboured one or
more ESBL genes; three also carried carbapenem resistance genes

(blaOXA-48), 1 had multiple ESBLs (blaCTX-M-15 and blaSHV-28) and the
last had blaCTX-M-15 and a narrow-spectrum blaTEM-1 (data not
shown).

3.4. Predicting metallo-β-lactamase (MBL) production using
aztreonam

Susceptibility to aztreonam has been used an indicator of MBL
carriage in carbapenem-resistant strains [30]. Although 15 isolates
contained a MBL, only 1 did not have other β-lactamases, and that
isolate was intermediate to aztreonam by BMD testing. Of the other
14 isolates that had additional β-lactamases present, 5 (35.7%; 95% CI
12.8–64.8%), including 3 P. aeruginosa, 1 E. coli and 1 K. pneumoniae,
were susceptible to aztreonam both by DD and BMD testing.

3.5. Comparison of carbapenem-resistant phenotype and β-lactamase
genotype

Of the 33 isolates that were meropenem-resistant by BMD, 25
(75.8%; 95% CI 57.7–88.9%) harboured one or more carbapenemase
genes, including 6 with blaNDM, 5 with blaKPC, 4 with blaVIM, 3 with
blaOXA-48 or blaOXA-181 genes, 3 with blaIMP, 1 with blaKPC and
blaOXA-48, 1 with blaNMC-A, 1 with blaSME, and 1 with blaNDM and
blaOXA-94 (Table 1). Four isolates harboured only an AmpC
β-lactamase (3 with blaACTand 1 with blaCMH-3), whilst 1 harboured
an AmpC and an ESBL (blaACT-1 and blaSHV-12). Three meropenem-
resistant Klebsiella aerogenes isolates harboured only intrinsic
AmpC-type β-lactamase genes by WGS. Thus, approximately one-
quarter of meropenem-resistant isolates did not harbour a
carbapenemase gene. Three isolates that were meropenem-
susceptible but intermediate or resistant to imipenem each
harboured a different carbapenemase gene, i.e. blaVIM, blaKPC or
blaOXA-48. So, not every carbapenemase gene consistently mediated
meropenem resistance. There were six organisms (excluding
P. aeruginosa isolates) that were susceptible to meropenem and
imipenem but intermediate or resistant only to ertapenem. These
included four C. freundii that harboured an AmpC β-lactamase, a
H. alvei with an AmpC β-lactamase, and a K. pneumoniae with
multiple ESBLs. This is consistent with ertapenem being the least
specific indicator of carbapenemase activity. Three P. aeruginosa
isolates that contained blaOXA-50 but no other β-lactamases by WGS
were susceptible to all three carbapenems, cefepime and ceftazi-
dime both by BMD and DD testing.

3.6. Modified carbapenem inactivation method (mCIM) and EDTA-
modified carbapenem inactivation method (eCIM) testing

A total of 28 organisms were positive by mCIM alone and all
contained a carbapenemase, whilst none of the 22 organisms that
were mCIM-negative contained a carbapenemase. Among the 37

Table 2
Categorical agreement (CA) between broth microdilution (BMD) and disk diffusion (DD) results for β-lactam drugs.

Antimicrobial agent No. of comparisonsa CA Very major errors Major errors Minor errors

Aztreonam 46 41 (89.1%) 0 (0.0%) 0 (0.0%) 5 (10.9%)
Cefepime 47 41 (87.2%) 0 (0.0%) 0 (0.0%) 6 (12.8%)
Cefotaxime 44 43 (97.7%) 1 (2.3%) 0 (0.0%) 0 (0.0%)
Cefoxitin 37 32 (86.5%) 1 (3.2%) 0 (0.0%) 4 (10.3%)
Ceftazidime 48 44 (91.7%) 1 (2.5%) 0 (0.0%) 3 (6.3%)
Ceftriaxone 39 38 (97.4%) 1 (2.8%) 0 (0.0%) 0 (0.0%)
Ertapenem 41 36 (87.8%) 0 (0.0%) 1 (2.4%) 4 (9.8%)
Imipenem 47 43 (91.5%) 0 (0.0%) 0 (0.0%) 4 (8.5%)
Meropenem 47 44 (93.6%) 0 (0.0%) 1 (2.1%) 2 (4.3%)
Ceftazidime/avibactam 43 42 (97.7%) 0 (0.0%) 1 (2.3%) N/A

N/A, not applicable.
a Interpretive criteria are not available for some species (e.g. Acinetobacter spp., Shewanella spp. and Pseudomonas putida), which limited the number of comparisons of BMD

and DD results.
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Enterobacterales isolates, the combination of mCIM and eCIM
testing produced one error, which was a P. mirabilis containing
blaOXA-48, blaCTX-M-14 and blaTEM-1 (i.e. a serine carbapenemase-
producer) that was interpreted as a MBL-producer (mCIM = 6 mm;
eCIM = 20 mm). On the other hand, a MBL-producing P. aeruginosa
harbouring a blaIMP-1 and blaOXA-50 gene was interpreted as
containing a serine β-lactamase (mCIM = 9 mm; eCIM = 6 mm).
Thus, the combination mCIM and eCIM tests were 96% sensitive
and 96% specific. The three P. aeruginosa isolates that contained
blaOXA50 alone were called negative for carbapenemase activity by
mCIM and eCIM.

3.7. Correlation of Xpert Carba-R results with results of whole-genome
sequencing

Of the 26 isolates that harboured a blaKPC, blaNDM, blaVIM, blaIMP

or blaOXA-48 carbapenemase gene by WGS, all were detected by the
Xpert Carba-R assay, including the E. coli isolate that contained
both blaKPC and blaOXA-48. There were no false-positive Xpert
Carba-R results among the isolates that by WGS did not contain a
carbapenemase gene or contained a carbapenemase gene that was
not among those detected by Xpert Carba-R. Thus, the test showed
100% sensitivity and 100% specificity for the carbapenemase genes
included in the assay.

3.8. Predicting carbapenem non-susceptibility based on whole-
genome sequencing results

Eighteen Enterobacterales contained a carbapenem resistance
gene and all were non-susceptible to ertapenem, imipenem and
meropenem (Table 3). Thus, there was 100% specificity to WGS
predictions of carbapenem non-susceptibility. However, there were 9
Enterobacterales that were non-susceptible to imipenem and
meropenem and 15 organisms that were non-susceptible to
ertapenem, imipenem and meropenem that did not contain
carbapenemase genes. These organisms would have been predicted
to be susceptible to either the two or three carbapenems, respectively,
makingthesensitivityofpredictingcarbapenemresistance66.7%(95%
CI 46.0–83.5%) for imipenem and meropenem (P < 0.003) and only
54.4% (95% CI 36.4–71.9%) for ertapenem, imipenem and merope-
nem (P < 0.001). For the 13 Pseudomonas spp., A. nosocomialis and S.
xiamenensis isolates in the study, the sensitivity and specificity of
predicting carbapenem non-susceptibility to imipenem and
meropenem were both 100%; however, isolates with carbapenem
resistance based on efflux or porin changes, as opposed to
carbapenemases, were not included in the study.

4. Discussion

This study focused on how the presence of multiple
β-lactamases in MDR-GNB isolates impacted the results of

antimicrobial susceptibility testing methods and confirmatory
assays for ESBLs and carbapenemases. The correlation between the
categorical results of DD and BMD testing overall was high and
showed few very major errors. This was reassuring since much of
the surveillance for antimicrobial resistance among bacterial
pathogens, especially in low- and middle-income countries, is
conducted by DD testing [31]. Of 34 categorical errors observed, 9
(26.5%) were due to two organisms, a H. alvei and a P. mirabilis. If
these two isolates are removed, the results look even more
reassuring for this group of MDR organisms.

As noted in CLSI document M100, ‘when using the current
interpretive criteria, routine ESBL testing is no longer necessary
before reporting results. However, it may be useful for infection
control purposes’ [18]. EUCAST also recommends ESBL testing for
epidemiological purposes but not for routine clinical susceptibility
categorisation [19]. This is also noted in the most recent EUCAST
Expert Rules document [32]. Prior to 2010 when CLSI and EUCAST
changed the DD and MIC breakpoints of cefotaxime, ceftriaxone
and ceftazidime for Enterobacteriaceae to optimise detection of
resistance, ESBL testing was widely used to predict extended-
spectrum cephalosporin resistance [33]. Lowering the BMD
breakpoints and widening the DD zone diameter breakpoints
was meant to provide better correlation with both clinical and
pharmacological data. The overall success of the these efforts has
been met with mixed reviews [34,35]. Our data show worrying
inconsistencies between the DD and BMD results for ESBL
detection among strains and indicate that organisms reported to
be ESBL-producers often contained either carbapenemases or
AmpC β-lactamases that may confound therapeutic decisions if
one assumes that only ESBLs are present in the bacterial isolate.
The inconsistency of results suggests that reporting isolates as
ESBL-producers to guide therapeutic decisions should be done
with caution.

As concern for bacteria with MBLs spread globally, micro-
biologists often used susceptibility to aztreonam in a carbape-
nem-resistant isolate to indicate the presence of a MBL [3,30].
Unfortunately, in our study only 28.6% of isolates with MBLs
remained susceptible to aztreonam, and even those isolates
contained other β-lactamases. Fortunately, the mCIM test showed
100% accuracy for identifying organisms with carbapenemases
compared with the results of WGS results and was not
confounded by the presence of multiple β-lactamases in the
isolates. More importantly, the combination of mCIM/eCIM
results for differentiating serine carbapenemases from metallo-
carbapenemases showed an overall accuracy of 96% and miscalled
only two isolates, a P. mirabilis and a P. aeruginosa, both with
carbapenemases but not the types predicted by the tests. The
reasons for the failures are not clear. A recent study by Gill et al.
indicated that the eCIM test does have challenges recognising
some carbapenemases in P. aeruginosa [36]. None the less, our data
suggest that the mCIM/eCIM tests can be used for confirmation of

Table 3
Accuracy of whole-genome sequencing (WGS) prediction of carbapenem susceptibility compared with broth microdilution (BMD) results for ertapenem (ETP), imipenem
(IPM) and meropenem (MEM) for Enterobacterales and Pseudomonas spp., Acinetobacter nosocomialis and Shewanella xiamenensis.

Enterobacterales BMD results Pseudomonas, Acinetobacter and Shewanella, BMD results

IPM & MEMa ETP & IPM & MEMa IPM & MEMa

WGS prediction NSb S NS S NS S
NS 18 0 18 0 10 0
S 9 10 15 4 0 3

Sensitivity (%) 66.7% (95% CI 46.0–83.5%)
(McNemar’s) P-value < 0.003

54.4% (95% CI 36.4–71.9%)
(McNemar’s) P-value < 0.001

100% (95% CI 69.2–100%)
(McNemar’s) P-value = 1.00

Specificity (%) 100% (95% CI 69.2–100%) 100% (95% CI 39.8–100%) 100% (95% CI 29.2–100%)

NS, non-susceptible; S, susceptible; CI, confidence interval.
a Categories of NS and S are for both antimicrobial agents or for all three antimicrobial agents.
b The non-susceptible category for antimicrobial agents includes both intermediate and resistant results by BMD testing.
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carbapenemase-producing isolates, since differentiating metallo-
carbapenemases from serine carbapenemases has important
therapeutic implications [2,10]. The other option for differentiating
the two types of carbapenemases would be to use a molecular test
on the isolated colony, such as the Xpert Carba-R test [15], the
Amplidiag test [16] or Check-MDR CT103XL [17]. In this study, the
Xpert Carba-R test performed with 100% accuracy compared with
the results of WGS.

Whilst the presence of a carbapenem resistance gene by WGS
was highly predictive of phenotypic carbapenem resistance
among these organisms (100% specificity), the opposite was
not true. We noted a sensitivity of only 66.7% for predicting
imipenem or meropenem non-susceptibility for Enterobacterales
isolates by WGS owing to the variety of other β-lactamases that
mediated carbapenem resistance. When non-susceptibility to
ertapenem was included with imipenem and meropenem, the
sensitivity dropped even more. This is not surprising as
ertapenem confounded the original CDC definition of carbape-
nem resistance in Enterobacteriaceae [3]. Whether a software
algorithm can be developed that detects porin mutations and
active efflux pumps and combines these data with the presence of
AmpC β-lactamases and ESBLs to predict carbapenem resistance
is unknown. Clearly, multiple researchers are investigating the
use of machine learning to infer resistance phenotypes from WGS
data [37]. Unfortunately, a recent study by Davies et al. noted the
complexity even of predicting amoxicillin/clavulanate resistance
in E. coli when using WGS data [38]. Thus, the difficulty of
accurately assessing carbapenem resistance, especially in organ-
isms like P. aeruginosa or A. baumannii with efflux pumps and
porin changes, is likely to be even greater. A recent EUCAST report
cautioned against using WGS data at this time to predict
phenotypic resistance [39].

This study had several limitations. The sample size of 50 micro-
organisms is small but the large proportion of isolates with two or
more β-lactamases helped ensure that the impact of multiple
β-lactamase carriage could be assessed. In addition, BMD testing
was carried out using the MicroScan WalkAway platform and not
the CLSI or EUCAST BMD methods, but this was done to be more in
line with results likely to be observed in clinical laboratories where
automated susceptibility methods are typically used to generate
BMD data.

In summary, the presence of multiple β-lactamase genes
confounds the results of older reporting algorithms for ESBLs
but does not significantly impact reporting of DD, mCIM/eCIM and
Xpert Carba-R results. Predicting phenotypic carbapenem resis-
tance from WGS data based only on the presence of known
carbapenemase genes is currently prone to very major errors.
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