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ABSTRACT Although AmpC ␤-lactamases can barely degrade carbapenems, if at all,

they can sequester them and prevent them from reaching their targets. Thus, carbapenem resistance in Escherichia coli and other Enterobacteriaceae can result from
AmpC production and simultaneous reduction of antibiotic inﬂux into the periplasm
by mutations in the porin genes. Here we investigated the route and genetic mechanisms of acquisition of carbapenem resistance in a clinical E. coli isolate carrying
blaCMY-2 on a plasmid by selecting for mutants that are resistant to increasing concentrations of meropenem. In the ﬁrst step, the expression of OmpC, the only porin
produced in the strain under laboratory conditions, was lost, leading to reduced susceptibility to meropenem. In the second step, the expression of the CMY-2
␤-lactamase was upregulated, leading to resistance to meropenem. The loss of
OmpC was due to the insertion of an IS1 element into the ompC gene or to frameshift mutations and premature stop codons in this gene. The blaCMY-2 gene was
found to be located on an IncI␥ plasmid, and overproduction of the CMY-2 enzyme
resulted from an increased plasmid copy number due to a nucleotide substitution in
the inc gene. The clinical relevance of these genetic mechanisms became evident
from the analysis of previously isolated carbapenem-resistant clinical isolates, which
appeared to carry similar mutations.
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T

he spread of antibiotic resistance is considered a major threat to public health (1).
Resistance to third-generation cephalosporins due to the expression of extendedspectrum ␤-lactamases (ESBLs), such as CTX-M, is increasingly reported in Enterobacteriaceae (2, 3), often leaving carbapenems as the only treatment option. As a consequence, selection pressure due to the increased use of carbapenems has led to the
appearance of strains producing carbapenemases such as VIM, KPC, NDM, IMP, and
OXA-48 (4–6). An alternative mechanism for acquiring resistance to carbapenems is the
production of noncarbapenemase ␤-lactamases combined with the loss of outer
membrane porins (7). AmpC-type ␤-lactamases, for example, can barely degrade
carbapenems, if at all (8, 9), but they can covalently bind them in the periplasm and
prevent them from accessing their targets, provided that the enzymes are produced at
a high level and the permeability of the outer membrane is reduced by the loss of
porins (10).
CMY-2 is a plasmid-encoded AmpC (pAmpC) ␤-lactamase that is frequently found in
Escherichia coli and other Enterobacteriaceae worldwide (11). The corresponding gene
is derived from the chromosomally located ampC gene of Citrobacter freundii (12).
Usually, it is located on large plasmids of the IncI and IncA/C incompatibility groups
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TABLE 1 Susceptibilities of E. coli isolate R2761 and its derivatives to meropenem in the
presence or absence of 500 g/ml of cloxacillin and to imipenema
MIC (g/ml)

aAbbreviations:

MER concn (g/ml) for selection
2
4
8
8
8
8

MER
0.125
1
16
32
⬎32
⬎32
⬎32

IMI
0.5
2
16
⬎32
⬎32
⬎32
⬎32

MER ⴙ Clox
0.064
1
1
4
4
4
4
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Strain
R2761
mr20
mr26
mr35
mr38
mr41
mr42

MER, meropenem; IMI, imipenem; Clox, cloxacillin.

(13). In this study, we investigated the route and the genetic mechanisms leading to
carbapenem resistance in a clinical E. coli isolate containing a blaCMY-2 gene on a
plasmid.
RESULTS
Isolation of meropenem-resistant mutants. Isolate R2761, for which the meropenem MIC is 0.125 g/ml, was grown in lysogeny broth (LB) supplemented with 0.5
g/ml of meropenem. After overnight incubation, growth was observed. The cells were
harvested and were resuspended in fresh LB to an optical density at 660 nm (OD660) of
1, and 100-l aliquots were plated onto LB agar plates with various concentrations (0
to 8 g/ml) of meropenem. Colonies were found on plates containing as much as 2
g/ml of meropenem. After streaking, one of the clones obtained, designated
R2761mr20, was grown overnight in LB containing 2 g/ml of meropenem and was
subsequently plated onto LB agar plates with various concentrations of meropenem.
From the plate with 4 g/ml meropenem (the highest concentration at which growth
was observed), colonies were picked, and the procedure was repeated, yielding colonies on LB plates supplemented with 8 g/ml of meropenem. The MICs for the most
resistant strains and several intermediates are listed in Table 1. It is noteworthy that the
development of resistance to meropenem was paralleled by the development of
resistance to imipenem (Table 1).
Phenotypic characterization of meropenem-resistant mutants. Decreased susceptibility to meropenem may result from the loss of porins in the outer membrane
and/or from the overexpression of ␤-lactamases. Laboratory strains of E. coli K-12
generally produce two related porins, OmpC and OmpF, when grown in LB. In contrast,
SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting revealed the
presence of only a single porin in the outer membrane protein fraction of isolate R2761
(Fig. 1A and B). The expression of this porin was lost upon the ﬁrst round of selection

FIG 1 Expression of porins in isolate R2761 and derivatives. Outer membrane proteins were either
separated by SDS-PAGE and stained with Coomassie brilliant blue (A) or analyzed by Western blotting
using a porin-speciﬁc polyclonal antiserum (B). Lanes 1, E. coli K-12 strain TOP10F=, which is used as a
reference for the major outer membrane proteins; lanes 2, wild-type isolate R2761; lanes 3 to 8, R2761
derivatives mr20, mr26, mr35, mr38, mr41, and mr42, respectively; lanes M, molecular weight marker
proteins. The positions of the major outer membrane proteins in the K-12 strain are indicated on the left
and the molecular masses of the marker proteins on the right. Only the relevant parts of the gel and blot
are shown.
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FIG 2 Expression of CMY-2 ␤-lactamase in isolate R2761 and derivatives. (A) Zymogram on which
periplasmic fractions of strain R2761 (lane 1) and its derivatives mr20, mr26, mr35, mr38, mr41, and mr42
(lanes 2 to 7, respectively) were analyzed using nitroceﬁn as a ␤-lactamase substrate. Lane M contains
molecular weight marker proteins, and their molecular masses are indicated on the left. Two bands with
␤-lactamase activity were detected, and their apparent molecular masses are indicated at the right. (B)
Western blot of periplasmic fractions of R2761 and its derivatives. Lanes are loaded in the same order as
in panel A. The blot was probed with an antiserum raised against CMY-2 ␤-lactamase. Only the relevant
parts of the zymogram and the blot are shown.

for reduced meropenem susceptibility (strain R2761mr20 and six other clones tested in
this experiment) and in all subsequent isolates (Fig. 1A and B and results not shown).
The ﬁrst round of selection was repeated three times independently, and eight clones
tested in each of these experiments invariably showed porin loss.
Zymography revealed two bands with ␤-lactamase activity in strain R2761, with
apparent molecular masses of 37 and 28 kDa, respectively (Fig. 2A). The activity in the
upper band was increased in strain R2761mr26 and subsequent derivatives. The
apparent molecular weight of this band suggested that it could correspond to CMY-2,
and this suggestion was conﬁrmed in a Western blotting experiment with an antiserum
raised against CMY-2 ␤-lactamase (Fig. 2B). The activity of the lower band on the
zymograms, which could correspond to the CTX-M-15 and/or OXA-1 ␤-lactamase,
which are also detected in strain R2761, appeared barely affected during the selection
procedure (Fig. 2A).
␤-Lactamase activity was further evaluated in enzyme assays using the chromogenic
substrate nitroceﬁn. Increased activity was detected in strain R2761mr26 and all
subsequent derivatives (Table 2). This activity was suppressed with cloxacillin, an
inhibitor of AmpC-type ␤-lactamases, and was paralleled by increased hydrolysis of
cefoxitin, which is a more speciﬁc substrate for AmpC-type ␤-lactamases (Table 2). The
rate of hydrolysis of meropenem was below the detection limit in these assays, in
agreement with the notion that CMY-2 can hardly degrade this substrate, if at all (8, 9).
Furthermore, the resistance of strain R2761mr26 and subsequent derivatives to meropenem was largely suppressed by cloxacillin (Table 1). Together, these results demon-

TABLE 2 ␤-Lactamase activities in E. coli isolate R2761 and its derivatives
Hydrolysis ratea
Strain
R2761
mr20
mr26
mr35
mr38
mr41
mr42

NCF
119 ⫾ 20
107 ⫾ 7
463 ⫾ 18
604 ⫾ 37
605 ⫾ 84
464 ⫾ 54
519 ⫾ 84

NCF ⴙ Clox
23 ⫾ 1
22 ⫾ 1
20 ⫾ 1
NDb
ND
ND
12 ⫾ 1

FOX
0.9 ⫾ 0.3
0.8 ⫾ 0.2
8.6 ⫾ 0.7
16.0 ⫾ 0.7
17.0 ⫾ 0.8
10.3 ⫾ 0.6
14.0 ⫾ 0.4

aThe

hydrolysis rates of nitroceﬁn (NCF) in the absence or presence of cloxacillin (Clox) and of cefoxitin
(FOX) are expressed in nanomoles per minute per 108 cells and in nanomoles per hour per 108 cells,
respectively.
bND, not determined.
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strate that meropenem resistance developed in strain R2761 through the loss of porin
followed by the upregulation of CMY-2 activity.
Mutational frequency. To gain insight into the mutational frequency of porin loss
and upregulation of ␤-lactamase activity, strains R2761 and R2761mr20 were grown
overnight in LB without meropenem, and after washing, CFU counts were determined
on LB plates either without antibiotics or containing 1 or 4 g/ml of meropenem.
Mutants of R2761 resistant to 1 g/ml of meropenem were obtained with a frequency
of 2 ⫻ 10⫺7, and 10 out of 10 mutants analyzed showed loss of OmpC on Western blots
(results not shown). Mutants of R2761mr20 resistant to 4 g/ml of meropenem were
obtained with a frequency of 10⫺8, and 10 out of 10 mutants analyzed showed
upregulation of CMY-2 on Western blots (results not shown). No resistant mutants were
obtained when R2761 was directly plated onto LB plates containing 4 g/ml of
meropenem.
Genotypic characterization of meropenem-resistant mutants. To identify the
mutations that resulted in the loss of porin in strain R2761mr20 and three other
mutants obtained in the ﬁrst selection round, the ompC, ompF, and ompR-envZ genes
(the latter locus encodes the two-component regulatory system required for the
expression of OmpC and OmpF) were ampliﬁed by PCR and were sequenced. The ompC
gene of the wild-type strain R2761 was identical to that of E. coli strain Sanji (locus tag
Y979_07590) except for two silent nucleotide substitutions at positions 61 and 559,
both of which were G-to-A transitions. The ompC amplicons of resistant isolates mr19
and mr20 were considerably longer than that of the wild-type strain (see Fig. S1 in the
supplemental material). Sequencing of this fragment showed the presence of an IS1
element inserted after nucleotide 450 of ompC in both strains. Sequencing of the ompC
amplicons of resistant isolates mr12 and mr18 revealed a tetranucleotide (ATCG)
duplication at nucleotide position 630, resulting in a frameshift and a premature stop
codon for mr12 and a C-to-T transition at nucleotide position 310, creating a stop
codon, for mr18. These results demonstrate that the porin expressed in isolate R2761
is OmpC and that its expression can be knocked out by diverse mutations, resulting in
reduced susceptibility to meropenem. The ompF gene of isolate R2761 was found to be
identical to those of E. coli K-12 (locus tag b0929) and E. coli strain Sanji (locus tag
Y979_05145). Relative to the E. coli K-12 sequence, the promoter region revealed the
insertion of a single nucleotide, a T, 75 bp upstream of the transcription start site in one
of three high-afﬁnity binding sites for the transcriptional activator OmpR, i.e., box F2
(14). This insertion might explain the lack of expression of ompF in strain R2761.
Interestingly, the same insertion was found in the promoter region of ompF in strain
Sanji (nucleotide sequence accession number CP011061.1), but to our knowledge, it
has not been reported whether this multidrug-resistant strain expresses ompF.
To identify the mutation leading to increased expression of CMY-2, plasmids were
isolated from strain R2761 and its derivatives mr20, mr26, and mr42, and the plasmid
preparations were used to transform E. coli K-12 strain TOP10F=. Ampicillin-resistant
transformants were picked for further analysis. Western blotting showed that these
transformants produced CMY-2 ␤-lactamase and that the expression levels were higher
in transformants carrying plasmids derived from strains mr26 and mr42 than in those
carrying plasmids from the wild-type strain R2761 and its derivative mr20 (data not
shown). Consistently, higher ␤-lactamase activities were measured in these transformants (see Table S2 in the supplemental material). Zymography revealed that the
transformants did not express the 28-kDa ␤-lactamase (data not shown), suggesting
that this enzyme is encoded on another plasmid present in isolate R2761. In addition,
the gene for CTX-M-15 could not be detected by PCR in these strains. Also, other
resistance phenotypes of R2761, including resistance to tobramycin, trimethoprim,
norﬂoxacin, and nitrofurantoin, were not detected in the transformants, suggesting
that they also were determined by the chromosome or by other plasmids. When
plasmids were isolated from the transformants, the yield of plasmid DNA was considerably higher for plasmids derived from strains mr26 and mr42 (Fig. 3A), suggesting
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FIG 3 Overproduction of CMY-2 results from an increased plasmid copy number. (A) Plasmids from strain
R2761 and its derivatives and from clinical isolates EC-8 and EC-9 were isolated from transformants of E.
coli K-12 strain TOP10F= and were digested with EcoRI, and the fragments were analyzed on 0.6% agarose
gels. Lanes 1 to 4, plasmids from strains R2761 and its derivatives mr20, mr26, and mr42, respectively;
lanes 5 and 6, plasmids from strains EC-8 and EC-9, respectively. Each lane contains the plasmid yield
from 8 ⫻ 108 bacterial cells. The lane marked M shows a molecular marker; sizes are indicated on the left
in kilobase pairs. (B) Nucleotide sequences of the hairpin loop region of the inc genes containing single
nucleotide substitutions in the plasmids from mr42, EC-8, and EC-9 (indicated in red). The inverted
repeats forming the stem of the stem-loop structure are indicated by arrows.

that the increased CMY-2 ␤-lactamase levels are a consequence of an increased plasmid
copy number. CMY-2 ␤-lactamase is often encoded on plasmids of the IncI replicon
type, the replication of which is controlled by antisense RNA transcribed from the inc
gene. It was reported recently that mutations in the hairpin loop region of inc can result
in an increased plasmid copy number and increased CMY-2 ␤-lactamase production
(15). PCR and sequence analysis of the plasmids from R2761 and mr42 isolated from
TOP10F= transformants revealed the presence of an IncI␥-type plasmid in both strains,
and a single nucleotide substitution (G to A) was detected in the inc hairpin loop of the
plasmid derived from mr42 (Fig. 3B), which explains the increased copy number of the
mutant.
Sequencing of the gene encoding CMY-2 on the plasmid derived from mr42
revealed no changes from the gene on the plasmid derived from R2761. Both genes
contain a substitution that results in a V231S amino acid substitution, which classiﬁes
the protein as a CMY-42 variant (16).
Transferability of the resistance phenotype. To verify that loss of porins and
increased expression of CMY-2 are sufﬁcient to confer meropenem resistance, the
plasmids derived from R2761 and mr42 were isolated from TOP10F= and were transferred to the laboratory strain BL21(DE3) and its isogenic porin-deﬁcient derivative
CE1536. Clinical resistance to meropenem was observed only when the high-copynumber plasmid from mr42 was transferred to the porin-deﬁcient strain (see Table S3
in the supplemental material).
Stability of the resistance phenotype. Determination of the growth curves
showed a slight but reproducible growth defect in the late-exponential growth phases
of both strains mr20 and mr26 relative to the wild-type strain, whereas strain mr42
already showed retarded growth in the early-exponential phase (see Fig. S2 in the
supplemental material). Because of these growth defects, we considered the possibility
that the resistance phenotype was not very stable and was easily lost during growth in
January 2017 Volume 61 Issue 1 e01413-16
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the absence of selection pressure. To test this possibility, strain R2761mr42 was grown
overnight in LB without antibiotics, diluted 1:1,000 in fresh medium, and grown again
overnight, and this procedure was repeated. Samples of each culture were plated onto
LB agar plates, and 100 colonies obtained after overnight growth were streaked onto
LB agar containing 8 g/ml meropenem. After ⬃30 generations (i.e., three successive
cultures in LB without meropenem), the ﬁrst revertants that were sensitive to meropenem were detected (3 out of 100 colonies tested). In total, 10 meropenem-sensitive
revertants were further analyzed. All 10 revertants still produced high levels of the
CMY-2 ␤-lactamase, similar to those for the mr42 strain (see Fig. S3A in the supplemental material for examples), but 7 of them expressed a porin with the same
electrophoretic mobility as OmpC, as detected by SDS-PAGE and Western blotting (Fig.
S3B and C, respectively). PCR analysis conﬁrmed that these strains had lost the insertion
element in the ompC gene (Fig. S3D). Apparently, the loss of porin expression in strain
mr42 imposes a stronger competitive growth disadvantage than the replication of the
large high-copy-number plasmid. We did not investigate further the reason for the
meropenem susceptibilities of the other three derivatives obtained.
Clinical relevance. Recently, we described two clinical E. coli isolates, which are
highly resistant to carbapenems due to the loss of porins and the high level of
expression of CMY-2 ␤-lactamase (10). We were interested in determining whether
these clinical isolates, designated EC-8 and EC-9, had acquired mutations in vivo similar
to those selected in isolate R2761 in vitro. PCR analysis revealed an increased size of the
ompF amplicon in both strains (Fig. S1), and sequence analysis revealed the insertion of
an IS1 element in codons 50 and 47 of the ompF gene in EC-8 and EC-9, respectively.
The ompC amplicon had the expected size; sequence analysis revealed a frameshift
mutation due to a single nucleotide insertion at position 131 in both strains.
Plasmids were isolated from strains EC-8 and EC-9 and were used to transform E. coli
K-12 strain TOP10F= with selection for ampicillin resistance. Transformants producing
CMY-2 ␤-lactamase, as revealed by Western blotting, were analyzed further. The yield
of plasmid DNA from the transformants was high and comparable to that of transformants carrying the plasmid from R2761mr42 (Fig. 3A). Also, the EcoRI restriction
patterns of these plasmids were very similar, although not identical, to that of the
plasmid derived from R2761mr42 (Fig. 3A), suggesting that EC-8 and EC-9 contained
a plasmid related to that of strain R2761. PCR and sequence analysis indeed revealed
the presence of IncI␥-type plasmids in these transformants, with a substitution of the
same nucleotide in the inc hairpin loop as in the plasmid derived from R2761mr42,
except that the G was replaced by a T instead of an A in these cases (Fig. 3B).
DISCUSSION
E. coli and other Enterobacteriaceae can become resistant to carbapenems by
producing certain noncarbapenemase ␤-lactamases, such as ESBLs and AmpC, in
combination with reduced permeability of the outer membrane (10, 17). The mechanism involved is proposed to be sequestration by the ␤-lactamases of the limited
amounts of carbapenems that enter the periplasm in porin-deﬁcient mutants, thus
preventing their access to their targets (10). The results presented here demonstrate
that the loss of porins in a strain carrying blaCMY-2 on a plasmid reduces meropenem
susceptibility but is not sufﬁcient to confer clinical meropenem resistance (i.e., a MIC of
⬎8). To achieve clinical resistance, a second mutation, resulting in increased CMY-2
expression, was required. Remarkably, we observed in our selection procedure that the
loss of porin always preceded the upregulation of CMY-2 expression. In part, this may
be explained by the fact that various mutations can lead to porin deﬁciency, while very
speciﬁc nucleotide substitutions are required for the upregulation of CMY-2 expression.
Indeed, we found a 20-fold-higher mutational frequency for porin loss than for CMY-2
upregulation. In addition, upregulation of CMY-2 expression alone may not reduce
susceptibility to meropenem sufﬁciently to be selected in our procedure. In agreement
with this supposition, we found that the meropenem MIC for strain mr42s1, an OmpC⫹
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revertant that still produced high levels of CMY-2 (Fig. S3), was 0.5 g/ml (data not
shown).
We characterized the mutations disrupting porin gene expression and enhancing
CMY-2 expression in meropenem-resistant strains selected both in vitro and in vivo. In
both cases, the insertion of insertion (IS) elements disrupting the porin genes was
observed, but more-subtle mutations causing frameshifts and premature stop codons
were also detected. Similar porin-disrupting mutations were reported previously in a
collection of ertapenem-resistant Klebsiella and Enterobacter clinical isolates from the
UK (18). Upregulation of CMY-2 expression was found to be caused by an increase in
the copy number of the IncI␥ plasmid on which the gene is located. The copy number
of IncI plasmids is partially controlled by an antisense RNA encoded by the inc gene,
which inhibits the translation of the mRNA encoding the plasmid replication initiation
protein RepZ (19). Inhibition is mediated by an initial interaction of a stem-loop
structure in the Inc RNA with a complementary stem-loop structure in the 5= untranslated region of the repZ mRNA (19, 20). Recently, it was reported that in vitro selection
for piperacillin-tazobactam resistance in an E. coli strain carrying blaCMY-2 on a large
IncI1 plasmid resulted in a mutant with an increased plasmid copy number due to a
nucleotide substitution in the loop of the stem-loop structure of the Inc RNA (15). In this
study, we detected similar mutations in an IncI␥ plasmid, and to the best of our
knowledge, we report for the ﬁrst time that such mutations are occurring clinically.
The loss of porins would be expected to affect nutrient acquisition, particularly at low
nutrient concentrations. Indeed, we observed a slight but reproducible growth defect of
the porin-deﬁcient strain mr20 in the late-exponential growth phase. The vastly increased
copy number of the large plasmid would be expected to impose a large metabolic burden
on the mutants, but no cumulative growth defect was observed in strain mr26. Consistently, the plasmid was not easily lost when strain mr42 was grown in the absence of
selection pressure. The plasmid probably encodes one or several toxin-antitoxin systems
that prevent the growth of cells that have lost the plasmid (21).
After porin loss and the upregulation of blaCMY-2 expression (Table 1, isolate mr26),
further selection yielded mutants for which meropenem MIC values were even higher.
The expression of CMY-2 was not further increased in these mutants. Presumably, these
mutants contain mutations in the genes for the targets of meropenem or mutations
that affect the activity of drug efﬂux pumps (22), but this was not analyzed further.
Considering the enhanced growth defect of mr42 relative to mr26 (Fig. S2), such
mutations may affect bacterial ﬁtness.
In conclusion, our results demonstrate that the acquisition of meropenem resistance in
an E. coli strain carrying blaCMY-2 requires two mutations, resulting ﬁrst in the loss of porin
expression and then in increased expression of CMY-2 ␤-lactamase. Furthermore, we have
demonstrated that the in vitro selection procedure yields mutations similar to those found
in clinical meropenem-resistant strains, thus validating this in vitro approach. Therefore, we
can apply this approach in future experiments to other strains (e.g., strains expressing two
or three porins and/or carrying blaCMY-2 on a different type of plasmid) in order to study the
pathway of acquisition of resistance to carbapenem antibiotics.
MATERIALS AND METHODS
Bacterial strains. E. coli strain R2761 was isolated from a surveillance culture in 2010 at the Erasmus
University Medical Center (Rotterdam, Netherlands). The strain was identiﬁed to the species level with
Vitek 2 (Vitek AMS; bioMérieux Vitek Systems Inc., Hazelwood, MO). Multiplex PCR for the six families of
plasmid-mediated ampC genes (23) and subsequent sequencing showed the presence of blaCMY-2.
Additional PCRs (10) revealed that the isolate also contains the blaCTX-M-1 group, which was identiﬁed
upon sequencing as a CTX-M-15 variant, and blaOXA-1 genes. The carbapenem-resistant isolates EC-8 and
EC-9, which lack porins and produce high levels of CMY-2 ␤-lactamase, were isolated from a patient who
was treated with meropenem and have been described previously (10). E. coli laboratory strains TOP10F=
(Invitrogen, Thermo Fisher Scientiﬁc, Carlsbad, CA) and BL21(DE3), and the porin-deﬁcient BL21(DE3)
derivative CE1536 (24), were used as reference strains and for transformation.
Susceptibility testing. The susceptibilities of the strains to carbapenems were determined by
gradient diffusion using Etest (AB bioMérieux, Solna, Sweden), which was performed according to the
manufacturer’s instructions. MIC categorization was performed according to EUCAST (European Committee on Antimicrobial Susceptibility Testing) (http://www.eucast.org) guidelines.
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SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01413-16.
TEXT S1, PDF ﬁle, 0.07 MB.
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