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In Enterobacter cloacae, the genetic lesions associated with derepression of the AmpC �-lactamase include diverse single nucleo-
tide polymorphisms (SNPs) and/or indels in the ampD and ampR genes and SNPs in ampC, while diverse SNPs in the promoter
region or SNPs/indels within the coding sequence of outer membrane proteins have been described to alter porin production
leading to carbapenem resistance. We sought to define the underlying mechanisms conferring cephalosporin and carbapenem
resistance in a collection of E. cloacae isolates with unusually high carbapenem resistance and no known carbapenemase and, in
contrast to many previous studies, considered the SNPs we detected in relation to the multilocus sequence type (MLST)-based
phylogeny of our collection. Whole-genome sequencing was applied on the most resistant isolates to seek novel carbapenemases,
expression of ampC was measured by reverse transcriptase PCR, and porin translation was detected by SDS-PAGE. SNPs occur-
ring in ampC, ampR, ompF, and ompC genes (and their promoter regions) were mostly phylogenetic variations, relating to the
isolates’ sequence types, whereas nonsynonymous SNPs in ampD were associated with derepression of AmpC and cephalosporin
resistance. The additional loss of porins resulted in high-level carbapenem resistance, underlining the clinical importance of
chromosomal mutations among carbapenem-resistant E. cloacae.

Enterobacter spp. can cause a wide variety of nosocomial infec-
tions, including invasive and device-associated diseases (1).

Strains resistant to multiple classes of antimicrobials have caused
numerous outbreaks in hospitals and intensive care units world-
wide (2, 3). The recent emergence of resistance to carbapenems
threatens our last good therapeutic option for many infections,
including those caused by Enterobacter spp., and constitutes a
global public health concern (4).

Although carbapenem resistance due to the production of ac-
quired carbapenemase genes is increasingly reported among
members of Enterobacteriaceae, these mechanisms are still less
commonly observed in Enterobacter spp. than in Klebsiella spp. or
Escherichia coli (5, 6). An alternative carbapenem resistance strat-
egy for these species is variously to combine extended-spectrum
�-lactamases (ESBLs), increased efflux, porin alteration, and a
strongly expressed (derepressed) endogenous AmpC enzyme (7–
9). The genetic lesions associated with the derepression of the
AmpC �-lactamase have been described to occur as diverse single
nucleotide polymorphisms (SNPs) and/or indels in the N-acetyl-
muramyl-L-alanine amidase and in transcriptional regulator gene
ampD and ampR, respectively (10–13), while outer membrane
protein (porin) production is altered by diverse SNPs in the pro-
moter region or by SNPs/indels within the coding sequence (8).

In Enterobacter cloacae, a wide range of carbapenem MICs have
been attributed to these alternative, noncarbapenemase-mediated
mechanisms, but hitherto-detected SNPs have not been related to
the isolates’ phylogeny. Furthermore, the exact interplay and con-
tributions of AmpC and porin loss to high-level carbapenem re-
sistance remain unclear. To understand these mechanisms better,

we investigated the presence of novel carbapenemases among a
collection of carbapenem-resistant E. cloacae isolates from the
United Kingdom and Switzerland, detected lesions in ampC,
ampR, ampD, ompF, and ompC and their respective promoter
regions among the United Kingdom isolates, and considered
SNPs that we detected in relation to the multilocus sequence type
(MLST)-based phylogeny of our collection. Additionally, the re-
lationship between levels of AmpC transcription, production of
the porins, and carbapenem MICs was investigated.

MATERIALS AND METHODS
Bacterial isolates and antimicrobial susceptibility testing. Thirty-three
E. cloacae isolates were included, consisting of 25 ertapenem-resistant
clinical isolates (MICs, �2 mg/liter) from 25 patients. Sixteen of these
were submitted from 15 United Kingdom laboratories to Public Health
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England’s Antimicrobial Resistance and Healthcare Associated Infections
(AMRHAI) Reference Unit between October 2012 and October 2013, and
nine were from different patients in Basel, Switzerland (CH isolates 4, 6 to
8, 10, 14, 15, 17, 18). Of the remaining eight isolates, seven (S isolates S1,
S8 to S12, and wild-type strain E. cloacae NCTC 13405) that were suscep-
tible to carbapenems and most cephalosporins (except cefoxitin) were
used as comparators for outer membrane protein (OMP) extraction ex-
periments and PCR controls, whereas NCTC 13406, the AmpC-dere-
pressed mutant of NCTC 13405, was used as a control for AmpC activity.

MICs were determined by British Society for Antimicrobial Chemo-
therapy (BSAC) agar dilution methodology (14) or by Etest and were
interpreted according to BSAC (15) and EUCAST guidelines. All isolates
were tested for cefotaxime/cloxacillin synergy to confirm the role of
AmpC in their resistance phenotype.

Strain typing. Pulsed-field gel electrophoresis (PFGE) of XbaI-di-
gested genomic DNA was performed on all isolates using the following
conditions: 6 V cm�1, 12°C, 1.2% (wt/vol) agarose, and 30 h with ramping
times of 5 to 35 s. Restriction patterns were analyzed, and a dendrogram
was generated using BioNumerics v. 6.1 software (Applied Maths, Kor-
trijk, Belgium), as described previously (16), using a 1.3% tolerance in
band position. MLST was undertaken as described by Miyoshi-Akiyama
et al. (17), and sequence types (STs) were assigned using the PubMLST
website (http://pubmlst.org/perl/bigsdb/bigsdb.pl?db�pubmlst
_ecloacae_seqdef&page�sequenceQuery).

Detection of �-lactamases by PCR. PCR from boiled lysates was used
to detect genes encoding TEM, SHV, and CTX-M �-lactamases and plas-
midic ampC genes of the ACC, CIT, DHA, ENT/EBC, FOX, and MOX
groups (18–21). A carbapenemase screening test (Rapid CARB; Rosco
Diagnostica, Taastrup, Denmark) was performed on isolates with mero-
penem MICs of �0.125 mg/liter. The genes blaKPC, blaNDM, blaVIM,
blaIMP, blaIMI, blaOXA-48, blaGES, and blaFRI-1 were also sought via PCR
(22–24).

Detection of sequence alterations. The United Kingdom isolates plus
the susceptible controls (NCTC strains and S strains) were subject to DNA
sequencing of the ampC and ampR coding and intergenic regions as well
as the ampD, ompC, and ompF open reading frames and their promoter
regions using the primers listed in Table S1 in the supplemental material.
DNA sequences of the amplicons were determined as described previously
(25); they were compared with our reference strain NCTC 13405, with
each other, and with known wild-type sequences (ampC, GenBank acces-
sion number X07274.1; ampD, GenBank accession number Z14003; and
ampR, GenBank accession numbers X04730 and M27222.1) using
BioNumerics v. 6.1 software (Applied Maths) and BioEdit (Ibis Bio-
sciences, Carlsbad, CA, USA) to facilitate comparison with previous
studies. The ampD sequences and concatenated ampC, ampR, and
ompF (with promoter regions) from these isolates were aligned, clus-
tered, and compared using the unweighted pair group method with
arithmetic mean (UPGMA) to generate a phylogenetic tree (MEGA6;
megasoftware.net) (26). The sequences of ompC were not included in
the generation of the phylogenetic tree due to six isolates having large
disruptions/deletions (see Results) within the coding sequence.

Whole-genome sequencing to seek novel carbapenemases. The
whole-genome sequences (WGS) of the two most resistant isolates (iso-
lates 2 and 6) with meropenem MICs of �16 mg/liter were determined on
a HiSeq Illumina instrument (San Diego, CA, USA) to over 30� coverage
using the Nextera sample preparation method. Reads were assembled into
contigs using VelvetOptimiser (http://bioinformatics.net.au/software
.velvetoptimiser.shtml) with k-mer values from 47 to 71. Contigs were
translated into six different frames and were checked by BLAST for any hit
with known �-lactamase sequences. Predicted proteins from sequenced
genomes were also scanned by HMMER v. 3 using hidden Markov models
(HMMs) that were built with hmmbuild using major carbapenemase se-
quence alignments.

Analysis of ampC expression. Samples (0.5 ml) of mid-log-phase cul-
tures were taken and treated with RNAprotect reagent (Qiagen, Crawley,

United Kingdom). RNA was extracted (Total RNA purification, 96-well
kit; Norgen Biotek, Canada), and 35 �l of the eluate was treated with
DNase I (New England BioLabs, Hitchin, United Kingdom). Reverse
transcriptase PCR (RT-PCR) was performed using the TaqMan RNA-
to-CT 1-step kit and an Applied Biosystems 7500 instrument (Life Tech-
nologies Ltd., Paisley, United Kingdom) as described previously (8).
Transcript measurement was carried out in triplicate, and relative quan-
tification of target genes using rspL as a reference (see Table S1 in the
supplemental material) were calculated with the 2���CT method as de-
scribed previously (8, 27).

Examination of porin expression. Outer membrane proteins were
extracted according to the rapid procedure of Carlone et al. from cells
grown in nutrient broth instead of LB (28, 29). Briefly, cells were lysed
with a FastPrep homogenizer (MP Biosciences, Derby, United Kingdom)
and glass beads (Sigma, Dorset, United Kingdom) for four cycles of 50 s at
4 m/s. After washing steps with 10 mM HEPES, the membrane pellets
were suspended in 50 �l of 10 mM HEPES and stored at �70°C. This
procedure routinely yields preparations containing 2 to 4 mg of protein
per milliliter. Before loading the proteins on the gel, they were precipi-
tated with acetone and resuspended in 40 �l of solubilization buffer. Five
microliters of protein-buffer solution was separated on a 12% precast
SDS-PAGE gel (Bio-Rad, Herts, United Kingdom).

RT-PCR was performed for each isolate to determine levels of ompF
and ompC transcription as described above.

Nucleotide sequence accession numbers. The nucleotide sequence
data in this study will appear in the EMBL/GenBank/DDBJ nucleotide
sequence databases under accession numbers KT780418 for ampC,
KT780419 for ampR, KT780420 for ampD, KT780421 for ompF, and
KT780422 for ompC from E. cloacae NCTC 13405.

RESULTS

The 33 E. cloacae isolates represented 21 known and three novel
STs (ST415, ST416, and ST434) and were genetically diverse by
PFGE (Fig. 1).

Of the 25 ertapenem-resistant isolates (MIC range of 2 to �16
mg/liter and median of 16 mg/liter), 15 and 9 were also nonsus-
ceptible to meropenem and imipenem, respectively (meropenem
MIC range of 	0.5 to �32 mg/liter and median of 8 mg/liter;
imipenem MIC range of 0.5 to �32 mg/liter and median of 2
mg/liter); they were all resistant to third-generation cephalospo-
rins. Nonsusceptibility to the fourth-generation cephalosporin
cefepime was observed in 20 isolates (Tables 1 and 2). Despite
their carbapenem resistance, 24 isolates were negative in the Rapid
CARB test for carbapenemase activity, and the test for one isolate
was uninterpretable. None of these 25 isolates produced a carbap-
enemase, and none had any of the ESBLs or plasmid-borne
AmpC-type �-lactamases sought. WGS of the two isolates that
were most resistant to meropenem (isolates 2 and 6) did not detect
an acquired carbapenemase.

Sequence alterations. Compared with our wild-type strain
NCTC 13405, multiple sequence variants of the ampC, ampR,
ompF, and ompC genes were detected in the 24 isolates tested
(which consisted of eight carbapenem-susceptible comparators
and the 16 carbapenem-resistant isolates from the United King-
dom), but most SNPs correlated with the STs of the isolates rather
than with carbapenem resistance (see Fig. S1 in the supplemental
material) and, when concatenated, revealed a tree with a topology
similar to that derived from concatenated sequences of the seven
MLST targets (see Fig. S2 in the supplemental material).

(i) ampC. Compared with our reference sequence of NCTC
13405 and compared with E. cloacae P99 (X07274.1), 6 to 11 SNPs
and 3 to 21 SNPs, respectively, leading to amino acid changes were
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identified in ampC sequences from the 24 isolates tested. Never-
theless, none were located in the SISK serine active site, in the
YAN, KTG, and DAQA conserved motifs (30), or the �-lactam
binding sites (Gln120, Ser289, Ser343, Asn346, Arg349), but all
were detected in cephalosporin- and carbapenem-susceptible iso-
lates alike. Thr14Leu, Lys41Ile, Pro68Ser, Trp221Arg, and
Ile154Val were exclusive to two carbapenem-resistant isolates, but
both belonged to the same ST (ST200).

(ii) ampR. The only amino acid changes that were exclusive to

carbapenem-resistant strains and not related to the isolates’ STs
were Val54Ile and Glu273Lys, each of which was observed in only
2/16 resistant isolates (isolates 6 and 46 and isolates 11 and 21,
respectively).

(iii) ampD. Amino acid changes in AmpD were detected across
the phylogenetic tree. Among the mutations identified across the
sequences of ampD in all 24 isolates (including control isolates),
14 substitutions (Ala9Thr, His18Pro, Pro40Leu, Trp42Arg,
Ile48Ser, Arg78Ser, Val84Leu, Gln86Leu, Tyr87Ser, Met101Lys,

TABLE 1 Carbapenem distribution among E. cloacae isolates with ertapenem MICs of �2 mg/litera

Carbapenem

No. of isolates according to MIC (mg/liter)

�0.25 0.5 1 2 4 8 16 �32

Ertapenem 6 4 4 11
Imipenem 2 8 6 3 3 2 1
Meropenem 2 3 1 4 9 1 1
a There are a total of 25 isolates.

FIG 1 PFGE patterns of E. cloacae isolates and the corresponding STs.
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Gly114Ala, Tyr130Asp, Leu133Gln, and Asp149Gly) were uniquely
identified in the cephalosporin-resistant isolates, while isolate 2
had AmpD truncated by mutation leading to a premature stop
codon at position 84. All of these amino acid substitutions were
also found when our isolates were compared with wild-type ampD
Z14003. Of these amino acid changes, only alterations at positions
40, 48, 86, 87, and 114 were considered significant in terms of
being detected in isolates belonging to STs where the susceptible
control isolates of the same ST did not harbor the same mutation.
Met101Lys was identified more than once in two different STs, but
we did not have susceptible control isolates of these STs with
which to compare them. All other amino acid changes were de-
tected in isolates belonging to different STs.

(iv) ompF and ompC. Sequence variation was observed in the
OMP genes ompF and ompC compared with NCTC 13405. Amino
acid changes in the long “extracellular” loops (L1 to L5) of OmpF
were found in carbapenem-susceptible and in carbapenem-resis-
tant isolates alike, indicating that the changes were not associated
with carbapenem resistance. Detection of these hypervariable do-
mains in the cell-surface-exposed loops is in line with previously
published data (31). Likewise, there was no association with car-
bapenem resistance in the small numbers of changes in the trans-
membrane domains, of which �1 to �13 and �15 and �16 were
highly conserved (see Fig. S1 in the supplemental material). A
premature stop codon was seen in two carbapenem-resistant iso-
lates (2 and 21, Leu242X and Val301X, respectively), and in the
carbapenem-resistant isolate 11, the first 111 bp were deleted. In
OmpC, loop 3, which folds into the porin channel, was wild type
in all isolates, while amino acid changes occurred in loops L4 to

L8. An Arg191Cys change in isolate 46 was the only amino acid
change that was not observed in any of the carbapenem-suscepti-
ble isolates (see Fig. S1). Gene disruptions due to indels were ob-
served in six isolates; in isolates 39 and 2, the beginning of the gene
and the promoter region were disrupted by IS3 and IS1, respec-
tively. In two isolates (11 and 14), the beginning of the gene was
deleted from 7 up to 54 nucleotides and was replaced by a trans-
poson; in isolate 6, the beginning of the gene (485 nucleotides) was
deleted and was fused to the adjacent two-component system. The
ompC gene of isolate 33 was not amplifiable, and we were only able
to extract the end of the gene with whole-genome sequencing
(first 1,218 nucleotides missing). A summary of the above-men-
tioned mutations in the genes sequenced, which were associated
most strongly with a cephalosporin- and/or carbapenem-resistant
phenotype, is listed in Table 3.

Gene expression. (i) ampC expression in correlation to ampR
and ampD sequences. The ampC expression levels were measured
in the wild-type, AmpC-inducible strain NCTC 13405 and its
AmpC hyper-producing mutant NCTC 13406 as well as in three
clinical isolates that were resistant to all carbapenems (isolate 2
belonging to ST50, isolate 45 belonging to ST133, and isolate 6).
Two clinical carbapenem-susceptible isolates (S12 belonging to
ST50 and S11 belonging to ST133) were chosen as comparators
for resistant isolates 2 and 45. The ampR and ampD sequences of
all isolates were related to the ampC expression level in order to
find contributing SNPs that might lead to changes in ampC ex-
pression.

A single amino acid substitution (Gln86Leu) in ampD distin-
guished NCTC 13405 from NCTC 13406. There were no differ-

TABLE 2 Cephalosporin MIC distribution among E. cloacae isolates with ertapenem MICs of �2 mg/litera

Cephalosporin

No. of isolates according to MIC (mg/liter)

�1 2 4 8 16 32 64 128 256 �512

Cefotaxime 3 3 3 6 10
Ceftazidime 2 3 9 7 4
Cefepime 2 3 1 5 3 3 7 1
a There are a total of 25 isolates.

TABLE 3 Summary of mutations considered significant for being associated with AmpC derepression and/or carbapenem resistance

Isolate no.

MIC (mg/liter) of antibiotic testeda

AmpD amino acid

OmpF

OmpC nucleotideCLAX CTX FEP ETP IPM MEM Amino acid Nucleotide

2 16 �256 64 �16 16 16 Val84X Leu242X IS1 (�15)b

6 8 �256 64 �16 32 32 �0–485c

11 16 �256 64 �16 8 8 �1–111 �1–7
13 4 256 64 �16 8 8 Pro40Leu
14 16 �256 16 �16 8 8 �1–54
21 32 64 64 16 4 8 Val301X
24 4 �256 32 16 1 2 Tyr87Ser
25 64 256 8 �16 2 8 Ile48Ser
33 8 �256 8 �16 8 8 �1–1218
39 �256 �256 64 2 1 0.25 Gln86Leu
45 32 256 32 �16 2 4 Ile48Ser
47 �256 �256 16 �16 1 2 Gly114Ala
NCTC 13406d 4 256 2 1 0.5 0.125 Gln86Leu
a CLAX, cloxacillin; CTX, cefotaxime; FEP, cefepime; ETP, ertapenem; IPM, imipenem; MEM, meropenem.
b �, Position of insertions downstream of the A of the start codon.
c Nucleotide 485 is fused to the adjacent two-component system.
d NCTC13406, AmpC �-lactamase derepressed (constitutive hyper-producing) mutant of NCTC 13405.
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ences found between these isolates in any other genes sequenced,
and an approximate 40-fold difference in ampC transcription was
observed between this pair.

The susceptible and resistant ST50 isolates 2 and S12 had iden-
tical ampC and ampR sequences but differed in AmpD due to an
early stop codon (Val84X) in isolate 2. The carbapenem-suscep-
tible and carbapenem-resistant ST133 isolates (S11 and 45) also
differed only in AmpD (Ile48Ser in isolate 45), and the AmpD
sequence of isolate 6 had a Leu133Gln change (Table 4 and Fig. 2;
see also Fig. S1 in the supplemental material).

Isolates 2 and 45 had approximately 27- and 10-fold higher
levels of ampC transcription than isolates S12 and S11, respec-
tively. Comparison of ampC transcription for the three carbap-

enem-resistant isolates with the AmpC-inducible NCTC 13405
indicated that transcription levels in these isolates varied up to
29-fold.

(ii) Porin expression and DNA sequences of ompC and ompF.
OMP analysis of the same five isolates in which we studied
ampC transcription showed that the susceptible isolates S11,
S12, and NCTC 13406 produced more OMP bands than the
resistant isolates 2 and 6 (see Fig. S3 in the supplemental ma-
terial), which had disruption lesions in the sequences of ompF
and/or ompC (Table 4; see also Fig. S1 in the supplemental
material). Porin gene sequences for isolate 45 were identical to
those from carbapenem-susceptible isolate S11. In concor-
dance with the sequence information, all isolates retained the

TABLE 4 Lesions associated with AmpC derepression and cephalosporin and carbapenem resistance in the isolates tested in detail, and ampC gene
transcription compared to NCTC 13405 and ompF-ompC transcription compared to NCTC 13406

Isolate no. ST

MICs (mg/liter) of antibiotics tested

Genes affected, changes compared to NCTC 13405 Gene transcription levelsa

ampC ampD ompF

ompC
nucleotide ampC ompF ompCCLAX CTX FEP ETP IPM MEM Nucleotide

Amino
acid Nucleotide

Amino
acid Nucleotide

Amino
acid

2 50 16 �256 64 �16 16 16 203_214dupb Val84X 695delA Leu242X IS1 (�15)c 21�1 2.5�2 160�2
6 106 8 �256 64 �16 32 32 T399A Leu133Gln �0–485d 29�1 2.5�2 N/A
45 133 32 256 32 �16 2 4 T143G Ile48Ser 19�1 � 3�2
NCTC 108 	0.125 	0.25 	0.25 0.25 1 �0.06 N/A N/A
13405
NCTC 108 4 256 2 1 0.5 0.125 A256T Gln86Leu 40�1
13406
a1, Elevated;2, reduced; �, equivalent; N/A, not available/not performed.
b GCGCATCTGCGC.
c �, The position of insertions downstream of the A of the start codon.
d Nucleotide 485 is fused to the adjacent two component system.

FIG 2 UPGMA tree of ampD sequences with cephalosporin MICs and amino acid changes. Multilocus sequence types are indicated in parentheses. CTX,
cefotaxime; CAZ, ceftazidime; FEP, cefepime; IPM, imipenem; MEM, meropenem; ERP, ertapenem. MICs are displayed in milligrams per liter. NCTC 13405 is
the reference wild-type E. cloacae strain, and NCTC 13406 is the AmpC �-lactamase-derepressed (constitutive hyper-producing) mutant of NCTC 13405. S
isolates and NCTC 13405 are cephalosporin and carbapenem sensitive. NCTC 13406 is carbapenem sensitive. Bold squares indicate that isolates belong to the
same ST. Left columns show amino acid changes. Gray fonts indicate amino acid changes that also occur in cephalosporin/carbapenem-susceptible isolates.
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expression of OmpA. Transcript levels for ompF were up to
2.5-fold lower in clinical isolates 2 and 6 compared with those
of NCTC 13406 and were nearly equivalent in isolate 45 com-
pared with those of NCTC 13406. Transcription of ompC was
noticeably lower in isolate 2, with levels 160-fold lower than
those of NCTC 13406 and 3-fold lower in isolate 45. Measure-
ment of ompC transcription in isolate 6 was not possible, as the
primers used would not bind and extend due to a 485-bp dele-
tion in the beginning of the gene.

DISCUSSION

Among a collection of E. cloacae clinical isolates with unusually
high carbapenem MICs but no known carbapenemases, we found
considerable genetic diversity indicated by PFGE, which was
greater than that indicated by MLST, contrasting with previous
findings (32). This is likely due to the higher discriminatory power
of PFGE (33).

We sought to define the underlying mechanisms conferring
cephalosporin and carbapenem resistance in this collection
through a sequencing approach and, in contrast to many previous
studies, considered the SNPs that we detected in relation to the
MLST-based phylogeny of our collection to ascertain which were
associated most strongly with a carbapenem-resistant phenotype
and whether these related simply to the phylogeny of the isolates.

Previous data for low-level resistance and decreased suscepti-
bility to carbapenems (meropenem and imipenem median MICs
of 2 mg/liter and 4 mg/liter, respectively) (8, 9) have indicated that
reduced outer membrane permeability combined with a strongly
expressed AmpC is mechanistically important. Our data demon-
strate that these features also occur in isolates with meropenem
MICs of up to 32 mg/liter.

An AmpC overexpressing phenotype was a feature of the car-
bapenem-resistant strains that we analyzed; clearly though, as
shown by NCTC 13406 —whose ampC expression level was essen-
tially equivalent to that of the carbapenem-resistant isolates—this
is an association that is also held by carbapenem-susceptible,
cephalosporin-resistant isolates. Loss of porins seemed to be the
main contributor to carbapenem resistance and related to the re-
sistance level in our isolates; the underlying mechanism of porin
loss, however, could not be clearly elucidated. The transcriptional
activity of ompC was significantly affected in the highly carbap-
enem-resistant isolate 2, whose promoter region was disrupted by
an insertion sequence, and its ompF gene was disrupted by an early
stop codon. In isolate 6, the beginning of ompC was disrupted;
however, there was no early termination of the peptide that would
explain the loss of OmpF, which was clearly observed. The pres-
ence of an intact ompF gene in this isolate leads to the assumption
that the insertion of the porin into the outer membrane might be
disrupted by unidentified mechanisms. The reduced expression of
the porins in isolate 45 could not be explained by transcriptional
regulation or sequence variability.

SNPs in the promoter regions of porin genes have been associ-
ated with porin loss (8) leading to carbapenem resistance, but the
results of relating the observed SNPs to the MLST-based phylog-
eny revealed for the first time that most variations were phyloge-
netically related, occurring across carbapenem-susceptible and
carbapenem-resistant isolates, and thus were not major contribu-
tors to resistance. Likewise, most SNPs detected in ampC, ampR,
and their promoter regions and ompF and ompC were phyloge-

netic variations and had no correlation to the phenotypic resis-
tance of the isolates.

The role of ampD mutations in ampC regulation has recently
been confirmed in the study of Guérin et al. (34), in which �ampD
mutant E. cloacae showed much higher ampC expression levels
than those of the wild-type strain. The association of AmpC over-
production in our carbapenem-resistant E. cloacae with nonsyn-
onymous SNPs in ampD agreed with previous data (35). The trun-
cation of AmpD in isolate 2 removed the carboxy-terminal region,
which is required (as well as Asp164, His34, and His154) (36) for
repression of ampC (13), and correlated with the stable derepres-
sion of AmpC in that isolate. In isolate 45, the potential signifi-
cance of the Ile48Ser substitution in AmpC overproduction was
supported by the observation of Ile48 in a carbapenem-suscepti-
ble comparator isolate of the same ST (isolate S11, ST133).

Amino acid substitutions potentially leading to AmpC over-
production were also observed in cephalosporin-resistant but
carbapenem-susceptible isolates; NCTC 13405 and its mutant
only differed in AmpD (Gln86Leu) where the mutant strain
had a 40-fold increase in AmpC activity. Other amino acid sub-
stitutions that can be clearly correlated with cephalosporin and/or
carbapenem resistance were Pro40Leu, Tyr87Ser, Val84X, and
Gly114Ala. However, other substitutions in AmpD (Ala60Val and
Phe63Tyr) were observed in carbapenem- and ceftazidime-sus-
ceptible strains; this contradicts previous reports of their involve-
ment in ampC overexpression (12).

In AmpR, we found Glu273Lys, which was only detected in two
highly cephalosporin-resistant strains. The observation of
Val54Ile, described in highly cephalosporin-resistant isolates, was
made in two isolates, of which one had only moderate level ceph-
alosporin resistance. The role of these amino acid changes in
AmpR for phenotypic resistance is unclear, however, as the activ-
ity of AmpR is dependent on the interaction with coregulators
rather than on the expression of ampR (34).

In conclusion, this work has, for the first time, related SNPs
observed in carbapenem-resistant and carbapenem-susceptible
clinical isolates of E. cloacae to their MLST-based phylogeny and
revealed hitherto unknown mutations in AmpD, which are re-
sponsible for cephalosporin and/or carbapenem resistance. SNPs
detected in ampD were associated with constitutive AmpC over-
expression, whereas most genetic differences in the other genes
were phylogenetic variations and did not support any association
with cephalosporin and/or carbapenem resistance. Although
amino acid changes in AmpD correlated with AmpC overexpres-
sion and cephalosporin resistance, high levels of carbapenem re-
sistance were associated most closely with porin loss occurring
mainly due to insertion sequences and deletions disrupting their
coding sequences and/or promoter regions. These data are obser-
vational and, along with explorations of the role of efflux, require
further empirical molecular genetic proof via, e.g., complementa-
tion experiments, but nevertheless do indicate the ongoing impor-
tance of mutational carbapenem resistance in this species.
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