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ABSTRACT Carbapenem resistance is mainly mediated by carbapenemases or
extended-spectrum �-lactamases (ESBL) plus a loss of porins. However, we have
identified a Klebsiella pneumoniae clinical isolate that contains neither carbapen-
emases nor ESBLs. Instead, we found that high-level expression of a novel blaOXA-10-
derived �-lactamase gene, blaOXA-663, in conjunction with OmpK36 deficiency results
in high-level carbapenem resistance. This finding demonstrates the combinatorial
complexity of factors, including �-lactamase activity, its expression levels, and porin
activity, that yield carbapenem resistance.
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Resistance to �-lactam antibiotics emerged even before the first �-lactam, the
microbial metabolite penicillin, was used therapeutically (1), with many bacteria

naturally harboring �-lactamases. Each deployment of the next, new, more powerful
�-lactam and/or �-lactamase inhibitor has been followed by the inevitable emergence
of resistance. This cycle was recently observed for the extended-spectrum �-lactams
with the emergence and expansion of extended-spectrum �-lactamases (ESBLs) (2) and
even more recently for the carbapenems (2, 3). Carbapenem resistance is mainly
mediated by the production of carbapenemases, such as class A serine �-lactamases
(i.e., KPC family), class B metallo-�-lactamases (i.e., NDM, IMP, and VIM), and class D
serine �-lactamases (i.e., OXA-48) (2, 3). Carbapenem resistance can also occur via a
combination of an ESBL and a malfunctioning porin where an ESBL alone is not
sufficient to cause resistance (1, 2).

Previously, our colleagues sequenced 122 carbapenem-resistant Enterobacteriaceae
(CRE) isolates that were obtained from four large referral hospitals in the United States,
aiming to investigate the diversity of the genetic mechanisms of carbapenem resis-
tance (4). Whole-genome sequencing (WGS) revealed that the majority of these isolates
contain either carbapenemase genes or ESBL genes in combination with porin gene
mutations. However, there were 15 isolates (12%) in which none of the known
carbapenem resistance mechanisms were identified (4). Among these 15 isolates, only
2 isolates had high-level resistance to carbapenems (MIC � 16 �g/ml), including one
Klebsiella pneumoniae strain, BIDMC35 (NCBI accession no. PRJNA202047). In this study,
we investigated the carbapenem-resistance mechanism of BIDMC35.

While WGS did not detect any known carbapenemase or ESBL genes in BIDMC35, it did
identify a blaOXA-10 variant gene that resides on an IncA/C2 plasmid. Besides this blaOXA-10

variant gene, the only �-lactamase gene identified in BIDMC35 is the chromosome-
encoded blaSHV-1. In comparison to the original blaOXA-10, this blaOXA-10 variant gene
harbors a point mutation that results in a T16K substitution (4, 5); this allele is designated

Received 15 June 2018 Returned for
modification 13 July 2018 Accepted 10
August 2018

Accepted manuscript posted online 20
August 2018

Citation Ma P, Laibinis HH, Ernst CM, Hung DT.
2018. Carbapenem resistance caused by high-
level expression of OXA-663 β-lactamase in an
OmpK36-deficient Klebsiella pneumoniae
clinical isolate. Antimicrob Agents Chemother
62:e01281-18. https://doi.org/10.1128/AAC
.01281-18.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Deborah T. Hung,
hung@molbio.mgh.harvard.edu.

MECHANISMS OF RESISTANCE

crossm

November 2018 Volume 62 Issue 11 e01281-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://orcid.org/0000-0003-4262-0673
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA202047
https://doi.org/10.1128/AAC.01281-18
https://doi.org/10.1128/AAC.01281-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:hung@molbio.mgh.harvard.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01281-18&domain=pdf&date_stamp=2018-8-20
https://aac.asm.org


blaOXA-663. To date, the class D OXA-10 �-lactamase has been predominantly isolated from
Pseudomonas aeruginosa and has been classically thought of as a narrow-spectrum
�-lactamase (1). The breadth of its spectrum was revisited by the demonstration of its ability
to confer resistance to carbapenems when expressed in Acinetobacter baumannii but not in
Escherichia coli (6). Neither blaSHV-1 nor blaOXA-10 has to date been shown to confer
carbapenem resistance in K. pneumoniae. Because some OXA-type ESBL genes have been
reported that differ from blaOXA-10 by just a few mutations (1), we hypothesized that the
novel mutation observed in blaOXA-663 might play a role in its high-level carbapenem
resistance, despite the fact that none of the reported OXA-10-derived ESBLs harbor this
particular amino acid substitution and that this mutation is located in the leader signal
sequence (5). In addition to the single base pair substitution in the coding region, the
upstream region of blaOXA-663 differs from those of blaOXA-10 genes identified in P. aerugi-
nosa and in other K. pneumoniae strains (i.e., MGH71 and MGH65). While all contain a
182-nucleotide consensus upstream region (POXA-10

c), BIDMC35 contains an additional 174
nucleotides upstream of the consensus sequence (POXA-663; 356 bp total) compared to the
upstream regions of MGH71 and MGH65. Compared to the upstream sequences of
blaOXA-10 in some P. aeruginosa strains (7), the 174-bp region of POXA-663 contains a 34-bp
duplication and a 5-bp insertion.

We first investigated if blaOXA-663 can confer resistance to carbapenems. We expressed
blaOXA-663 in a wild-type E. coli strain 10beta (NEB) using the pSMART-LCKan (Lucigen)
plasmid (Table 1). When we tried to express blaOXA-663 by including the whole upstream
region (POXA-663) along with the coding sequence, we were unable to obtain any transfor-
mants, suggesting that E. coli may not tolerate this DNA construct. However, we were able
to express blaOXA-663 in E. coli under the control of either an inducible PBAD promoter (8) or
the 182-nucleotide consensus promoter region (POXA-10

c) (Table 1). MICs of meropenem
against these two strains were determined by the broth microdilution method, as described
in the Clinical and Laboratory Standards Institute guidelines (9). The MICs were measured
in triplicates in Mueller-Hinton broth (Sigma), with a final inoculum size of 5 � 105 CFU/ml.
MIC tests showed that the susceptibility of E. coli strains expressing blaOXA-663 driven by
either POXA-10

c or PBAD in the presence of 2% arabinose does not differ from that of the host
E. coli strain (Table 2), suggesting that other factors or multiple genes are involved in the
resistance mechanism.

To identify the additional factors involved in the resistance mechanism to carbap-
enems in BIDMC35, we performed RNA sequencing (RNA-seq) of BIDMC35 and two
other susceptible but closely related isolates, K. pneumoniae UCI7 and UCI64 (4) (Table
2), all belonging to the same multilocus sequence type (ST17). Bacteria were inoculated
in Mueller-Hinton broth and at an optical density at 600 nm (OD600) of �0.1 (time zero),
and meropenem was added to individual cultures to a final concentration of 0, 2, 32,
or 64 �g/ml. The cells were harvested at 0, 30, 60, and 120 min. RNA-seq libraries were
prepared by using an RNA tag-seq protocol (10), and the data were analyzed by using
BWA (11) for alignment and DESeq2 (12) for differential expression. RNA-seq results
showed that blaOXA-663 is constitutively and very highly expressed, regardless of

TABLE 1 Plasmids used in the study

Plasmid Description Reference or source

pBAD24 Expression vector containing arabinose inducible PBAD promoter, Ampr 8
pSMART-LCKan Cloning vector without a promoter, Kanr Lucigen
pRU1097 Expression vector containing Gmr resistance gene, Gmr 15
pBAD24_Gm Gmr resistance gene was amplified by PCR from pRU1097 and then ligated to the HindIII site of

pBAD24, Gmr

This study

pBAD24_Gm_blaOXA-663 blaOXA-663 was amplified from BIDMC35 and ligated to pBAD24_Gm in the EcoRI-KpnI sites, Gmr This study
pBAD24_Gm_blaOXA-10 blaOXA-663 in pBAD24_Gm_blaOXA-663 was site-mutagenized to blaOXA-10, Gmr This study
pSMART_blaOXA-663 blaOXA-663 and the 182-bp upstream region (POXA-10

c) were amplified from BIDMC35 and blunt
ligated to pSMART-LCKan, Kanr

This study

pSMART_Gm_ompK36 ompK36 containing the promoter region was amplified from UCI64 and blunt ligated to
pSMART-LCKan. Gmr resistance gene was amplified by PCR from pRU1097 and then ligated
to the XbaI site, Gmr

This study
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meropenem treatment. In fact, blaOXA-663 was always among the top 10 abundant
mRNA transcripts in BIDMC35. In contrast, blaSHV-1 was expressed at the same level as
the other two susceptible strains UCI64 and UCI7. To confirm the RNA-seq results of
blaOXA-663, we performed reverse transcriptase quantitative PCR (RT-qPCR) for BIDMC35
and MGH71 with or without meropenem treatment (5 �g/ml). The expression level of
blaOXA-663 was approximately 1,000 times higher in BIDMC35 than the expression level
of blaOXA-10 in MGH71 (Fig. 1A). Altogether, these results suggested that the expression
level of blaOXA-663 in BIDMC35 is much higher than the expression level of blaOXA-10 in
MGH71, indicating that POXA-663 is a stronger promoter than POXA-10

c. This result may
explain the inability to obtain transformants expressing blaOXA-663 with POXA-663, as the

TABLE 2 Strains and their MICs of meropenem

Strain
MIC of meropenem
(�g/ml) Strain description

Reference
or source

BIDMC35 32 Clinical K. pneumoniae isolate harboring blaOXA-663, ST17 4
MGH71 4 Clinical K. pneumoniae isolate harboring blaOXA-10 and blaKPC-2, ST258 4
MGH65 8 Clinical K. pneumoniae isolate harboring blaOXA-10 and blaCTX-M-15, ST15 4
UCI64 �0.25 Clinical K. pneumoniae isolate, susceptible to carbapenems, ST17 4
UCI7 �0.25 Clinical K. pneumoniae isolate, susceptible to Carbapenems, ST17 4
10beta �0.25 Wild-type E. coli NEB
10beta_PBAD:blaOXA-663 �0.25a blaOXA-663 expressed in E. coli 10beta driven by PBAD promoter This study
10beta_POXA-10

c:blaOXA-663 �0.25 blaOXA-663 expressed in E. coli 10beta driven by upstream 182-bp
consensus region of blaOXA-6 63 and blaOXA-10 (POXA-10

c)
This study

BIDMC35 ΔblaOXA-663 0.5 Mutant that lost the IncA/C2 plasmid containing blaOXA-663 This study
BIDMC35 ΔblaOXA-663_PBAD:blaOXA-663 16a BIDMC35 ΔblaOXA-663 expressing blaOXA-663 driven by PBAD promoter This study
BIDMC35 ΔblaOXA-663_PBAD:blaOXA-10 16a BIDMC35 ΔblaOXA-663 expressing blaOXA-10 driven by PBAD promoter This study
BIDMC35 ompK36� �0.25 BIDMC35 expressing ompK36 amplified from UCI64 This study
aMIC was obtained in Mueller-Hinton broth supplemented with 2% arabinose.

FIG 1 (A) Relative expression levels of blaOXA-663 in BIDMC35 and BIDMC35 ΔblaOXA-663 and of blaOXA-10

in MGH71. RNA was prepared from treated (meropenem at 5 �g/ml) or untreated cultures. The
quantification cycle (Cq) value was normalized to Cq values of 16S rRNA from each sample to calculate
the relative expression. (B) MICs of meropenem against BIDMC35 ΔblaOXA-663 expressing blaOXA-663 or
blaOXA-10 under the control of the PBAD promoter and with different concentrations of arabinose. (C)
RPKM (reads per kilobase of transcript per million mapped reads) of ompK36 in BIDMC35 and two other
susceptible strains, UCI7 and UCI64, (time zero, no meropenem) from the RNA-seq experiment. Data from
the other time points and treatment are not shown because they all have similar patterns.
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levels expressed from the multicopy pSMART-LCKan may be toxic to E. coli, while the
levels expressed with POXA-10

c from the same vector may be tolerated.
Given these observations, we hypothesized that the high-level expression of blaOXA-663

may be the key to the high-level-carbapenem resistance in BIDMC35. To test this
hypothesis, we isolated a clone from BIDMC35 that had lost the IncA/C2 plasmid
harboring blaOXA-663 (BIDMC35 ΔblaOXA-663). The loss of the plasmid and blaOXA-663 was
confirmed by PCR and RT-qPCR (Fig. 1A). The loss of the IncA/C2 plasmid resulted in a
MIC shift of BIDMC35 ΔblaOXA-663 into the susceptible range, indicating that a gene(s)
on this plasmid is necessary for carbapenem resistance; this result indicated that the
chromosomal blaSHV-1 does not play a role in carbapenem resistance and further
suggested that blaOXA-663 might be the relevant gene (Tables 2 and 3). To confirm that
it is blaOXA-663 rather than the entire plasmid or any other genes on the plasmid that
confer resistance to carbapenems, we reintroduced blaOXA-663 driven by the inducible
PBAD promoter (8) into BIDMC35 ΔblaOXA-663 (Table 1). With increasing concentrations
of arabinose, carbapenem resistance was restored with MICs correlating with the level
of induction of blaOXA-663 expression (Fig. 1B). Of note, when we introduced blaOXA-10

into BIDMC35 ΔblaOXA-663 using the same PBAD plasmid (Table 1), we obtained essen-
tially the same resistance levels as obtained with blaOXA-663 (Fig. 1B and Table 3),
suggesting that the T16K mutation in blaOXA-663 is not critical to the resistance
mechanism. This is not surprising, since this mutation is located in signal sequence of
OXA-10 (residues 1 to 19) (5). Altogether, these results confirmed that blaOXA-663 plays
a role in conferring the resistance to carbapenems in BIDMC35 and that its high-level
expression is critical to this phenotype. However, in contrast to BIDMC35, the fact that
blaOXA-663 expression in E. coli, even in the presence of high concentrations of arabi-
nose, does not confer carbapenem resistance suggested another factor in BIDMC35
plays a role in carbapenem resistance that distinguishes it from E. coli.

Returning to the RNA-seq data for BIDMC35, we noted that in addition to the high
expression level of blaOXA-663, one of the major porin genes, ompK36, was significantly
downregulated. Comparing to the other two ST17 susceptible isolates, UCI7 and UCI64,
the ompK36 transcription level (indicated by reads per kilobase per million mapped
reads [RPKM]) was approximately 500 times lower (Fig. 1C), indicating that BIDMC35
may be an OmpK36-deficient strain. We examined the DNA sequences surrounding
ompK36 and found that a transposon was inserted at nucleotide position 123 of
ompK36, disrupting ompK36. To test if porin loss is another factor that contributes to
the resistance, we episomally introduced an intact ompK36 gene, including the pro-
moter region of ompK36 from the susceptible UCI64 (Table 1), into BIDMC35. Restoring
a functional OmpK36 porin restored susceptibility to BIDMC35 (Table 3). Of note, since
OmpK36 is a major porin for Klebsiella species by which they acquire nutrients, we
measured the relative growth rates of BIDMC35 after blaOXA-663 loss or porin comple-
mentation and found no differences (data not shown), suggesting that BIDMC35 may
have adapted to compensate for any fitness costs of the resistance mechanisms (13).
Altogether, these data show that OmpK36 deficiency is another essential factor that
contributes to carbapenem resistance in BIDMC35 and that OmpK36 deficiency and
high-level expression of blaOXA-663 together result in carbapenem resistance.

TABLE 3 MICs of selected �-lactam antibiotics against BIDMC35 and relevant strains

Strains

MIC (�g/ml)

Meropenem Imipenem Ertapenem Doripenem
Meropenem
plus avibactama Cefotaxime

BIDMC35 32 32 �64 32 32 64
BIDMC35 ΔblaOXA-663 0.5 0.5 1 0.25 0.5 1
BIDMC35 ΔblaOXA-663_PBAD:blaOXA-663 16b 16b �64b 16b 16b 64b

BIDMC35 ΔblaOXA-663_PBAD:blaOXA-10 16b 16b �64b 16b 16b 64b

BIDMC35 ompK36� �0.25 0.5 0.5 0.25 �0.25 16
aThe concentration of avibactam was fixed at 4 �g/ml, and the values shown are MICs of meropenem.
bMIC was obtained in Mueller-Hinton broth supplemented with 2% arabinose.
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These results demonstrate that high-level expression of blaOXA-663 and blaOXA-10,
regardless of what is traditionally considered their spectrum of activity, can confer
carbapenem resistance when expressed at sufficiently high levels in the OmpK36
deficiency background. This work aligns well with an in vitro study showing that almost
all class D �-lactamases are capable of hydrolyzing carbapenems at low rates (6), and
now with confirmation that even �-lactamases with weak carbapenemase activity can
result in clinically significant high-level resistance. Of note, the prior in vitro demon-
stration of OXA-10 ability to confer carbapenem resistance was in A. baumannii, a
Gram-negative pathogen that is notorious for its poor outer membrane permeability
(14). Here, we show that the blaOXA-663 and blaOXA-10 can confer resistance in a K.
pneumoniae clinical isolate, with the additional requirement of a porin mutation as an
alternative solution to impairing carbapenem periplasmic accumulation. Resistance
should thus be considered the combinatorial result of several factors, including
�-lactamase enzymatic activity, the expression level of the �-lactamase, and carbap-
enem periplasmic accumulation. Additionally, the impact of a missense mutation in a
gene required for resistance, in this case blaOXA-10, on its gene function and thus on a
strain’s resistance levels cannot be known in the absence of more in-depth investiga-
tion, thereby further complicating resistance predictions. In this era of increasing
antibiotic resistance and drive for more rapid diagnostics with antimicrobial suscepti-
bility testing, this complexity highlights the challenges and limitations of identifying
clinical carbapenem resistance solely on the basis of genotypic identification of
�-lactamases with presumed carbapenemase activity.
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