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Enterobacteriaceae strains producing the Klebsiella pneumoniae carbapenemase (KPC) have disseminated worldwide, causing
an urgent threat to public health. KPC-producing strains often exhibit low-level carbapenem resistance, which may be missed by
automated clinical detection systems. In this study, eight Klebsiella pneumoniae strains with heterogeneous resistance to imi-
penem were used to elucidate the factors leading from imipenem susceptibility to high-level resistance as defined by clinical lab-
oratory testing standards. Time-kill analysis with an inoculum as low as 3 � 106 CFU/ml and concentrations of imipenem 8- and
16-fold higher than the MIC resulted in the initial killing of 99.9% of the population. However, full recovery of the population
occurred by 20 h of incubation in the same drug concentrations. Population profiles showed that recovery was mediated by a
heteroresistant subpopulation at a frequency of 2 � 10�7 to 3 � 10�6. Samples selected 2 h after exposure to imipenem were as
susceptible as the unexposed parental strain and produced the major outer membrane porin OmpK36. However, between 4 to 8
h after exposure, OmpK36 became absent, and the imipenem MIC increased at least 32-fold. Individual colonies isolated from
cultures after 20 h of exposure revealed both susceptible and resistant subpopulations. Once induced, however, the high-level
imipenem resistance was maintained, and OmpK36 remained unexpressed even without continued carbapenem exposure. This
study demonstrates the essential coordination between blaKPC and ompK36 expression mediating high-level imipenem resis-
tance from a population of bacteria that initially exhibits a carbapenem-susceptibility phenotype.

The widespread dissemination of carbapenem-resistant Entero-
bacteriaceae (CRE) has reached a state of urgency in the United

States and abroad, greatly diminishing the ability to rely on car-
bapenems as the drugs of last resort to treat multidrug-resistant
CRE infections (1, 2). Strains that produce Klebsiella pneumoniae
carbapenemase (KPC), encoded by the blaKPC gene, first emerged
with large-scale outbreaks in U.S. hospitals and are now some of
the most important contributors to carbapenem resistance world-
wide among Gram-negative bacteria (GNB) (2–6). KPC-produc-
ing strains coharbor numerous drug resistance determinants,
making clinical management of infections caused by such strains
very complicated. Mortality exceeds 40% in patients infected with
KPC-producing strains, especially when the infection results in
bacteremia (2, 4, 7–11).

The failure to detect carbapenem resistance in a timely manner
is a major contributor to the high rates of mortality in infections
caused by KPC-producing GNB strains. Indeed, strains that har-
bor blaKPC commonly exhibit low-level resistance to carbapenem
drugs and are frequently missed due to inconsistencies across var-
ious automated detection systems (7, 11–16). Moreover, carbap-
enemase-producing organisms are often detected only after ther-
apy in patients fails (10, 14).

These strains often exhibit full or reduced susceptibility to a
carbapenem according to standard laboratory testing (1 to 2
�g/ml), but, upon single exposure to a carbapenem, generate
subpopulations with MICs of �64 �g/ml. Such strains are said
to exhibit heteroresistance. The factors that determine carbap-
enem heteroresistance are unknown. Here we show how such
conversion occurs through coordinated expression of blaKPC

and decreased production of the major outer membrane porin
OmpK36.

MATERIALS AND METHODS
Strains and susceptibility testing. Antimicrobial susceptibility testing
was performed by broth microdilution in accordance with the standards
set by the Clinical and Laboratory Standards Institute (CLSI) and Etest
(bioMérieux, Marcy l’Etoile, France). Imipenem (Sigma-Aldrich, St.
Louis, MO) was used as the representative carbapenem drug in all exper-
iments. Phenylboronic acid (PBA) (Sigma-Aldrich), an inhibitor of KPC
hydrolysis, was used to analyze its effect on imipenem MICs. K. pneu-
moniae strains were obtained from rectal swabs and bloodstream and
urinary tract infection samples collected by hospitals in Brazil and San
Francisco. Eight KPC-producing K. pneumoniae strains with clinically
relevant imipenem-heteroresistant phenotypes and three KPC-producing
K. pneumoniae strains with high-level imipenem resistance were chosen
from this set for our analysis (Table 1). Four non-KPC-producing K.
pneumoniae clinical strains were chosen as controls. The KPC-producing
strains belonged to three different multilocus sequence type (MLST)
clonal groups. Strains were considered heteroresistant if colonies grew
within the zone of inhibition with an imipenem Etest. Heteroresistant
strains were considered clinically relevant if their reference standard broth
microdilution imipenem MIC was �2 �g/ml. All experiments were pre-
pared with one isolated colony from a freshly streaked Mueller-Hinton
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(MH) agar plate, which was grown overnight in MH broth at 37°C with
shaking. Samples were tested in triplicate, and experiments were per-
formed at least three times.

Inoculum effect analysis. Inoculum-dependent increases in the MICs
for imipenem were determined based on the CLSI reference standard
starting inoculum of 5 � 105 CFU/ml compared to those for inocula of
5 � 106, 5 � 107, and 5 � 108 CFU/ml. An inoculum effect was considered
positive if the higher test inocula resulted in a �8-fold increase in the
imipenem MIC.

Population analysis. Population analysis was performed with 106 and
107 bacterial CFU spread on imipenem-containing MH agar plates (0.25
to 64 �g/ml). We calculated the frequency of heteroresistant subpopula-
tions at the highest drug concentrations after 24 h of growth by dividing
the number of colonies grown on imipenem-containing plates by the
colony counts from the same bacterial inoculum plated on drug-free MH
agar plates (17).

Time-kill analysis. The frequency of survival in bactericidal concen-
trations of imipenem was quantified with starting inocula of 5 � 105 and
1 to 9 � 106 CFU/ml in a total volume of 3 ml of MH broth and with
concentrations of imipenem 4- to 16-fold above the reference MIC. The
starting inoculum was prepared from appropriate dilutions of overnight
cultures standardized by optical density at 600 nm (OD600). Starting in-
ocula were enumerated on drug-free agar plates. At 2, 4, 6, 8, and 20 h after
imipenem exposure, 50-�l aliquots were serially diluted in 0.85% saline
and plated on drug-free agar for enumeration. Control samples of the
strains were grown in MH broth without drug and enumerated at the
same time points. Population recovery was considered achieved if, after 20
h of drug exposure, enumeration yielded at least 109 CFU/ml or if the
OD600 of the cultures was �1. The 20-hour endpoint was determined
based on results of imipenem stability experiments (described below).
Aliquots removed from the wells at 2, 4, 6, 8, and 20 h after imipenem
exposure were also plated on MH agar containing the same concentration
of imipenem used in the time-kill analysis.

Bioassay for imipenem hydrolysis. Inocula of 5 � 105 and 5 � 106

CFU/ml of heteroresistant KPC-producing strains were incubated in the
same imipenem concentration as that used in the time-kill experiments
for 2, 8, and 20 h. Triplicate samples were used for each time point. At each

time point, the cells were spun down, and the supernatant was passed
through a 0.2-�m filter and frozen at �80°C. Aliquots were plated on LB
agar to ensure that they were cell free. An Escherichia coli ATCC 25922
reference strain was then used to test the residual imipenem concentra-
tions in these filtrates. Spontaneous imipenem hydrolysis was assessed by
incubation of MH broth with the appropriate concentrations of imi-
penem for 4, 6, 12, 18, and 24 h. The E. coli ATCC 25922 reference strain
was then inoculated into tubes of these preparations to perform standard
imipenem broth microdilution testing. Fresh imipenem in MH broth was
prepared as a control.

PCR and sequencing of blaKPC structural region and outer mem-
brane porin genes. We conducted PCR analysis of the Tn4401 regions
upstream and downstream of the blaKPC open reading frame with primers
based on a report by Naas et al. (18) and with primers designed within this
study by Primer-BLAST (National Center for Biotechnology Information
[NCBI]) (Table 2). PCR analysis of the coding regions of ompK35 and
ompK36 was performed with primers designed by Primer-BLAST. Se-
quencing was performed on an Applied Biosystems 3730 DNA analyzer
(Applied Biosystems, Foster City, CA) at the University of California
(UC) Berkeley DNA Sequencing Facility. We visually inspected, edited,
and assembled the DNA sequences with BioEdit (version 7.0.1) and then
used ClustalW to perform multiple alignment analyses of the sequences.
Sequences were analyzed for single nucleotide polymorphisms (SNPs)
between the time-kill survivor strains and unexposed parental strains.
Sequences were compared to those of the Tn4401 structural genes,
ompK35, ompK36, and ompK37, deposited in the NCBI database by an
updated version of the BLAST program.

Real-time RT-PCR analysis. We performed real-time reverse tran-
scription-PCR (RT-PCR) of blaKPC gene expression for time-kill survivor
samples of four heteroresistant K. pneumoniae strains (BR6, BR7, BR14,
BR21) according to previously published protocols with modifications for
comparative quantification by the standard curve method (19). Expres-
sion was compared between unexposed samples and those exposed to
imipenem for 2, 4, 6, 8, or 20 h. The rpoB gene was used as an endogenous
reference. An untreated wild-type sample of each strain was used as a
calibrator gene standard. Total RNA was extracted with the RNeasy mini-
kit (Qiagen, Valencia, CA) at each of the experimental time points. cDNA

TABLE 1 K. pneumoniae strains used in this studya

Strainb ST �-Lactamase gene(s)

IPM MIC (�g/ml) with inoculum of:

Etest zonec,d5 � 105 (ref)e 5 � 106 5 � 107 5 � 108

BR6 (HET) 437 blaKPC-2, blaCTX-M (NTf) 1–2 16 64 �64 1�
BR7 (HET) 437 blaKPC-2, blaCTX-M-1, blaTEM-1 1–2 16 64 �64 1�
BR14 (HET) 437 blaKPC-2, blaCTX-M-9, blaTEM-1, blaSHV-11 2 16 64 �64 1�
BR19 (HET) 437 blaKPC-2, blaCTX-M-1, blaTEM-1, blaSHV-11 2 16 64 �64 1�
BR21 (HET) 437 blaKPC-2, blaCTX-M-1, blaSHV-11, blaOXA-1 1–2 16 64 �64 1�
BR23 (HET) 437 blaKPC-2, blaCTX-M-1, blaTEM-1, blaSHV-11 2 16 64 �64 1�
BR26 (HET) 437 blaKPC-2, blaCTX-M (NT) 2 16 64 �64 1�
BR28 (HET) 483 blaKPC-2, blaSHV-11 2 16 64 �64 1�
BR1 (RES) 340 blaKPC-2, blaCTX-M (NT) 16 �32 �64 �64 2�
BR20 (RES) 437 blaKPC-2, blaCTX-M (NT) 16 32 �64 �64 2�
BR3 (RES) 340 blaKPC-2, blaSHV-11 �64 �64 �64 �64 3�
SF701 (SUSC) 514 None 0.25 0.5 1 4 0
SF705 (SUSC) 1248 None 0.25 0.25 0.5 4 0
SF519 (SUSC) 66 None 0.25 0.25 0.5 4 0
SF681 (SUSC) 392 blaCTX-M-15 0.25 0.5 1 4 0
a Coharbored �-lactamase genes, the change in imipenem (IPM) susceptibility due to increased inoculum, and the multilocus sequence type (ST) are shown.
b Study strain sources: BR, 6 hospitals, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil; SF, San Francisco General Hospital, San Francisco, CA, USA; HET, IPM-
heteroresistant phenotype; RES, high-level IPM resistance; SUSC, IPM-susceptible control strains.
c Number of colonies within the zone of inhibition with an Etest: 0, no colonies; 1�, �50 colonies (within the lower region of the zone); 2�, �50 colonies (within the entire zone);
3�, no zone of inhibition.
d The ertapenem Etest MIC was similar to that for imipenem, with colonies growing within the zone of inhibition.
e CLSI reference standard inoculum.
f NT, not typed.
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was generated by reverse transcription with random hexamer primers and
SuperScript III according to the manufacturer’s instructions (Life Tech-
nologies/Thermo Fisher Scientific, Waltham, MA). Samples were pre-
pared with Maxima SYBR Green/Rox qPCR master mix (Thermo Fisher
Scientific) and procedures were performed on an AB7300 real-time PCR
system (Applied Biosystems). All samples were amplified in triplicate.
Comparative quantification (fold change) of gene expression between
samples was analyzed with the equation 2�		CT, where 		CT 
 	CT KPC

� 	CT rpoB.
Analysis of outer membrane proteins. Outer membrane proteins

were isolated according to the method of Carlone et al. (20). Briefly, sam-
ples were grown in nutrient broth or MH broth at an OD600 of 0.6, cen-
trifuged at 5,000 � g for 10 min, washed and resuspended in 10 mM
HEPES buffer (pH 7.4), and sonicated. The sodium N-lauroyl sarcosinate
insoluble outer membrane porins were selectively obtained by incubation
in 10 mM HEPES buffer with 2% Sarkosyl, followed by a 30-min centri-
fugation at 15,600 � g. Samples were boiled and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with
10% polyacrylamide gels (Bio-Rad, Hercules, CA). Controls included
drug-susceptible Klebsiella pneumoniae strains.

ESI-MS. Electrospray ionization mass spectrometry (ESI-MS) of the
outer membrane proteins was performed on a Thermo LTQ-Orbitrap-XL
mass spectrometer at the QB3/Chemistry Mass Spectrometry Facility at
UC Berkeley. Samples were prepared by excising the band of interest from
SDS-PAGE gels, followed by in-gel tryptic digestion according to the fa-
cility protocol. Data analysis was performed with Thermo Scientific Pro-
teome Discoverer (version 1.3) software.

Efflux pump analysis. We used 100 �M concentrations of the efflux
pump inhibitor, Phe-Arg �-naphthylamide dihydrochloride (Pa�N), in
conjunction with imipenem broth microdilution to assess efflux activity.
Both unexposed parental-type and 8-h imipenem-exposed samples were
tested in triplicate against three concentrations of the inhibitor. MgSO4

was used in a separate set of experiments to ensure that membrane per-
meability was not contributing to MIC differences. Experiments were
repeated twice. Efflux activity was considered significant if there was a
�2-fold difference in the imipenem MIC in the presence of the inhibitor
(21).

Statistical analysis. Categorical variables were compared by a chi-
square or Fisher exact test (2-tailed). Differences in means or proportions
were compared with Student’s t test. Differences were considered statisti-
cally significant at a P value of �0.05.

RESULTS
Pronounced inoculum effect in heteroresistant strains. Imi-
penem MICs of the eight heteroresistant KPC-producing K. pneu-
moniae strains were in the range of 1 to 2 �g/ml. They increased to

16 �g/ml with the 106-CFU/ml inoculum and were �64 �g/ml
(the maximum of this test) with the 107-CFU/ml inoculum, a
32-fold increase (Table 1). These strains all produced colonies
within the zone of inhibition of the imipenem Etest. Two strains
(K. pneumoniae BR1 and BR20) with high-level imipenem resis-
tance at the reference standard (16 �g/ml) showed a 4-fold MIC
increase with the higher inocula. The Etest results for these strains
showed dense growth of colonies throughout the zone of inhibi-
tion. An inoculum effect was not observed among the non-KPC-
producing K. pneumoniae control strains (SF701, SF705, SF519,
SF681).

A minor subpopulation of survivors mediates population re-
covery after lethal imipenem exposure. Bactericidal levels were
achieved for all study strains in the first 2 h of exposure. The mean
numbers of colonies enumerated 2 h after exposure were 1.6 � 103

CFU/ml (95% confidence interval [CI], 1.2 � 103 to 2.1 � 103) for
higher-inoculum samples and 1.7 � 103 CFU/ml (95% CI, 7.4 �
102 to 2.6 � 103) for standard-inoculum samples (P � 0.05). The
mean number of colonies for non-KPC-producing strains 2 h af-
ter exposure was 1.9 � 104 CFU/ml (95% CI, 1.1 � 104 to 2.7 �
104).

For KPC-producing strains, 32 (76%) of 42 time-kill samples
at a starting inoculum of �3.3 � 106 CFU/ml yielded �109

CFU/ml by 20 h postexposure (recovery), whereas only 4 (11%) of
36 samples below this starting inoculum recovered (P � 0.0001).
None (n 
 30) of the non-KPC-producing strain samples recov-
ered even at concentrations of imipenem at the MIC.

The numbers of colonies enumerated 8 h after exposure ranged
from 102 to 104 CFU/ml, with more survivors enumerated in
higher- versus standard-inoculum experiments (P 
 0.005). No
significant difference was found in the number of survivors after 8
h of imipenem exposure between non-KPC-producing strains
with higher inocula and KPC-producing strains with standard
inocula (P � 0.05). However, 11% of the latter and none of the
former group recovered.

At 2 h after imipenem exposure for all inocula tested, the sur-
vivors were as imipenem-susceptible as their parental strain and
did not produce any colonies on imipenem agar plates. At 8 h of
exposure, survivors had severalfold-higher imipenem MICs
among groups that exhibited recovery at 20 h, while survivors that
showed no recovery had MICs that were not different from those
of the parental strain (Table 3). Population profiles revealed that

TABLE 2 PCR primers used in this study

Primer target Primer name Sequence (5= to 3=)
Expected amplicon
size (bp) Reference or study

blaKPC promoter region Naas1 ACCCTTGCCATCCCGTGTGC 1,659 18
Naas11 AATTGGCGGCGGCGTTATCA

blaKPC Naas3 CTTCAAACAAGGAATATCGTTG 1,040 18
Naas2 ATGCGCCATCGTCAGTGCTCTAC

ompK36 ompK36-5F AACTGGTAAACCAGGCCCAG 829 This study
ompK36-834R CGTTCAGGCGAACAACACTG
ompK36-782F AATTTCAGACCTGCGAATGC 213
ompK36-995R ACCTGTACGGCAAAATCGAC

ompK35 ompK35-83 AAAACGGCAACAAACTGGAC 971 This study
ompK35-1054 TGGTAAACGATACCCACGGC
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TABLE 3 Klebsiella pneumoniae OmpK36 porin analysis and imipenem susceptibility of unexposed and time-kill survivor samples

Strain(s)a IPM (�g/ml)
IPM expos
time (h)

IPM MIC (�g/ml)

ompK36 SNPb OmpK36 statuscSTDd HId PBA (STD, HI)e

BR6 (HET) None 1–2 16 0.5, 2 WTf �
16 2 1–2 16 WT �
16 8 �32 �32 8, 8 WT �

BR6, passaged 16g 8 �32 �32 WT �
BR7 (HET) None 1–2 16 1, 4 WT �

16 2 1–2 16 WT �
16 8 �32 �32 1, 4 WT �

BR7, passaged 16g 8 2 16 WT �
BR14 (HET) None 2 16 1, 4 WT �

16 2 2 16 WT �
16 4 �32 �32 C430T �
16 8 �32 �32 16, 16 C731T, G374A �

BR14, passaged 16g 8 �32 �32 ompK37h �
BR19 (HET) None 4 16 2, 2 WT �

16 2 2 16 WT �
16 8 �32 �32 16, 16 WT �

BR19, passaged 16 8 �32 �32 WT �
BR21 (HET) None 1–2 16 1, 4 WT �

16 2 1–2 16 WT �
16 4 �32 �32 WT �
16 8 �32 �32 16, 16 ompK37h �

BR21, passaged 16g 8 �32 �32 ompK37h �
BR21, standard inoculum None 8 1–2 8 NDi �
BR21, standard inoculum,

no recovery
8 8 2 8 WT �

BR21, standard inoculum,
recovery

8 8 �32 �32 ND �

BR23 (HET) None 2 16 1, 4 WT �
16 2 2 16 WT �
16 8 �32 �32 1, 4 WT �

BR23, passaged 16g 8 2 16 WT �
BR26 (HET) None 2 16 0.5, 2 WT �

16 8 �32 �32 4, 8 WT �

BR26, passaged 16g 8 �32 �32 ND ND
BR28 (HET) None 2 16 1, 4 WT �

16 8 �32 �32 16, 16 WT �

BR28, passaged 16g 8 �32 �32 ompK37h �
BR1 (RES) None 16 �32 4, 4 WT �

32 8 �64 �64 16, 8 WT �

BR3 (RES) None �64 �64 16, �16 WT �
BR20 (RES) None 16 32 2, 4 ins: 403 GACGGCj �

64 2 16 32 ins: 403 GACGGC �

BR20, no recovery 64 8 16 32 ins: 403 GACGGC �
BR20, recovery 64 8 16 32 ins: 403 GACGGC �
SF701, SF705 (CTL) None 0.5 0.5 WT �

2, 1, 0.5 8, 24 0.5 0.5 WT �
a All samples were selected from higher-inoculum time-kill experiments unless otherwise noted. Passaged, 8-h imipenem (IPM)-exposed samples were passaged daily on drug-free
MH plates for at least 7 days; HET, IPM-heteroresistant phenotype; RES, high-level IPM resistance; CTL, IPM susceptible control strains.
b SNP, single nucleotide polymorphisms detected by PCR analysis.
c SDS-PAGE analysis of bands corresponding to OmpK36 porin. �, present; �, not present.
d IPM MIC results for starting inocula, 5 � 105 CFU/ml (standard [STD]) and 5 � 106 CFU/ml (high [HI]).
e IPM MIC results (�g/ml) for starting inocula 5 � 105 (STD)/5 � 106 (HI) CFU/ml in the presence of 100 �M phenylboronic acid (PBA).
f WT, wild-type sequence (GenBank accession no. JX310551).
g Original IPM exposure concentration prior to drug-free passage.
h ompK37 gene product (100% identity to that of GenBank accession no. KC534871) obtained by PCR with ompK36 primers.
i ND, not determined.
j 100% identity to that of GenBank accession no. HM769261.
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an even smaller proportion of the initial 2-hour imipenem expo-
sure survivors recovered (Table 4). For the heteroresistant K.
pneumoniae strains (BR6, BR7, BR21, BR23, BR28), the frequen-
cies of colonies that grew on imipenem agar in concentrations
8-fold higher (16 �g/ml) than the reference standard MIC were
similar for both the 107- and 106-CFU-inoculum samples, with a
range of 2 � 10�7 to 3 � 10�6, relative to those for samples grown
on drug-free agar. The frequencies of colonies that grew on con-
centrations of 32 �g/ml were 2 � 10�7 and 0 to 3 � 10�7 for the
107- and 106-CFU-inoculum samples, respectively. Non-KPC-
producing strains grew on imipenem agar at a maximum of 4-fold
above the MIC at frequencies of 7 � 10�6 to 4 � 10�6 of the
original inoculum.

KPC enzyme from lysed cells during imipenem exposure
does not contribute to population survival. The imipenem MICs
for E. coli ATCC 25922 were 0.125 to 0.25 �g/ml in all of the
KPC-producing K. pneumoniae culture filtrates from all incuba-
tion time samples, with the exception of supernatant removed
from samples 20 h after exposure to imipenem in a population
that recovered; these six samples grew in wells with imipenem
concentrations of 8 �g/ml, which was the maximum concentra-
tion of the test (data not shown). Spontaneous degradation of
imipenem was not observed in the test samples until 24 h of incu-
bation (data not shown).

Increased expression of the blaKPC gene does not contribute
to high-level resistance in heteroresistant strains. All KPC-pro-
ducing study strains contained blaKPC-2. The transcription start
site region was 100% identical at the nucleotide level among all
strains. The sequence upstream of blaKPC in all other strains was
100% identical to the region mapped by Naas et al. to contain
three transcription start sites (18).

When blaKPC expression was normalized to that for unex-
posed samples, changes in expression for heteroresistant K.
pneumoniae strains (BR6, BR7, BR14, BR21) ranged between 0.5-
fold and 0.7-fold lower for the 2-h and 8-h imipenem-exposed
samples. The four strains had similar expression levels, with the
highest expression 2.4-fold higher than the lowest expression
(data not shown).

Efflux pump activity does not contribute to survival in lethal
doses of imipenem. Imipenem broth microdilution with the ef-
flux pump inhibitor, Pa�N, showed no imipenem MIC reduction

in any of the unexposed or 8-h-exposed heteroresistant K. pneu-
moniae samples (data not shown).

Porin expression changes contribute to high-level imipenem
resistance. The non-KPC-producing K. pneumoniae control
strain SF519, but none of the KPC-producing K. pneumoniae
strains, expressed OmpK35. By SDS-PAGE, all heteroresistant K.
pneumoniae strains exposed to imipenem for 2 h, as well as their
unexposed parental types, showed two bands, which were con-
firmed by ESI-MS as OmpA and OmpK36 (Table 3; Fig. 1). As
early as 4 h postexposure, OmpK36 porin disappeared in some
strains. In all 8-h exposure samples that subsequently recovered,
OmpK36 was absent. The imipenem MICs for all such samples
were �32 �g/ml. The OmpK36 band was present, however, in 8-h
exposure samples of cultures that did not recover, as well as in
the non-KPC-producing K. pneumoniae control strains. The

TABLE 4 Frequency of heteroresistant subcolonies for select heteroresistant KPC-producing K. pneumoniae strains

Strain(s)
Highest IPMa concn
(�g/ml)

Frequency
Fold-increase in
IPM MICb107-CFU inoculum 106-CFU inoculum

BR6, BR7, BR21, BR23, BR28c 16 2 � 10�7–3 � 10�6 3 � 10�7–1 � 10�6 8
32 2 � 10�7 3 � 10�7 16

2-h-exposure samples, BR6,
BR7, BR21d

16 1 � 10�6�2 � 10�6 3 � 10�7–1 � 10�6 8
32 2 � 10�7–1 � 10�6 3 � 10�7 16

SF519, SF701e 1 (SF519); 2 (SF701) 4 � 10�6–7 � 10�6 4 � 10�6–7 � 10�6 4

SF681f 1 2 � 10�6�3 � 10�6 2 � 10�6�3 � 10�6 4
a IPM, imipenem.
b CLSI reference standard IPM MIC.
c Heteroresistant KPC-producing K. pneumoniae strains.
d Heteroresistant KPC-producing K. pneumoniae strains, exposed for 2 h to imipenem.
e Non-KPC-producing K. pneumoniae strains.
f CTX-M-producing K. pneumoniae strain.

FIG 1 Outer membrane fractions of 8-h imipenem-exposed OmpK36-defi-
cient heteroresistant K. pneumoniae strain BR7 samples analyzed by SDS-
PAGE. The identities of OmpA and OmpK36 were confirmed by ESI-MS with
locations marked on the image; a 170-kDa molecular mass ladder is shown on
the left. Lanes 1 to 4, samples from 2-�g/ml imipenem wells; lanes 5 to 7,
samples from 2-�g/ml imipenem and 100 �M KPC enzyme inhibitor (PBA)
wells (maximum concentration of sample growth); lane 8, BR7 wild-type con-
trol, initially expressing OmpK36, exposed to 16 �g/ml imipenem. Note that
strain BR7 loses expression of OmpK36 with lethal imipenem exposure, but
regains expression of OmpK36 upon drug-free passage (refer to text).
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OmpK36 band was also present in all samples at 2 and 8 h of
drug-free growth. By PCR, in most cases, the ompK35 PCR prod-
uct was not obtained, and evidence of insertions was seen in the
ompK35 coding region in the sequenced PCR products. PCR re-
sults for the ompK36 gene agreed with SDS-PAGE and ESI-MS
results. That is, unexposed and 2-h exposure samples with the
OmpK36 protein band yielded an ompK36 PCR product with
100% nucleotide identity to that of the NCBI reference sequence
(GenBank accession no. JX310551) (Table 3). For the 4- and 8-h
exposure samples of one heteroresistant K. pneumoniae strain
(BR14), the ompK36 sequence had mutations predicted to encode
premature stop codons. In 8-h exposure samples of several het-
eroresistant K. pneumoniae strains (BR14, BR21, BR28), no
ompK36 product was obtained by PCR, but an ompK37 PCR prod-
uct with 100% nucleotide identity to that of the NCBI reference
sequence (GenBank accession no. KC534871) was obtained.
Wild-type ompK36 sequences were obtained for 8-h exposure
samples of several heteroresistant K. pneumoniae strains (BR6,
BR7, BR19, BR23), even though the OmpK36 protein band was
absent. We did not analyze the region upstream of the open read-
ing frame of the porin genes, so we cannot rule out mutations in
the promoter or ribosome binding sites, which have been noted by
others (19, 22).

The imipenem-resistant K. pneumoniae strain BR20 demon-
strated a 2- to 4-fold increase in imipenem resistance when tested
at higher inocula. In contrast to the porin profiles of the hetero-
resistant K. pneumoniae strains, a 2-codon nucleotide insertion
was found in all imipenem-exposed and unexposed samples, and
OmpK36 was present by SDS-PAGE analysis in both exposed and
unexposed samples. The insertion of GACGGC at position 403
of the NCBI reference sequence (GenBank accession no.
HM769261) generates Asp135, Gly136 insertions in the L3
channel eyelet loop region described by others (23, 24). Muta-
tions in this region have been predicted to reduce the uptake of
carbapenems and cephalosporins, thus increasing the MICs
against these drugs through selective restriction without abol-
ishing expression of the porin (25).

In contrast, SDS-PAGE analysis of the constitutively highly
resistant K. pneumoniae strain BR3 (with no observed inoculum
effect) showed no OmpK36 protein even in the unexposed sam-
ples.

Stability of high-level resistance is associated with OmpK36
porin loss. Heteroresistant strains were passaged daily on drug-
free medium and then retested for their imipenem MICs (Table
3). After 8 h of imipenem exposure, six of the eight strains (BR6,
BR14, BR19, BR21, BR26, BR28) showed no decreases in their
MICs and had Etests with no zone of inhibition. Two strains (BR7,
BR23) reverted to the heteroresistant phenotype, showing colo-
nies in the zone of inhibition of the imipenem Etest. Imipenem
broth microdilution MIC results showed reversion to the pro-
nounced inoculum effect of the original unexposed strain. SDS-
PAGE analysis showed that the strains with no reversion were still
missing OmpK36, while the strains that reverted to heteroresis-
tance regained the presence of OmpK36. By PCR, the nonrever-
tant strains did not yield ompK36 amplification products, while
the revertant strain yielded a sequence with 100% identity to that
of the wild-type coding region.

KPC enzyme activity is necessary for expression of imipenem
heteroresistance. In 100 �M concentrations of PBA (an inhib-
itor of KPC hydrolysis), growth in imipenem of heteroresistant

KPC-producing K. pneumoniae strains expressing ompK36 was
reduced 2- and 4-fold for standard and higher inocula, respec-
tively (Table 3). The highly resistant K. pneumoniae strain BR20
(with the OmpK36 channel mutation) grew only in a maximum of
1 to 2 �g/ml imipenem in the presence of PBA, regardless of in-
ocula. In the presence of PBA, the imipenem MICs of the
OmpK36-deficient, nonrevertant strains BR14, BR19, BR21, and
BR28 decreased only 2- to 4-fold, while MICs of the nonrevertant
strains BR6 and BR26 decreased 4- to 8-fold. However, the
OmpK36-deficient revertant strains BR7 and BR23 became as sus-
ceptible to imipenem as their OmpK36-expressing counterparts
(a 16- to 32-fold decrease relative to the test maximum of 32
�g/ml imipenem). OmpK36 was expressed by individual colonies
of strain BR7 after dual exposure to PBA and imipenem (at the
highest concentration it grew, 2 �g/ml), but the porin was still
absent in comparison samples exposed to the same dose of imi-
penem without PBA (Fig. 1).

Porin loss does not confer increased resistance to non-�-lac-
tam drugs. Five heteroresistant K. pneumoniae strains (BR7,
BR14, BR21, BR23, BR28) were tested for resistance to other
�-lactam drugs and to unrelated classes of antimicrobial agents to
assess the potential contribution of efflux pumps or AmpC-type
mechanisms to imipenem resistance (data not shown). A pro-
nounced inoculum effect was observed with cefotaxime (8-fold
difference), but not with ceftazidime, two extended-spectrum
�-lactam drugs. The 2-h imipenem-exposed samples showed the
same MICs as their nonexposed counterparts for all other drugs
tested, while the 8-h imipenem-exposed samples showed a 4-fold
increase against cefotaxime and a 2-fold increase against aztreonam.
No increased MICs were observed for 8-hour imipenem-exposed
samples against levofloxacin, gentamicin, or trimethoprim-sulfame-
thoxazole.

Recovered populations comprise subpopulations with het-
erogeneous imipenem resistance. We analyzed five heteroresis-
tant K. pneumoniae strains (BR6, BR14, BR21, BR23, BR28) by
serial dilution and plating them after 20 h of incubation with imi-
penem, as well as by direct imipenem MIC testing (Table 5). Six to
12 individual colonies/strains were selected for imipenem MIC
analysis. Interestingly, most aliquots of these imipenem-exposed
total cultures had imipenem MICs in the highly resistant range
(�32 �g/ml), while the isolated colonies had mixed results with
MICs and OmpK36 porin profiles similar to those of the unex-
posed parental strains.

DISCUSSION

There is no unified definition for heteroresistance. It is most com-
monly defined as a characteristic of a bacterial strain population
susceptible to a drug according to clinical standards, but that con-
tains subpopulations of much higher resistance. It commonly in-
volves nonheritable phenotypic variability in a genetically homo-
geneous population (26–29). Heteroresistance was first reported
in Staphylococcus aureus (methicillin, vancomycin) (30, 31), fol-
lowed by reports in Acinetobacter baumannii (carbapenems, colis-
tin, cephalosporins, penicillins) (32–34), Pseudomonas aeruginosa
(carbapenems) (35, 36), Streptococcus pneumoniae (penicillin)
(29), and Klebsiella pneumoniae (carbapenems, colistin, chlor-
hexidine) (37–39). For most of these, the mechanisms mediating
heteroresistance remain elusive or suggest multiple pathways (32,
40–44).

In this study, we analyzed the phenotypic heteroresistance of

Adams-Sapper et al.

3286 aac.asm.org June 2015 Volume 59 Number 6Antimicrobial Agents and Chemotherapy

http://www.ncbi.nlm.nih.gov/nuccore?term=JX310551
http://www.ncbi.nlm.nih.gov/nuccore?term=KC534871
http://www.ncbi.nlm.nih.gov/nuccore?term=HM769261
http://aac.asm.org


KPC-producing K. pneumoniae strains to a carbapenem, imi-
penem. We showed that heteroresistant KPC-producing K. pneu-
moniae strains survive bactericidal concentrations of imipenem
from 8- to 32-fold higher than their reference standard MICs. This
survival was associated with (i) an inoculum density of at least 3 �
106 CFU/ml, (ii) carriage of the blaKPC gene, and (iii) the imi-
penem-induced generation of a subpopulation of cells with de-
creased expression of the major outer membrane porin, OmpK36.
The survival was not related to other factors such as imipenem
degradation or hydrolysis of the drug or increased expression of
blaKPC.

OmpK36 porin loss by KPC-producing strains greatly in-
creased the imipenem MIC. Landman et al. found by real-time
RT-PCR analysis that even for K. pneumoniae strains with rela-
tively low expression of blaKPC, decreased expression of ompK36
results in substantially higher imipenem MICs (16). Similar quan-
titative ompK36 expression studies should be performed with our
heteroresistant K. pneumoniae strains. Tsai et al. also showed that
loss of OmpK36 on its own increased imipenem MICs (45, 46).
One expects OmpK36 loss to be detrimental for bacterial nutrient
uptake, but this sacrifice of a subpopulation may have a beneficial
outcome for the population as a whole in its defense against anti-
microbial stress.

Porin loss in Enterobacteriaceae organisms is commonly re-
ported in clinical treatment cases and has been shown to occur
during the course of carbapenem treatment (47–51). Carbapenem
resistance can develop in strains with OmpK36 loss in the absence
of a carbapenemase (16, 19, 45, 52). Such strains usually express
plasmid-mediated AmpC type �-lactamases or extended-spec-
trum �-lactamases (ESBLs) such as CTX-M types. Our KPC-pro-
ducing K. pneumoniae strains nearly all coharbored blaCTX-M-1- or
blaCTX-M-9-type ESBLs, and many coharbored blaTEM-1- and
blaSHV-11-type �-lactamases. While it is possible that these en-
zymes contribute to the heteroresistant phenotype, our findings
indicate that coordination of blaKPC and OmpK36 expression are
key components of this phenotype. PBA-mediated inhibition of
KPC enzyme activity prevented loss of OmpK36 and population

recovery. Moreover, none of the four control strains in this study
lacking blaKPC (one harbored blaCTX-M-15) achieved such abrupt
imipenem MIC increases with such minor changes in inoculum,
and no OmpK36 porin loss was observed under any of the exper-
imental conditions.

There is evidence that carbapenem monotherapy for infec-
tions caused by strains with low-level resistance leads to high
rates of clinical treatment failure (7, 10, 11, 14, 53, 54). There is
debate over whether heteroresistant strains are associated with
treatment failure (34, 55–59). Nevertheless, our experimental
data suggest that the use of carbapenem monotherapy for het-
eroresistant strains, especially at infection sites where bacterial
density may be high and drug penetration suboptimal, may
unintentionally lead to induction of higher-level resistance and
treatment failure.

The limitation of our study in extrapolating to clinical rele-
vance is that our study is based on in vitro data and for a limited
number of strains. However, it does provide some clue on the
physiology and importance of resistant subpopulations generated
by strains with apparent carbapenem susceptibility upon expo-
sure to bactericidal doses of imipenem. Development of new ther-
apeutic targets, such as those regulating porin expression, for car-
bapenemase-producing strains is urgently needed, especially for
heteroresistant strains, which most likely contribute to the urgent
threat of CRE infections.
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TABLE 5 Imipenem MICs of individual colonies selected from 20-h imipenem-exposed cultures reveal the presence of heteroresistant
subpopulations

IPMa

No. of individual colonies for strain (revertant typeb)

OmpK36 proteincBR14 (NRv) BR21 (NRv) BR6 (NRv) BR23 (Rv) BR28 (NRv)

Highest concn grown
(�g/ml)d

2 18 13 17 6 0 �
4 2 1 1 0 0 �
8 1 1 0 0 0 �
16 3 4 0 0 0 �
32 16 18 0 12 24 �

MIC, 20-h total culture �32 1��32 2��32 �32 �32 Variablee

MIC as above, �7 days
drug-free passage

�32 �32 NDf �32 �32 ND

a IPM, imipenem.
b The revertant type is defined as nonrevertant (NRv) if conversion to high-level IPM resistance upon IPM exposure was retained or revertant (Rv) if the original IPM-
heteroresistant phenotype was observed after 1 week of daily drug-free passage.
c The presence of OmpK36 was determined by SDS-PAGE: �, present; �, not present.
d Tests were performed with CLSI reference standard inocula (5 � 105 CFU/ml).
e OmpK36 was present in all except one of the whole culture samples tested (BR21 strain).
f ND, not determined.
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