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Multi-drug resistant Pseudomonas aeruginosa has been implicated in a variety of serious therapeutic
problems in clinical environments. Among the 968 P. aeruginosa isolates obtained from two hospitals in
Daegu, Korea, we acquired 17 isolates that were resistant to all available tested antimicrobial agents, with
the exception of colistin (colistin-only sensitive). We characterized the antimicrobial susceptibilities,
metallo-f-lactamases, and epidemiological relatedness among the colistin-only sensitive P. aeruginosa
isolates. All colistin-only sensitive isolates were positive in the modified Hodge test and imipenem-EDTA
synergy test, thereby indicating the production of metallo-f-lactamases. 11 isolates from the secondary
hospital and six isolates from the tertiary teaching hospital harbored blaviv: and blamve.i, respectively. The
pulsed-field gel electrophoretic analysis of the Spel-digested DNA from P. aeruginosa isolates indicated that
two different clones of colistin-only sensitive P. aeruginosa originated from each hospital, and had spread
within the hospital environment. Overall, colistin-only sensitive P. aeruginosa was detected in Korea for the
first time, but no pan-drug resistant bacteria were identified. Nationwide surveillance is required in order

to monitor the emergence of colistin-only sensitive or pan-drug resistant bacteria.
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Pseudomonas aeruginosa is one of the principal causes of
nosocomial pathogen, particularly among immunocompro-
mised patients. They induce a variety of human infections,
including bacteremia, respiratory infections, genitourinary
tract infections, and wound infections (Jarvis and Martone,
1992). Nosocomial infections caused by P aeruginosa poses
a serious problem in clinical settings due to the high preva-
lence of infection, particularly in intensive care units and
cases of multi-drug resistance (Hancock, 1998; Bush, 2001;
Falagas et al., 2005; Rossolini and Mantengoli, 2005; Lagatolla
et al., 2006).

Carbapenems, most notably imipenem and meropenem,
have been recognized as the most potent B-lactams against
multi-drug resistant Gram-negative non-fermenting bacteria,
as a consequence of their high affinity for penicillin-binding
proteins, stability against extended-spectrum pB-lactamases,
and marked permeability across outer bacterial membranes
(Livermore, 1995; Livermore, 2001). However, the extensive
use of carbapenems has facilitated the emergence of carba-
penem-resistant bacteria. The production of the B-lactamases
responsible for carbapenem hydrolysis (Ambler class B met-
allo-B-lactamases and class D OXA-type B-lactamases), the
reduced uptake of the drugs by absence or low OprD pro-
tein expression, and increased efflux pump expression are
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all basic mechanisms of resistance to carbapenems utilized
by P aeruginosa (Rasmussen and Bush, 1997; Poirel and
Nordmann, 2006; Ohara et al., 2007). Metallo-B-lactamases
hydrolyze virtually all metallo-B-lactams, with the exception
of monobactam, and are insensitive to clinically available in-
hibitors including clavulanic acid, sulbactam, and tazobactam
(Rasmussen and Bush, 1997; Poirel et al., 2000; Murphy et
al., 2003). IMP and VIM are two common metallo-B-lacta-
mases, and several new types of metallo-p-lactamases--SIM,
SPM, and GIM--have recently been added to this group
(Poirel er al., 2001; Murphy et al., 2003; Castanheira er al.,
2004; Lee et al, 2005). Among the three metallo-B-lacta-
mases detected in Gram-negative non-fermenting bacteria
in Korea, IMP-1, VIM-2, and SIM-1, VIM-2 proved to be
the most frequently detected metallo-B-lactamase among P
aeruginosa, Acinetobacter spp., and Klebsiella pneumoniae.
IMP-1 was identified in P aeruginosa and Acinetobacter spp.
SIM-1 was only rarely detected in Acinetobacter spp. (Oh et
al., 2003; Yong et al., 2006).

P aeruginosa, Acinetobacter spp., and K. pneumoniae are
notorious bacterial species, which are known to readily de-
velop multi-drug resistance to various classes of antimicrobial
agents. The extensive use of antimicrobial agents and the
evolutionary antimicrobial resistance strategies of bacteria
have resulted in the emergence of pan-drug resistant bac-
teria, i.e., bacteria which evidence resistance against anti-
pseudomonal penicillins, cephalosporins, carbapenems, mon-
obactam, aminoglycosides, fluoroquinolone, and polymyxins
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in B aeruginosa. Pan-drug resistant bacterial infections could
cause global health problems, in which clinicians may, in
the worst case scenario, be left with no rational antimicrobial
treatment choice. Currently, pan-drug resistant bacteria are
relatively rare in the literature relevant to antimicrobial
susceptibilities (Falagas and Bliziotis, 2007).

We have previously described a single clinical isolate of
A. baumannii that was resistant to all available antimicrobial
agents tested, but susceptible to colistin (colistin-only sensi-
tive) in Daegu, Korea (Lee er al, 2007). However, there
have, thus far, been no reports regarding the emergence of
colistin-only sensitive or pan-drug resistant P aeruginosa in
Korea. In a study involving the surveillance of antimicrobial
susceptibilities of P aeruginosa isolates from two hospitals
in Daegu, Korea, we screened 17 colistin-only sensitive P
aeruginosa isolates. As only limited data are currently avail-
able, we evaluated the antimicrobial susceptibilities, carba-
penem resistance mechanisms, and epidemiological related-
ness among the colistin-only sensitive P aeruginosa isolates.

Materials and Methods

Bacterial strains

A total of 968 P aeruginosa isolates, 306 from a secondary
hospital and 662 from a tertiary teaching hospital, were col-
lected from two hospitals located in Daegu, Republic of
Korea, from January 2004 to November 2006. Only the first
isolate from the patients was included. Species identification
and routine antibiograms of the isolates were conducted using
the Vitek System (bioMerieux, France) in a clinical micro-
biology laboratory. The antimicrobial agents utilized in routine
antimicrobial susceptibility tests included B-lactams (ampicillin
and piperacillin), p-lactams and B-lactam inhibitors (ampicillin/
sulbactam, ticarcillin/clavulanic acid, and piperacillin/tazo-
bactam), cephalosporins (ceftriaxone, ceftazidime, and cefe-
pime), carbapenems (imipenem), monobactam (aztreonam),
aminoglycosides (amikacin, gentamicin, and tobramycin), and
fluoroquinolones (ciprofloxacin). Among the 968 isolates
E aeruginosa, 17 isolates, 11 from a secondary hospital and
6 from a tertiary teaching hospital, were all found to be re-
sistant to the tested antimicrobial agents. These multi-drug
resistant P aeruginosa isolates were investigated further in
this study.

Antimicrobial susceptibility test

For the analysis of the minimal inhibitory concentrations
(MICs) of antimicrobial agents and the screening of pan-drug
resistant P aeruginosa, an antimicrobial susceptibility test was
conducted by agar dilution in Mueller-Hinton agar (Difco,
USA) in accordance with the guidelines of the Clinical and
Laboratory Standards Institute (CLSI, 2006). Escherichia coli
ATCC 25922 and P aeruginosa ATCC 27853 were utilized
as quality control strains. The final concentrations of anti-
microbial agents ranged from 0.25 to 128 pg/ml. The anti-
microbial agents tested herein included piperacillin, ampi-
cillin-sulbactam, cefotaxime, cefoperazone, ceftazidime, ce-
fepime, imipenem, aztreonam, amikacin, tobramycin, cipro-
floxacin, and colistin.
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Screening of carbapenemase activity

In order to analyze carbapenemase production, colistin-only
sensitive P aeruginosa isolates were screened by a modified
Hodge test (Lee et al, 2001). The surface of a Muller-Hinton
agar plate was inoculated with an overnight culture suspen-
sion of Escherichia coli ATCC 25922. An imipenem disk was
positioned at the center of the plate, and imipenem-resistant
P aeruginosa was streaked heavily from the edge of the disk
to the periphery of the plate. The presence of a distorted
inhibition zone after overnight incubation was interpreted
as a positive result. An imipenem-EDTA double disk syn-
ergy test was performed to screen for metallo-B-lactamase
production. Overnight cultures of the modified Hodge test-
positive strains were inoculated on Muller-Hinton agar plates.
The imipenem disk (30 pg) and a blank filter paper disk
were placed 15 mm apart from edge to edge, and 1.5 mg
of EDTA solution was applied to the blank disk. After
overnight incubation, the presence of an enlarged zone of
inhibition was interpreted as a positive result, thereby in-
dicating the inactivation of metallo-p-lactamase activity by
EDTA.

PCR amplification and sequencing

PCR was conducted in a total volume of 20 ul containing
the following: 2 ul of boiled bacterial suspensions, 20 pM
of each primer, 250 pM of dNTP, 10 mM Tris-HCI (pH
8.3), 50 mM KCl, 2.5 mM MgCl, and 1.5 U of Tag DNA
polymerase (Bioneer, Korea). Genes coding for carbapene-
mases were determined by PCR using primers specific for
blawr.; 5-CAT GGT TTG GTIG GIT CTT GT-3° and
5-ATA ATT TGG CGG ACT TTG GC-3° and blavims;
5-ATT GGT CTA TTT GAC CGC GTC-3’ and 5-TGC
TAC TCA ACG ACT GAG CG-3’ (Jeon et al., 2005). The
PCR products were sequenced using an automated sequencer
(ABI 3100, Applied Biosystems, USA).

Pulsed-field gel electrophoresis

Genomic DNA was digested with Spel (Boehringer Mannheim})
and separated on 1.0% agarose gel using a contour-clamped
homogeneous-field apparatus (CHEF DRIII systems, Bio-Rad
Laboratories, USA) in a 0.5x TBE buffer (Grundmann et
al., 1995). The banding patterns were then analyzed using
GelCompar 1II software (Applied Maths, Belgium).

Results

Antimicrobial susceptibility of P. aeruginosa isolates

We first evaluated the antimicrobial susceptibility data ob-
tained from the clinical microbiological laboratories. Over
50% of the isolates were found to be resistant to ampicillin
(95.1%), ampicillin-sulbactam (94.8%), ceftriaxone (77.5%),
ticarcillin-clavulanic acid (63.4%), and ciprofloxacin (50.3%).
More than 30% of the isolates were resistant to aztreonam
(45.8%), ceftazidime (41.3%), piperacillin (38.6%), genta-
micin (38.2%), imipenem (36.9%), and cefepime (35.0%).
Resistances against tobramycin (27.1%), piperacillin-tazo-
bactam (23.7%), and amikacin (20.0%) were observed in
<30% of the isolates. Among the 968 P aeruginosa isolates,
17 were resistant to all tested antimicrobial agents, including
B-lactams, cephalosporins, carbapenems, monobactam, fluo-
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roquinolones, and aminoglycosides. However, pan-drug resist-
ance of the isolates could not be determined due to the ab-
sence of colistin susceptibility in the clinical laboratory data.

We then conducted antimicrobial susceptibility tests of 17
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multi-drug resistant P aeruginosa isolates against 12 selected
antimicrobial agents, including colistin. The MIC distributions
of the P aeruginosa isolates are provided in Table 1. The 17
P aeruginosa isolates proved resistant to all tested anti-

Table 1. MIC distribution of colistin-only sensitive P aeruginosa isolates

MIC (ug/ml)*

Isolate no.

PIP SAM CTX CEP CFZ CFP IMP AZT AMK TOB CIP COL
05FP82 > 128 > 128 > 128 > 128 64 128 > 128 64 > 128 > 128 > 128 1
05SFP849 > 128 > 128 > 128 > 128 > 128 128 > 128 128 > 128 > 128 128 1
05FP1063 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 128 1
05FP1066 > 128 > 128 > 128 > 128 64 64 > 128 32 > 128 > 128 128 1
05FP1337 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 128 1
05FP1368 > 128 > 128 > 128 > 128 64 64 > 128 64 > 128 > 128 > 128 1
05FP1563 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 128 1
05FP1639 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 128 1
05FP1686 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 > 128 1
05FP1811 > 128 > 128 > 128 > 128 128 128 64 128 > 128 > 128 32 1
05FP1878 > 128 > 128 > 128 > 128 128 128 > 128 64 > 128 > 128 128 0.5
06KP117 > 128 > 128 > 128 > 128 > 128 > 128 32 64 > 128 > 128 32 1
06KP130 > 128 > 128 > 128 > 128 > 128 > 128 32 32 > 128 > 128 32 1
06KP131 > 128 > 128 > 128 > 128 > 128 > 128 32 64 > 128 > 128 32 1
06KP156 > 128 > 128 > 128 > 128 > 128 > 128 16 32 > 128 > 128 32 2
06KP251 > 128 > 128 > 128 > 128 > 128 > 128 32 64 > 128 > 128 32 1
06KP314 > 128 > 128 > 128 > 128 > 128 > 128 32 64 > 128 > 128 32 1

Abbreviations and resistance criteria: PIP, piperacillin

>128 ug/ml); SAM, ampicillin-sulbactam (>32/16 pg/ml); CTX, cefotaxime (>64 pg/ml); CEP,
p

cefoperazone (264 pg/ml); CFZ, ceftazidime (>32 pg/ml); CFP, cefepime (=32 pg/ml); IMP, imipenem (>16 pg/ml); AZT, aztreonam (>32 pg/ml); AMK, amikacin
(264 pg/ml); TOB, tobramycin (>16 pg/ml); CIP, ciprofloxacin (>4 pg/ml); and COL, colistin (>4 pg/ml).

Table 2. Characterization of carbapenem resistance and clonal relatedness of colistin-only sensitive P aeruginosa isolates

Isolate no. Isolation hospital Carbapenemases PFGE patterns
Modified Hodge test Imipenem-EDTA test Gene
05FP82 Secondary + + VIM-2 A2
05FP849 Secondary + + VIM-2 Al
05FP1063 Secondary + + VIM-2 A2
05FP1066 Secondary + + VIM-2 A2
05FP1337 Secondary + + VIM-2 A2
05FP1368 Secondary + + VIM-2 Al
05FP1563 Secondary + + VIM-2 Al
05FP1639 Secondary + + VIM-2 Al
05FP1686 Secondary + + VIM-2 Al
05FP1811 Secondary + + VIM-2 Al
05FP1878 Secondary + + VIM-2 Al
06KP117 Tertiary + + IMP-1 Bl
06KP130 Tertiary + + IMP-1 B2
06KP131 Tertiary + + IMP-1 B1
06KP156 Tertiary + + IMP-1 B1
06KP251 Tertiary + + IMP-1 B1
06KP314 Tertiary + + IMP-1 B1
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Fig. 1. Clustering of colistin-only sensitive P aeruginosa isolates based on PFGE profiles. The 17 colistin-only sensitive P aeruginosa isolates
were compared. The dendrogram is based on cluster analysis by the unweighted-pair group method with average linkages.

microbial agents, but were susceptible to colistin. The MICs
of colistin-only sensitive F aeruginosa isolates to piper-
acillin, ampicillin-sulbactam, cefotaxime, cefoperazone, ami-
kacin and tobramycin were >128 pg/ml. The range of MIC
to colistin in P aeruginosa was found to be 0.5-2.0 pg/ml.
Overall, no pan-drug resistant P aeruginosa isolates were
detected, but colistin-only sensitive P aeruginosa isolates
emerged in two hospitals located in Daegu, Korea.

Production of metallo-f-lactamases

We evaluated metallo-B-lactamase production in the 17 col-
istin-only sensitive isolates. All tested P aeruginosa isolates
were positive both in the modified Hodge test and imipe-
nem-EDTA double disk synergy test, thereby indicating
metallo-B-lactamase production (Table 2). PCR amplifica-
tion and subsequent sequencing were conducted in order to
characterize the metallo-B-lactamases. The 11 P aeruginosa
isolates obtained from the secondary hospital harbored
blaviv, metallo-p-lactamase, whereas the six isolates from
the tertiary teaching hospital harbored blapvpe: B-lactamase
(Table 2).

Clustering analysis of PFGE pattern and molecular epi-
demiology

PFGE was performed in order to determine the clonal relat-
edness of colistin-only sensitive P aeruginosa isolates. The 17
colistin-only sensitive P aeruginosa isolates were classified
into two PFGE groups at a similarity value of 0.82 (Fig. 1).
However, 11 blayiv.o-harboring P aeruginosa isolates obtained
from the secondary hospital were subclassified into two
PFGE groups (Table 2, Fig. 1) at a similarity value of 0.91.
The high degree of similarity of PFGE profiles Al (n=7)
and A2 (n=4) suggests that they originated from identical
clones. Among the six colistin-only sensitive P aeruginosa
isolates obtained from the tertiary teaching hospital, five of

the isolates evidenced identical PFGE patterns. The PFGE
pattern of P aeruginosa 06KP130 evidenced three band differ-
ences as compared with those of the other five isolates from
the tertiary teaching hospital, thereby suggesting that they
are genetically closely related (Tenover er al, 1995).

Discussion

In this study, we have evaluated the antimicrobial suscepti-
bilities of P aeruginosa isolates obtained from two hospitals
in Daegu, Korea, and have characterized the carbapenem
resistance mechanisms and epidemiological relatedness of
the colistin-only sensitive isolates. No pan-drug resistant P
aeruginosa were detected. However, to the best of our
knowledge, the present study is the first to demonstrate the
existence of colistin-only sensitive P aeruginosa isolates in
Korea. Furthermore, two specific colistin-only sensitive P
aeruginosa clones that had originated from each hospital
were detected.

We first screened the antimicrobial resistance properties of
968 P. aeruginosa isolates to various classes of antimicrobial
agents. More than 30% of P. aeruginosa isolates proved re-
sistant to the currently utilized antimicrobial agents, which
include the anti-pseudomonal f-lactams, the third and fourth
generations of cephalosporins, and the fluoroquinolones.
Resistance to carbapenems, which constitute the first choice
for the treatment of multi-drug resistant P aeruginosa infection,
was detected in 37% of P aeruginosa isolates. Amikacin was
the most active agent in vitro, but the aminoglycosides could
not be utilized to treat infected patients as a monotherapy.
These results indicate that the choices for antimicrobial
therapy for the treatment of multi-drug resistant P aerugi-
nosa infections are currently rather limited. Recently, older
antimicrobial agents, such as colistin, were re-utilized to treat
multi-drug resistant or carbapenem-resistant Gram-negative
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bacteria. The re-emergence of colistin for the treatment of
multi-drug resistant bacterial infections contributed to the
emergence of pan-drug resistant bacteria against all classes
of currently available antimicrobial agents. Thus far, three
cases of pan-drug resistant bacterial infections by P aerugi-
nosa and K. pneumoniae have been reported (Giamarellos-
Bourboulis er al., 2003; Landman er al., 2005; Gales et al.,
2006; Falagas and Bliziotis, 2007). In the current study, no
pan-drug resistant P aeruginosa isolates were detected, but
17 colistin-only sensitive isolates, 11 from a secondary hos-
pital and 6 from a tertiary teaching hospital, were detected.

Carbapenems have been extensively utilized for the treat-
ment of multi-drug resistant Gram-negative non-fermenting
bacterial infections in clinical environments. The extensive
use of carbapenems may have facilitated the rapid emer-
gence of resistance and select carbapenem-resistant bacteria
in clinical environments. The acquisition of metallo-B-lacta-
mases was shown to be responsible for high levels of carba-
penem resistance in many cases. Among the carbapenem-
resistant P aeruginosa isolates discovered in Korea, VIM-2
was the most prevalent metallo-B-lactamase, whereas IMP-1
was detected only rarely (Oh ez al., 2003; Yong et al., 2006).
In the current study, all colistin-only sensitive P aeruginosa
isolates were shown to harbor metallo-B-lactamases. The col-
istin-only sensitive P aeruginosa isolates obtained from the
secondary hospital evidenced a high MIC of imipenem and
harbored VIM-2 metallo-B-lactamase, whereas the majority
of colistin-only sensitive P aeruginosa isolates obtained from
the tertiary teaching hospital evidenced a relatively low MIC
of imipenem and harbored IMP-1 metallo-B-lactamase. As
all of the IMP-1-generating P aeruginosa isolates were col-
lected between February and June of 2006, this is the first
reported case of an outbreak of IMP-1-producing P aerugi-
nosa in Korea. Furthermore, the colistin-only sensitive P
aeruginosa isolates obtained from two hospitals manifested
different PFGE patterns, according to the isolation charac-
teristics of the respective hospitals. These results indicate that
E aeruginosa from each hospital acquired different metallo-p-
lactamases independently and spread clonally throughout the
hospital environments.

In conclusion, two different colistin-only sensitive P aeru-
ginosa clones were detected in hospitals located in Daegu,
Korea. Colistin-only sensitive P aeruginosa isolates acquired
from two hospitals were shown to possess different carbape-
nem resistance mechanisms and PFGE patterns, according
to the isolation characteristics of the hospitals. This study
was the first to demonstrate a specific IMP-1-producing P
aeruginosa clone in Korea. Colistin-based combination therapy
has been utilized in the treatment of carbapenem-resistant
P aeruginosa and Acinetobacter infections in Korea. The high
frequency of colistin-based therapy may contribute to the
emergence of pan-drug resistant bacteria in the near future.
Accordingly, nationwide surveillance will be required to mon-
itor the emergence of pan-drug resistant bacteria in Korea
in the future.
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