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From June to September 2011, a total of 305 ertapenem-nonsusceptible Enterobacteriaceae isolates (MICs of ertapenem =1 pg/
ml) were collected from 11 hospitals in different parts of Taiwan. The MICs of 12 antimicrobial agents against these isolates were
determined using the broth microdilution method, and genes for carbapenemases were detected using PCR. Genotypes of iso-
lates possessing carbapenemase genes were identified by pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing.
The ertapenem-nonsusceptible Enterobacteriaceae isolates included Klebsiella pneumoniae (n = 219), Escherichia coli (n = 64),
Enterobacter cloacae (n = 15), and other species (n = 7). Seven (2.3%) of the ertapenem-nonsusceptible Enterobacteriaceae iso-
lates exhibited colistin MICs of >4 pg/ml, and 24 (7.9%) were not susceptible to tigecycline (MICs > 2 pg/ml). A total of 29
(9.5%) isolates carried genes encoding carbapenemases, namely, K. pneumoniae carbapenemase-2 (KPC-2) in 16 (7.3%) isolates
of K. pneumoniae (KPC-2-KP) and IMP-8 in 5 (2.3%) isolates of K. pneumoniae, 5 (33.3%) isolates of E. cloacae, 1 isolate of E.
coli, 1 isolate of Klebsiella oxytoca, and one isolate of Citrobacter freundii. The 16 KPC-2-KP isolates were isolated from patients
at four different hospitals in northern Taiwan. All 16 of the KPC-2-KP isolates were susceptible to amikacin and colistin and had
a similar pulsotype (pulsotype 1) and the same sequence type (sequence type 11). Infections due to KPC-2-KP mainly occurred in
severely ill patients in the intensive care unit (n = 14, 88%). Four patients with infections due to KPC-2-KP died within 14 days
of hospitalization. The findings are the first to demonstrate intrahospital and interhospital dissemination of KPC-2-KP in north-
ern Taiwan.

Carbapenems remain the first-line therapy for severe infections
caused by extended-spectrum B-lactamase (ESBL)-produc-
ing and multidrug-resistant Enterobacteriaceae (1, 19, 24, 30).
Global surveillance studies have revealed that all carbapenems (er-
tapenem, imipenem, meropenem, and doripenem) are highly ac-
tive against these resistant Enterobacteriaceae isolates (7, 8, 18).
Recently, carbapenem-resistant Enterobacteriaceae isolates, par-
ticularly Klebsiella pneumoniae carbapenemase-producing K.
pneumoniae (KPC-KP) and New Delhi metallo-B-lactamase-1
(NDM-1)-producing Enterobacteriaceae have emerged in many
countries as a result of intracontinental and intercontinental
spreading (3-6, 20, 23, 25,27, 31, 32, 34, 35, 38). Carbapenemases,
however, are not the only mechanisms associated with resistance
to carbapenems. For example, studies have shown that the com-
bination of ESBL-AmpC hyperproduction with porin loss con-
tributes to carbapenem nonsusceptibility (13, 14, 20, 36, 37).

In Taiwan, ESBL production, AmpC B-lactamase overpro-
duction, and decreased outer membrane protein expression
combined with an active efflux pump have also been reported
to contribute to resistance of Enterobacteriaceae to ertapenem
(36, 37). KPC-KP- and NDM-1-producing organisms were not
reported in Taiwan until 2011, and all of them were imported
from China (10, 22).

The purpose of this multicenter surveillance study comprising
11 teaching hospitals located in different parts of Taiwan was to
delineate the current status of carbapenem resistance and the mo-
lecular basis for the increase in carbapenem resistance among En-
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terobacteriaceae species in Taiwan during the period from June to
September 2011.

MATERIALS AND METHODS

Bacterial isolates and hospital settings. From June 2011 to September
2011, a total of 305 nonduplicate isolates of ertapenem-nonsusceptible
Enterobacteriaceae (MIC values = 1 pg/ml) were collected from 11 hos-
pitals (bed number range, 1,000 to 3,000) located in northern Taiwan
(Taipei City and New Taipei City; n = 7), central Taiwan (Taichung; n =
2), and southern Taiwan (Tainan and Kaohsiung; n = 2). The ertapenem-
nonsusceptible Enterobacteriaceae isolates were obtained from various
clinical specimens, namely, sputum (n = 116, 38.0%), urine (n = 95,
31.1%), wound or pus (n = 36, 11.8%), and blood (n = 35, 11.5%) and
included Klebsiella pneumoniae (n = 219), Escherichia coli (n = 64), En-
terobacter cloacae (n = 15), Enterobacter aerogenes (n = 2), Serratia marc-
escens (n = 2), and 1 isolate each of Klebsiella oxytoca, Citrobacter freundii,
and C. diversus (see Table S1 in the supplemental material). The isolates
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TABLE 1 MICs of 17 KPC-2-KP isolates to 12 antimicrobial agents and microbiological characteristics of these isolates

MIC (pg/ml)® Microbiological characteristics
Isolate FEP ATM  ERT DOR IMI MEM GM AN FOS SXT CL TGC MHT result Pulsosubtypeb ST
Al >128 >128 >128 32 32 64 0.5 2 >256 025 1 0.5 + PST-2 11
A2 >128 >128 >128 128 64 128 0.5 1 >256 025 0.5 0.5 + PST-5 11
Bl >128 >128 >128 >128 >128 >128 0.5 1 >256 0.25 0.5 0.5 + PST-2 11
B2 >128 >128 >128 64 32 64 0.5 2 >256 025 05 1 + PST-2 11
B3 64 >128 >128 64 64 128 0.5 1 >256 2 05 1 + PST-1 11
B4 128 >128 >128 64 64 128 64 1 128 16 1 1 + PST-4 11
B5 128 >128 >128 64 32 128 0.5 2 >256 >32 05 1 + PST-2 11
B6 >128 >128 >128 128 32 128 1 2 >256 2 05 1 + PST-2 11
C1 128 >128 >128 32 32 64 0.5 1 64 2 05 1 + PST-1 11
C2 128 >128 >128 64 64 128 0.5 1 256 2 05 1 + PST-1 11
C3 128 >128 >128 64 32 128 0.5 1 128 2 05 1 + PST-1 11
C4 >128 >128 >128 128 64 128 0.25 0.5 64 2 05 1 + PST-6 11
C5 128 >128 >128 64 32 64 0.5 0.5 128 2 05 1 + PST-1 11
Cé6 128 >128 >128 64 32 64 0.5 0.5 256 2 05 1 + PST-1 11
C7 64 >128 >128 32 16 64 0.5 2 64 2 05 2 + PST-3 11
D1 128 >128 >128 32 32 64 0.5 1 >256 2 1 1 + PST-1 11
NTUH- 9047 (9) >128 >128 >128 32 64 64 >128 >128 >256 2 05 1 + PST-1 11

@ AN, amikacin; ATM, aztreonam; CL, colistin; DOR, doripenem; ERT, ertapenem; ESBL, extended-spectrum B-lactamase production detected by the disk diffusion method (10);
FEP, cefepime; FOS, fosfomycin; GM, gentamicin; IMI, imipenem; MEM, meropenem; MHT, modified Hodge test (11); PST, pulsosubtype; ST, sequence type; SXT, trimethoprim-

sulfamethoxazole; TGC, tigecycline.
b All 17 KPC-KP isolates belonged to PT-1.

were initially identified using a Phoenix PMIC/ID-30 identification sys-
tem (Becton Dickinson Diagnostic Systems, Sparks, MD) (Table 1).

Antimicrobial susceptibility testing. MIC values were initially deter-
mined by the broth microdilution method using the Phoenix PMIC/
ID-30 system (Becton Dickinson Diagnostic Systems, Sparks, MD), and
the MICs of 12 antimicrobial agents against all isolates that harbored any
carbapenemase gene were determined using the agar dilution method
according to the guidelines recommended by the Clinical and Laboratory
Standards Institute (CLSI) (12). The antimicrobial agents used for suscep-
tibility testing were obtained from their corresponding manufacturers.
The concentrations of antimicrobial agents ranged from 0.03 pg/ml to
128 pg/ml. The MIC of each antimicrobial agent was defined as the lowest
concentration that inhibited visible growth of the organism. Susceptibility
to tigecycline was defined on the basis of the criteria proposed by the U.S.
Food and Drug Administration (FDA) (MICs = 2 pg/ml) (16) and the
European Committee on Antimicrobial Susceptibility Testing-2011
(EUCAST-2011) (susceptible, MICs = 1 pg/ml) (15).

ESBL-producing isolates were identified using the disk diffusion
method as recommended by the CLSI (11). The modified Hodge test was
also performed for all isolates harboring carbapenemase genes (11).

Determination of carbapenemase genes. Genes encoding different
classes of carbapenemases, including those of class A (KPC, NMC, SME,
IMI, and GES), class B (NDM, IMP, VIM, SPM, GIM, and SIM), and class
D (OXA-48 and 51-like, 23-like, 24-like, and 58-like enzymes), were iden-
tified as previously described (13, 29).

Molecular typing. Genotypes of isolates harboring carbapenemase genes
were determined using pulsed-field gel electrophoresis (PFGE) with the re-
striction enzyme Xbal and multilocus sequence typing (MLST) (http://www
.pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html) (28). Isolates
exhibiting PFGE profiles with more than 80% similarity were considered to
be closely related strains and defined as being of the same pulsotype (PT).
Isolates with the same pulsosubtype (PST) were defined as being closely re-
lated strains possessing identical (100% similarity) PFGE profiles. Isolates
with the same PST and sequence type (ST) were considered to belong to the
same clone. NTUH-9047, the first isolate of KPC-2-producing K. pneu-
moniae (KPC-2-KP) recovered in Taiwan, was also included in this study (9).

Plasmid identification. Plasmid DNA was extracted from isolates of
KPC-2 K. pneumoniae with a Qiagen midikit (Qiagen, Germantown,
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MD). HindIII-digested plasmids were separated on a 0.8% agarose gel and
transferred to nylon membranes for Southern hybridization. KPC-con-
taining fragments were identified by hybridization with a digoxigenin
(Dig)-labeled blayp-specific probe (Roche Diagnostics, GmbH, Ger-
many) (13, 29).

RESULTS
Antimicrobial susceptibilities of all ertapenem-nonsusceptible
Enterobacteriaceae isolates. The MIC ranges, MIC,, values, and
MIC,, values of 20 antimicrobial agents against the 305 ertap-
enem-nonsusceptible Enterobacteriaceae isolates, as well as the
rates of susceptibility to said agents, are shown in Table S2 in the
supplemental material. Among all ertapenem-nonsusceptible En-
terobacteriaceae isolates, 69% were susceptible to imipenem, 82%
were susceptible to meropenem, and 25% were susceptible to
cefepime. The rate of susceptibility to cefepime was higher among
E. coli (47%) and E. cloacae (60%) isolates than among K. pneu-
moniae isolates (16%). The rates of susceptibility to amikacin were
66% for K. pneumoniae, 97% for E. coli, and 100% for E. cloacae.
The overall rate of susceptibility to amikacin was 75%. The range
of tigecycline MICs was 0.06 pg/ml to 8 wg/ml (MICy, value, 2
pg/ml), and that of colistin was =1 pg/ml to >4 pg/ml (MIC,,
value, =1 pg/ml). Seven (2.3%) of the ertapenem-nonsusceptible
Enterobacteriaceae isolates, including six (2.7%) isolates of K.
pneumoniae and one (6.7%) isolate of E. cloacae, exhibited colistin
MIC values of >4 pg/ml. Fifty-five (18.0%) isolates, including 43
(19.6%) K. pneumonia isolates, 8 (53.3%) E. cloacae isolates, 2 S.
marcescens isolates, and 1 isolate each of K. oxytoca and E. aero-
genes, were not susceptible to tigecycline on the basis of the criteria
(MICs > 1 pg/ml) proposed by EUCAST (15). Twenty-eight iso-
lates (9.2%), including 22 (10.0%) of K. pneumonia, 4 (26.7%) of
E. cloacae, and 2 of S. marcescens, were not susceptible to tigecy-
cline (MICs > 2 pg/ml) on the basis of FDA criteria (16). Rates of
susceptibility to other agents tested were low.

Genes encoding carbapenemases. Among the 305 ertapenem-
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TABLE 2 MICs of 13 isolates possessing genes encoding IMP-8 to 12 antimicrobial agents” and their pulsotypes

MIC (p.g/ml)
Isolate no.  Bacterium ESBL production/
(hospital) (designation) MHT result FEP ATM ERT DOR IMI MEM GM AN FOS SXT CL TGC Pulsotype
1(A) K. pneumoniae (I) +/+ 32 0.5 8 2 2 1 1 2 256 >32 0.5 4 PT-3
2(A) K. pneumoniae (II) +/+ 16 0.25 4 1 1 0.5 1 2 256 >32 0.5 4 PT-3
3(A) K. pneumoniae (1) +/+ 16 0.25 4 1 05 05 1 2 >256  >32 0.5 1 PT-4
4 (H) K. pneumoniae (IV) +/+ 32 16 4 0.5 0.5 0.5 32 1 32 >32 0.5 2 PT-2
5(H) K. pneumoniae (V) +/+ 32 16 2 0.5 0.5 0.5 32 1 64 >32 0.5 2 PT-2
6(A) E. coli +/+ 32 64 1 0.12 0.5 0.12 128 2 1 >32 0.5 0.5 NP
7 (K) E. cloacae NA/+ 8 128 1 0.25 0.5 0.25 128 8 8 >32 0.5 1 PT-5
8 (K) E. cloacae NA/+ 8 128 1 0.06 0.25 0.12 128 8 16 >32 0.25 4 PT-6
9 (K) E. cloacae NA/+ 16 >128 4 0.25 0.5 0.25 1 1 32 >32 0.5 4 PT-7
10 (K) E. cloacae NA/+ 2 128 2 0.12 0.25 0.25 1 1 32 >32 0.5 4 PT-7
11 (E) E. cloacae NA/— 2 128 1 0.06 0.12 0.06 128 8 32 >32 0.25 2 PT-8
12 (A) K. oxytoca +/— 16 0.25 2 0.5 1 0.5 1 1 16 0.25 0.5 1 NP
13 (E) C. freundii NA/+ 64 128 4 1 2 0.5 128 2 0.5 0.12 0.5 0.5 NP

@ AN, amikacin; ATM, aztreonam; CL, colistin; DOR, doripenem; ERT, ertapenem; ESBL, extended-spectrum B-lactamase production detected by the disk diffusion method (10);
FEP, cefepime; FOS, fosfomycin; GM, gentamicin; IMI, imipenem; MEM, meropenem; MHT, modified Hodge test (11); NA, not available; NP, not performed; SXT, trimethoprim-

sulfamethoxazole; TGC, tigecycline.

nonsusceptible Enterobacteriaceae isolates, genes for carbapen-
emases were detected in 29 (9.5%) isolates, namely, 16 (7.3%)
isolates of KPC-2-KP and 13 isolates of IMP-8-producing organ-
isms, including 5 (2.3%) isolates of K. pneumoniae, 5 (33.3%)
isolates of E. cloacae, 1 isolate of E. coli, 1 isolate of K. oxytoca, and
1 isolate of C. freundii (Tables 1 and 2).

MICs of 11 antimicrobial agents against carbapenemase-
producing ertapenem-nonsusceptible Enterobacteriaceae. The
MIC ranges of 11 antimicrobial agents against the 16 KPC-2-KP
isolates and NTUH-9047, the first isolate of KPC-2 K. pneumoniae
isolated in Taiwan, were as follows: cefepime, 64 to >128 pg/ml;
ertapenem, >128 pg/ml; imipenem, 16 to >128 wg/ml; mero-
penem, 64 to >128 pg/ml; doripenem, 32 to >128 pg/ml; ami-
kacin, 0.5 to 2 pg/ml; gentamicin, 0.5 to 64 pg/ml (1 isolate with
an MIC of 64 mg/liter); sulfamethoxazole-trimethoprim, 0.25 to
>32 wg/ml (1 isolate with an MIC of 16 mg/liter and 1 with an
MIC of >32 pg/ml); and fosfomycin, 64 to >256 pg/ml (Table 1).
The 16 KPC-2-KP isolates were susceptible to colistin (range, 0.5
to 1 pg/ml) and tigecycline (range, 0.5 to 2 ug/ml) (Table 1), and
all exhibited positive reactions in the modified Hodge test.

Of the 13 IMP-8-producing ertapenem-nonsusceptible Enter-
obacteriaceae isolates, 2 (1 each of K. pneumoniae and C. freundii)
demonstrated intermediate susceptibility to imipenem, 1 (K.
pneumoniae) showed intermediate susceptibility to doripenem,
and all were susceptible to meropenem (Table 2). Eleven (84.6%)
of the isolates were resistant to trimethoprim-sulfamethoxazole
(MICs, >32 pg/ml). Tigecycline MICs of 4 pg/ml were found in
five (5/14, 38.5%) isolates (two K. pneumoniae and three E. cloacae
isolates). All the five isolates were susceptible to colistin, with
MICs of =0.5 pg/ml.

Genotypes of KPC-2-KP and IMP-8-producing isolates. The
16 KPC-2-KP and NTUH-9047 isolates were closely related (all
belonged to PT-1), had the same sequence type (ST11) (Fig. 1),
and were isolated from patients hospitalized at four hospitals in
northern Taiwan: hospitals A (n = 2),B (n=16),C(n=7),and D
(n = 1). The distance between hospitals B and C is less than 10
kilometers. Among the 16 KPC-2-KP isolates, six PSTs were iden-
tified. Two main PSTs were identified: PST-1 (n = 8) in four
hospitals (hospital A [NTUH-9047], B [n = 1], C [n = 5], and D
[n = 1]) and PST-2 (n = 5) in two hospitals (hospitals A [n = 1]
and B [n = 4]). The pulsosubtype (PST-1) of the NTUH-9047
isolate differed from the PSTs (PST-2 and PST-5, respectively) of
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two subsequently identified KPC-2-KP isolates in hospital A. Sim-
ilar PTs were also found in four IMP-8-producing K. pneumoniae
isolates (PT-2 in two isolates from hospital H and PT-3 in two iso-
lates from hospital A) and in two IMP-8-producing E. cloacae
isolates (PT-6 in two isolates from hospital K) (Fig. 1 and Table 2).
A plasmid location of the blaypc, gene was found among the
six main PSTs of 16 KPC-2-producing K. pneumoniae isolates
(Fig. 2).

Clinical characteristics of patients with infections due to
KPC-2-KP. Demographic and clinical information for the pa-
tients with isolations of KPC-2-KP is summarized in Table 3. Pa-
tients with KPC-2-KP were found in four different hospitals, and
all of them are located in northern Taiwan. The distance between
these four hospitals is about 10 kilometers. None of the 16 patients
had traveled to China prior to hospitalization, but all had previ-
ously received treatment at hospital A, the hospital in which the
first case of KPC-2-KP had been isolated (10). Most (14 of 16,
87.5%) of the patients from whom KPC-2-KP was isolated were in
intensive care units and were receiving aggressive medical inter-
ventions and treatment with multiple antibiotics. Among these 16
patients, 6 had received carbapenems within 2 weeks prior to the
isolation of KPC-2-KP. The airway was the most common site of
isolation. The duration from admission to KPC-2-KP isolation
varied.

DISCUSSION

Our findings in this multicenter, prospective study clearly in-
dicate that there was intrahospital and interhospital dissemi-
nation of KPC-2-KP in northern Taiwan and that intrahospital
spread of IMP-8-possessing ertapenem-nonsusceptible Enter-
obacteriaceae occurred in several Taiwanese hospitals. We also
found that all of the isolates of KPC-2-KP (n = 16) had the
same pulsotype (PT-1) and the same sequence type (ST11) as
the first isolate of KPC-2-KP (NTUH-9047) found in hospital
A (10). In addition, the majority of IMP-8 producers were
found in ertapenem-nonsusceptible K. pneumoniae and E.
cloacae isolates. The presence of IMP-8 along with ESBL pro-
duction, AmpC B-lactamase overproduction, and decreased
outer membrane protein expression combined with an active
efflux pump has been reported to contribute to ertapenem
resistance in E. cloacae in Taiwan and in other countries (14,
26, 37).
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FIG 1 Pulsed-field gel electrophoresis profiles and dendrogram of the 16 KPC-2-KP isolates, 1 KPC-2-KP isolate previously reported (NTUH-9024) (10), and
5 IMP-8-producing K. pneumoniae isolates in Taiwan in 2011. See Tables 2 and 3 for isolate designations and the sources of the isolates.

Previous reports demonstrated that the ST11 KPC-KP clone
dominated in China and in other Asian countries (2, 29). Inter-
estingly, the endemic clone found in this study shared the same
sequence type (29). None of the 16 patients had recently traveled
to China; however, because of the close geographic relationship
between China and Taiwan and the frequency with which individ-
uals travel between the two countries, the strain associated with
this outbreak could have spread from China to Taiwan and could
have resided in the community and hospitals without being no-
ticed. In this study, KPC-2-KP was isolated within 3 days of ad-
mission in three patients. None of these three patients had recent

Pulsosubtype (PST) 1 3 2 4 5 6
Isolate B3 C7 B6 B4 A2 C4

Kb

O R S B
FIG 2 Southern hybridization of plasmids containing KPC fragments ob-
tained from six main PSTs of the 16 KPC-2-producing K. pneumoniae isolates.
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hospitalization or contact with KPC-2 carriers, suggesting that
KPC-2-KP existed not only in the hospitals but also in the com-
munity, although the isolation of KPC-2-carrying isolates was not
documented in their families or nearby individuals or pets.

Inadequate infection control and prior antimicrobial expo-
sure in hospitalized patients, particularly severely ill patients,
are the main forces driving the spread of carbapenem-resistant
organisms (5, 6, 21, 28). The antimicrobial agents causing se-
lective pressure for KPC-KP include carbapenems, fluoroquinolones,
extended-spectrum cephalosporins, B-lactam—@-lactamase inhibitor
combinations, and agents with antianaerobe activity (17, 21, 39).
Among the 16 patients with infections due to KPC-2-KP, the most
common antibiotic administered prior to KPC-KP isolation was
piperacillin-tazobactam. In addition, 14 of those patients had re-
ceived agents with antianaerobe activities, and only 1 had received
a carbapenem within 2 weeks prior to the isolation of KPC-2-KP.
We speculate that the antianaerobe agents used in these patients
might have created a survival niche for K. pneumoniae (KPC-KP),
a common intestinal bacterium, thereby allowing it to spread
from patient to patient and hospital to hospital.

In this study, the 14-day mortality rate among the 16 pa-
tients with isolations of KPC-2-KP was 25%, and the in-hospi-
tal mortality rate was 62.5%. These findings are similar to those
previously reported (17, 21, 28, 33). Gasink et al. reported that
KPC-KP infection/colonization was independently associated
with in-hospital mortality (17). The effect of KPC-2-KP isola-
tion on the outcomes for these 16 patients is difficult to evalu-
ate because the majority of these patients were severely ill and
had multiple comorbidities. The inability to distinguish be-
tween colonization and infection (especially the isolates from
the airway specimens), the number of coisolates with KPC-2-
KP, and the limited activities of antimicrobial agents adminis-
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tered all contributed to the outcomes for these patients (17,
28). Furthermore, based on the MIC values of antibiotics
against this epidemic strain, tigecycline, colistin, and amin-
oglycosides should have been effective for the treatment of in-
fections caused by this organism (39). However, among the
eight patients who received the above-mentioned agents, the
in-hospital mortality rate was 75%. The one patient with KPC-
2-KP bacteremia died in spite of concomitant colistin and ami-
kacin treatment.

In conclusion, in this multicenter surveillance study, we iden-
tified the first outbreak of intrahospital and interhospital dissem-
ination of KPC-2-KP in northern Taiwan. Although only four
hospitals from central and southern Taiwan were included in this
study, the fact that no KPC-bearing isolates were identified in
these regions does not mean that these regions must be clear of
KPC-bearing isolates. Further nationwide surveillance of KPC-KP
is necessary, and strict infection control measures should be en-
forced.
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