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Background: Our study was to investigate the prevalence of carbapenemase genes in strains
of Enterobacteriaceae species exhibiting decreased susceptibility to carbapenems in our
hospital.

Methods: The carbapenemase producing Enterobacteriaceae species were confirmed by
modified Hodge test (MHT) and EDTA-disc synergy test which indicating the production
of class B carbapenemases. PCR and sequencing analysis were used to identify the drug-
resistant genes. DNA fingerprinting based on enterobacterial repetitive intergenic consen-
sus (ERIC)-PCR was applied to investigate the homology of Enterobacteriaceae species.

Results: From a collection of 1,472 Enterobacteriaceae species, 18 isolates with decreased
susceptibility to carbapenem treatment were identified and 9 of which were positive by
MHT, and 6 of which produced class B carbapenemases. PCR and sequencing analysis
of the 18 isolates revealed 4 different carbapenemase genes (blawr-s, blaoa-1, blamr-2s, and
blaxa-47) in 10 isolates, with the blaies and blaxa1 genes being the most common (60-70%
prevalence). ERIC-PCR showed 5, 2, and 2 unique genotypes for Enterobacter cloacae,
Escherichia coli, and Klebsiella pneumoniae, respectively. Three E. coli strains isolated
from different patients from the urologic surgery department exhibited the same DNA
banding pattern, suggesting a possible clonal dissemination. Majority (17/18) of the car-
bapenem-unsusceptible Enterobacteriaceae species isolates was obtained from the sur-
gery department of our hospital.

Conclusions: The main carbapenemase genes of Enterobacteriaceae species in our hos-
pital were blamr-s and blawa-1. Prevalence of carbapenem resistance may be existed in sur-
gery department and infection control should be taken for preventing further dissemina-
tion of drug-resistant strains.
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INTRODUCTION

Enterobacteriaceae species are among the most common noso-
comial pathogens, causing serious infections in various organs
and tissues. Currently, carbapenems are the most potent agents
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prescribed for the treatment of serious infections caused by En-
terobacteriaceae species because of their broad spectra of anti-
bacterial activity and their excellent stability to hydrolysis by
most B-lactamases, including extended-spectrum B-lactamases
(ESBLs) and AmpC cephalosporinases. However, the wide-
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spread use of carbapenems has led to the emergence of car-
bapenem-resistant Enterobacteriaceae species in diverse geo-
graphic locations worldwide, and this is becoming an important
therapeutic challenge in the clinic setting [1-31.

The main mechanisms of carbapenem resistance in Entero-
bacteriaceae species include the acquisition of carbapenemases
and hyperproduction of AmpC cephalosporinases, in combina-
tion with porin loss [4]. Carbapenemases are members of the
molecular class A, B, and D B-lactamases, which have the abil-
ity to hydrolyze penicillins, cephalosporins, monobactams, and
carbapenems [4]. Class A serine carbapenemases include 3
major families of NMC/IMI, SME, and KPC enzymes and can be
inhibited by clavulanic acid and tazobactam [5]. Among the
class A carbapenemases, KPC-2 is the most common type re-
ported in China [6, 7]. Class B carbapenemases, also called
metallo-B-lactamases (MBLs), are resistant to the commercially
available B-lactamase inhibitors, such as clavulanic acid, sul-
bactam, and tazobactam, but susceptible to inhibition by metal
ion chelators, such as EDTA, a chelator of Zn?* and other diva-
lent cations [8]. In the past decade, a number of acquired MBLs
have been identified and categorized into 2 major groups: IMP-
and VIM-type enzymes. IMP-4 and IMP-8 carbapenemases have
been detected in China, and these have led to a low to moder-
ate level of carbapenem resistance in strains of Enterobacteria-
ceae species [9]. The hydrolysis of carbapenems by the class D
oxacillinase family is weak and leads to reduced susceptibility to
imipenem and meropenem but with the minimal inhibitory con-
centration (MIC) still in the susceptible range, thus potentially
causing detection failures [10].

The goals of this study were to investigate the prevalence of
carbapenemase genes in clinical strains of Enterobacteriaceae
species isolated from a university hospital, and to explore the
main mechanisms of decreased susceptibility to carbapenems
in these clinical strains.

METHODS

1. Bacterial strains and susceptibility tests

All patient specimens utilized in this study were from The First
Affiliated Hospital of Chongging Medical University, which has
2,500 inpatient beds and is one of the largest hospitals in the
southwest of China. Samples were collected from November
2009 to December 2010. The clinical isolates were identified and
the susceptibility tests were performed by using the Vitek2 Com-
pact System with GN card and ASTGN13 card (bioMérieux,
Marcy I’Etoile, France). Strains of Enterobacteriaceae species
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with decreased susceptibility to carbapenems (MIC of imipenem,
meropenem, or ertapenem >2 pg/mL) were consecutively col-
lected and confirmed by the agar dilution method, according to
the guidelines of the CLSI [11].

2. Detection of carbapenemases

Modified Hodge Tests (MHT) were carried out according to CLSI
recommendations for phenotypic screening of carbapenemase
producers among species of Enterobacteriaceae [11]. Esche-
richia coli ATCC 25922 and Klebsiella pneumoniae ATCC BAA-
1705 were used as negative and positive controls, respectively.
The class A and B carbapenemases were screened by clavu-
lanic acid-disc synergy tests and EDTA-disc synergy tests, re-
spectively, as previously described [12, 13].

3. PCR amplification and DNA sequencing

Total DNA was extracted from all strains by 10 min boiling of
bacterial culture, followed by 1 min centrifugation at 15,000 rpm.
The supernatant was collected and used for PCR amplification.
The main class A, class B, and class D carbapenemase genes
were amplified using the primers and conditions described in
the references listed in Table 1 [14-19]. In addition, 3 ESBL
genes (blaSHV, blaTEM, and blaCTX-M) and 5 plasmid-medi-
ated AmpC cephalosporinase genes (blaCYM-2, blaACT-1,
blaACC-1, blaDHA-1, and blaFOX-1) were amplified by PCR as
previously described [20, 21], and all PCR products were se-
quenced directly in an ABI PRISM 3730XL sequencer (Applied

Table 1. Oligonucleotides used as primers for PCR and sequencing
in this study

Class  Target Sequence (5-3) Q?;gl('gg;] Reference
ClassA  SME  Forward: AACGGCTTCATTTTTGTTTAG 820 14
Reverse: GCTTCCGCAATAGTTTTATCA

KPC  Forward: ATGTCACTGTATCGCCGTCT 892 15
Reverse: TITTCAGAGCCTTACTGCCC
ClassB  IMP  Forward: CATGGTTTGGTGGTTCTTGT 488 16
Reverse: ATAATTTGGCGGACTTTGGC
VIM  Forward: AGTGGTGAGTATCCGACA 280 17
Reverse: ATGAAAGTGCGTGGAGAC
NDM-1  Forwardl: GGCGGAATGGCTCATCACGA 287 18
Reversel: CGCAACACAGCCTGACTTTC
Forward2: CAGCACACTTCCTATCTC 293 18
Reverse2: CCGCAACCATCCCCTCTT
ClassD ~ OXA  Forward: TITTCTGTTGTTTGGGTTTT 519 19

Reverse: TITCTTGGCTTTTATGCTTG
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Biosystems, Foster City, CA, USA). DNA sequences were com-
pared with known sequences in GenBank.

4. Strain genotyping

We performed genotyping on all isolates, except for Enterobacter
amnigenus, by using enterobacterial repetitive intergenic con-
sensus (ERIC)-PCR with primers ERICIR (5-ATGTAAGCTCCT-
GGGGATTCAC-3') and ERIC2 (5-AAGTAAGTGACTGGGGT-
GAGCG-3') as previously described [22]. Electrophoretic band-
ing patterns were compared by visual inspection. Isolates were
considered different if their profiles differed by 2 or more bands
[23].

RESULTS

1. Identification of Enterobacteriaceae species with decreased
susceptibility to carbapenems

From a collection of 1,472 isolates of Enterobacteriaceae spe-
cies, we identified 18 isolates with decreased susceptibility to
carbapenem treatment, including 8 isolates of Enterobacter clo-
acae, 5 isolates of E. coli, 4 isolates of K. pneumoniae, and 1
isolate of E. amnigenus (Table 2). The rate of non-susceptibility
to carbapenems was 1.22%. Fifteen of the 18 isolates (83.3%)
were resistant to ertapenem (=8 mg/L) and only 2 of the 18 iso-
lates (11.1%) were resistant to imipenem (=16 mg/L). All of the
isolates exhibited multidrug-resistance to the antibiotics tested
(data not shown).

2. Screening of carbapenemases

Of the 18 carbapenem-resistant isolates, 9 tested positive in MHT
and 6 positive in the EDTA-disc synergy tests, indicating the pro-
duction of class B carbapenemases in these strains (Table 2).
None of them tested positive in the clavulanic acid-disc synergy
tests, indicating the absence of class A carbapenemases.

3. PCR amplification and sequence analysis

Carbapenemase genes were detected in 10 of the 18 carbape-
nem-resistant isolates; the genes included the blars gene from
4 E. cloacae isolates and 2 K. pneumoniae isolates; the blame-zs
gene from 1 E. cloacae isolate; the blacxa1 gene from 5 E. cloacae
isolates and 2 E. coli isolates; and the blaoxa4, gene from 2 K.
pneumoniae isolates (Table 2). We failed to detect blaswe, blaxec,
blanow1, or blavim type carbapenemase genes in these 18 isolates.
ESBL genes were found in all the isolates except for the 2 E. clo-
acae isolates that harbored the blaves gene. AmpC cephalospo-
rinase genes were detected in 7 of the 18 isolates: including the
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blapha1 gene from 2 K. pneumoniae isolates; the blaacr1 gene
from 1 E. cloacae isolate and 1 E. amnigenus isolate; and the
blacwv gene from 3 E. coli isolates. All the AmpC-positive strains,
except for 1 E. cloacae strain (No. 1), did not harbor carbapene-
mase genes.

4. Strain genotyping and epidemiological association

Genetic relatedness of all the isolates, except for E. amnigenus,
was investigated by ERIC-PCR typing. Five distinct ERIC profiles
were observed amongst 8 strains of E. cloacae, and no obvious
clonal association was observed within these strains. Five strains
of E. coli exhibited 2 distinct ERIC profiles, and the 3 strains pre-
senting the same profile, i.e. showing clonal association, were all
isolated from the urologic surgery department. Four strains of K.
pneumoniae showed 2 ERIC profiles and an epidemiological re-
lationship was not found (Fig. 1). However, the 2 strains with
identical carbapenemase genes, ESBL and AmpC cephalospori-
nase, exhibited the same ERIC profile.

DISCUSSION

Since the widespread use of carbapenems in the clinic, carbap-
enem-resistant Enterobacteriaceae species have been detected
increasingly worldwide, and a similar trend has been observed
in China [9]. Effective and accurate screening for Enterobacteri-
aceae species with decreased susceptibility to carbapenems is
important in routine clinical microbiology tests. In this study, we
found that the resistance rate of ertapenem was much higher
than that of imipenem (83.3% vs. 11.1%, P<0.01) in the Entero-
bacteriaceae species isolates studied, indicating that ertapenem
was more sensitive than imipenem in the screening of carbape-
nem-unsusceptible Enterobacteriaceae species isolates [11].
Nine of 10 strains of Enterobacteriaceae species with carbapen-
emase genes tested positive in MHT, while none of the strains
without any carbapenemase genes tested positive in MHT. The
sensitivity and specificity of MHT were 90% and 100%, respec-
tively. Six of 7 strains of Enterobacteriaceae species with class B
carbapenemase tested positive in the EDTA-disc synergy tests,
while none of the strains without class B carbapenemase genes
tested positive in the EDTA-disc synergy tests. The sensitivity
and specificity of the EDTA-disc synergy tests for MBLs detec-
tion were 85.7% and 100%, respectively.

In the 10 strains of Enterobacteriaceae species with carbap-
enemase genes, 4 strains harbored the blames and blasa1 genes,
2 strains harbored the blames and blaxa4 genes, and 3 strains
harbored the blaoe1 gene alone. These results suggest that the
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Table 2. Distribution and drug-resistant mechanisms of 18 strains of Enterobacteriaceae species
No. 5:5}:;‘:{1 . Distribution Sample  ETP(mgl) IMP(mg/l)  MHT Carbagm‘;mase Egzﬁéz gg‘nzg
1 E cloacae Neurosurgery Blood >8 2 + IMP-8 CTX-M14 Act-1
(11/4/09) 0XA-1
2 E amnigenus Center ICU Secretion >8 8 - Negative CTX-M14 Act-1
(12/15/09)
3 E cloacae Hepatobiliary surgery Blood >8 <1 + IMP-8, TEM Negative Negative
(02/11/10) OXA-1
4 E cloacae Center ICU Urine 4 <1 + IMP-8 Negative Negative
(04/23/10) OXA-1
5 E cloacae Outpatient Secretion >8 8 - Negative CTX-M3 Negative
(05/17/10)
6 E cloacae Orthopaedics Tissue >8 <1 + 0XA-1 Negative Negative
(06/09/10)
7 E cloacae Surgery ICU Bile >8 <1 + IMP-8 CTX-M14 Negative
(07/22/10) OXA-1
8 E. cloacae Hepatobiliary surgery Secretion >8 2 + IMP-26 Negative Negative
(10/26/10)
9  E cloacae Center ICU Urine >8 <1 - Negative Negative Negative
(11/20/10)
10 E coli Urologic surgery Calculus >8 <1 - Negative CTX-M14 CYM-2
(04/15/10)
11 E coli Urologic surgery Urine >8 2 - Negative CTX-M14 CYM-2
(04/27/10)
12 E coli Emergency medicine Secretion >8 >16 + 0XA-1 CTX-M14 Negative
(06/15/10)
13 E coli Uriologic surgery Urine >8 <1 - Negative CTX-M14 CYM-2
(06/19/10)
14 E coli Orthopaedics Secretion 4 <1 - 0XA-1 Negative Negative
(03/24/10)
15 K pneumoniae Urrologic surgery Urine 4 2 + IMP-8 CTX-M14, Negative
(12/08/09) OXA-47 SHV11
16 K pneumoniae  Gastrointestinal surgery Ascites >8 <1 - Negative SHV11 DHA-1
(03/14/10)
17 K pneumoniae Surgery ICU Urine >8 >16 + IMP-8 CTX-M14, Negative
(08/19/10) OXA-47 SHVI11
18 K pneumoniae Ophthalmology Secretion >8 <1 - Negative CTX-M14, DHA-1
(12/06/10) SHV11

Abbreviations: E. cloacae, Enterobacter cloacae; E. amnigenus, Enterobacter amnigenus; E. coli, Escherichia coli; K. pneumoniae, Klebsiella pneumoniae;

ETP, Ertapenem; IMP, Imipenem; MHT, modified Hodge test; ICU, intensive care unit.

most common carbapenemase-type genes in our hospital were
blawrs (6/9) and blaoa1 (7/9). Class A carbapenemase genes
and VIM and NDM-1 B-lactamase genes were not detected in
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our hospital.
The blawrs gene, first found in K. pneumoniae in 2001, is very

closely related to blame- in DNA sequence, with only 4 nucleotide
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Fig. 1. Representative gel showing banding profiles by ERIC-PCR. (A) Enterobacter cloacae; (B) Escherichia coli; (C) Klebsiella pneumoni-
ae. The number below each lane corresponds to the strain number in Table 2. M: DNA molecular weight marker.

differences between them. This results in 2 amino acid changes.
In contrast to the blawr-> gene, which is located on the chromo-
some, the blawr-s cassette is located on the plasmid, which would
facilitate the spread of the resistance gene [24] and infection out-
break [25, 26]. Like blawrs, class D carbapenemase can only
weakly hydrolyze imipenem. All strains with blaoxa carbapene-
mase genes in our study were susceptible to imipenem except
for one E. coli isolate (No.12), suggesting that this strain might
have other drug-resistant mechanisms, such as loss or lower ex-
pression of major porins. In this study, we simultaneously de-
tected blavr.s and blaoxa in 4 strains of E. cloacae. This observa-
tion has not been previously reported in China.

Biochemical analysis showed that CMY-2 and ACT-1 B-lactamase
had a high catalytic efficiency towards imipenem, with low ob-
served Km values. CMY-2, ACT-1, and DHA-1 B-lactamases
conferred a high level of resistance to ceftazidime and cefotax-
ime and significantly reduced the susceptibility to imipenem
once expressed in E. coli HB4, whilst FOX-1 and ACC-1 enzymes
did not confer resistance to imipenem [21]. In our study, 6 of
the 9 MHT-negative strains expressed AmpC cephalosporinase
genes, including blaacr: in 1 E. cloacae strain, blacwv= in 3 E. coli
strains, and blaona1 in 2 K. pneumoniae strains. The blarox1 and
blaacc1 genes were not found. This observation suggests that
AmpC cephalosporinase hyperproduction may contribute to the
resistance observed in these isolates [4]. Five strains were not
found to contain any carbapenemase or AmpC cephalospori-
nase genes, implying that resistance in these strains may involve
other mechanisms not investigated in this study.

ERIC-PCR studies demonstrated that the infections caused
by 8 strains of E. cloacae were spontaneous, because of the ab-
sence of genetic relatedness between these strains. Three of 5 E.
coli strains isolated from the urologic surgery ward showed the
same genotype, suggesting a possible clonal dissemination of 1
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strain. Although we did not find an obvious clonal association
among 4 strains of K. pneumoniae, the finding of 2 strains with
completely identical ERIC profile and drug-resistant gene profile
suggests there is a possibility for these to become a clonal prev-
alence.

Interestingly, strains expressing the blawe carbapenemase
genes were not isolated from patients hospitalized in any de-
partment in the hospital except the department of surgery, and
all the patients with positive of blaime carbapenemase genes had
received surgery. Surgery has been reported to be an important
risk factor for the acquisition of MBL producers [25]. The find-
ing of carbapenem-resistant isolates only in the department of
surgery in our hospital may have important implications for the
prevention and dissemination control of these drug-resistant
pathogens. Because it is likely that the strains of Enterobacteria-
ceae species with decreased susceptibility to carbapenems
might be prevalent in the department of surgery in our hospital,
strict infection control measures should be implemented in or-
der to prevent infection dissemination.
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