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A total of 264 nonduplicate strains of imipenem (IPM)-nonsusceptible Pseudomonas aeruginosa
were isolated from hospitals in 16 different regions throughout China. These 264 IPM-nonsusceptible
clinical isolates of P. aeruginosa were examined by PCR, a metallo-�-lactamase (MBL) Etest, a double-disk
synergy test (DDST), and a test using combined IPM disks supplemented with various amounts of EDTA.
A total of 24 strains positive for MBLs were confirmed by PCR and DNA sequence analysis: 10 strains
positive for the blaVIM-2 gene, 13 strains positive for the blaIMP-9 gene, and 1 strain positive for the blaIMP-1
gene. Real-time reverse transcriptase PCR (RT-PCR) was used to verify whether the isolates harboring
MBL genes produced the enzyme and was considered the standard for evaluation of the methodology in
this study. Of these 24 MBL-positive stains, 21 were confirmed as MBL-producing strains by real time
RT-PCR for MBL expression and the other 3 had no expression of MBLs. The sensitivities, specificities,
and positive and negative predictive values for the MBL Etest, the DDST, and the combined disk (CD)
assay were evaluated. The best method for screening for MBL production in P. aeruginosa strains from
China was the CD assay (IMP-EDTA) using 750 �g of EDTA/disk with a breakpoint of >6 mm. In the CD
assay (IPM-EDTA) with 290 �g and 750 �g EDTA, the zone diameter increases for VIM-2-producing P.
aeruginosa isolates were greater than those for IMP-9-producing P. aeruginosa isolates (P � 0.00).

The worldwide spread of acquired metallo-�-lactamases
(MBLs) in clinically important pathogens, such as Pseudomo-
nas spp., Acinetobacter spp., and members of the Entero-
bacteriaceae family, has become a great concern (9, 12). In-
creased mortality rates have been documented for patients
infected with MBL-producing Pseudomonas aeruginosa, and
these rates are especially due to inadequate empirical therapy
(27). Most of the MBL-encoding genes reside on class 1 inte-
grons and plasmids that usually confer high mobility to these
genetic elements (8, 17, 22, 24, 26). Therefore, early detection
of MBL-producing organisms is of crucial importance for pre-
vention of their inter- and intrahospital dissemination, not only
in institutions with high prevalences of such isolates but also in
those in which phenotypes of resistance have never been de-
tected. Various criteria for screening for MBL production in P.
aeruginosa have been suggested (15). Currently, the most
widely accepted standardized MBL functional screen is the
MBL Etest (AB BioDisk, Solna, Sweden). However, due to the
high cost and unavailability of Etest strips, many clinical
microbiology laboratories use alternative screening meth-
ods, such as the double-disk synergy test (DDST) and the
combined disk (CD) assay. Although the DDST and the CD
assay are simple to perform and cheaper than the MBL

Etest, they have shown discordant results, depending on the
employed methodology, �-lactam substrates, MBL inhibi-
tors (IMBL), and bacterial genus tested (7, 11, 14, 15).
Standardization of a phenotypic method for screening for
MBL-producing isolates is of crucial importance. It is de-
sirable that the selection of the appropriate MBL test be
based upon studies providing sensitivity (SN) and specificity
(SP) results for that specific pathogen.

Although the prevalence of MBL-producing P. aeruginosa
was lower in China than elsewhere, the MBL-encoding genes
are usually carried by mobile genetic structures with great
ability to spread (26). The aim of this study was to evaluate the
accuracy of phenotypic tests for screening for MBL-producing
isolates among P. aeruginosa isolates in China.

MATERIALS AND METHODS

Bacterial isolates. From July 2006 to July 2007, a total of 264 nonduplicate
imipenem (IPM)-nonsusceptible P. aeruginosa isolates were collected from hos-
pitals in 16 different regions throughout China. All of these isolates were isolated
from different patients and were identified with the API 20NE system (bio-
Mérieux, Marcy l’Etoile, France). P. aeruginosa ATCC 27853 was used as an
MBL-negative control. Four P. aeruginosa strains producing VIM-2 and two P.
aeruginosa strains producing IMP-1 in our laboratory were used as MBL-positive
controls (26).

Susceptibility testing. The MICs of IPM and meropenem (MEM) were de-
termined by agar dilution. The results were interpreted according to the Clinical
and Laboratory Standards Institute (CLSI; 2007). P. aeruginosa ATCC 27853 was
used as a control strain for susceptibility testing.

Phenotypic detection of MBL. All 264 IPM-nonsusceptible clinical isolates of
P. aeruginosa and the 6 MBL-positive control strains were tested by the three
tests for phenotypic detection of MBL (the Etest, the DDST, and the CD test).
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MBL Etests. We performed MBL Etests (IPM-EDTA; AB Biodisk), following
the manufacturer’s recommendations.

DDST. The phenotypic tests were performed, following the CLSI recom-
mendations for the disk diffusion method. A 0.5 McFarland bacterial suspen-
sion was inoculated on a Mueller-Hinton (MH) agar plate (Oxoid, Basing-
stoke, England). IPM (10 �g) and ceftazidime (CAZ; 30 �g) disks were
aligned around blank filter disks containing 3 �l mercaptopropionic acid
(MPA; Sigma) or 10 �l 0.1 M EDTA (Sigma, Germany), added directly on
the disk already placed on the MH agar plate. The following distances
between the inhibitor and the substrates were tested: 1.5, 2.0, and 2.5 cm
(from center to center). Enhancement of the zone of inhibition in the area
between the antimicrobial agents and the inhibitor disk was considered to
indicate positivity for MBL (Fig. 1).

FIG. 1. Phenotypic tests for detection of MBL production. (A) Results for DDSTs using CAZ-MPA and IPM-EDTA for P. aeruginosa, with
inhibition zone distortion toward the MPA and EDTA disks. (B) CD assays performed with an MBL producer P. aeruginosa strain. (C) Positive
results for MBL Etests (IPM and IPM-EDTA).

TABLE 1. Primers used for real-time RT-PCR

Primer Nucleotide sequence Length
(bp)

IMP 5�-GGAATAGAGTGGCTTAATTC-3� 277
5�-GCCAAGCTTCTATATTTGCG-3�

VIM 5�-GTGTTTGGTCGCATATCGC-3� 380
5�-CGCAGCACCAGGATAGAAG-3�

rspL 5�-GCAAGCGCATGGTCGACAAGA-3� 235
5�-CGCTGTGCTCTTGCAGGTTGTGA-3�
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CD. For the CD assay, IPM disks (10 �g) were initially placed on the MH
plates inoculated with the 0.5 McFarland bacterial suspension. The IMBL solu-
tions (EDTA) added to the disks were 290 �g, 750 �g, and 930 �g, respectively
(2, 6, 16, 25). After a 24-h incubation period at 35°C, the increase of the
inhibition zone obtained with the CD was compared to that obtained with the

antimicrobial disk alone. The positive criteria for classifying an isolate as an MBL
producer are described below.

MBL gene PCR amplification and sequencing. PCR assays were performed to
amplify the sequences of the blaIMP, blaVIM, blaGIM, blaSPM, and blaSIM genes,
as previously described (3, 10, 18, 19). The PCR products were purified by using

FIG. 2. ROC curves for different volumes of EDTA in combination with IPM for indicating MBL production in P. aeruginosa. The resulting
SN values were plotted against the corresponding SP values, producing a ROC curve. The area under the ROC curve and its standard error were
calculated, and statistical significance was then evaluated by the nonparametric method. Differences between the areas under the curve for the
variables were evaluated through a comparison of the 95% confidence intervals for the corresponding areas.

TABLE 2. MBL detection by DDST, with various distances between the inhibitor and the substratesa

Distance
(cm)

Level (%)

CAZ-MPA CAZ-EDTA IPM-MPA IPM-EDTA

SN SP PPV NPV SN SP PPV NPV SN SP PPV NPV SN SP PPV NPV

1.5 95.2 90.1 45.5 99.6 90.5 97.5 76 99.2 85.7 93.8 54.6 98.7 76.2 97.9 76.2 97.9
2.0 95.2 90.5 46.5 99.5 28.6 99.6 85.7 94.2 66.7 95.1 53.9 97.1 33.3 98.4 63.6 94.5
2.5 95.2 91.4 48.8 99.6 28.6 99.6 85.7 94.2 66.7 95.1 53.9 97.1 33.3 99.2 77.8 94.5

a PPV and NPV values were calculated as a/(a � b) and d/(c � d), respectively, where a is the number of isolates correctly identified as MBL producers, c is the
number of MBL producers incorrectly identified as MBL nonproducers, d is the number of isolates correctly identified as MBL nonproducers, and b is the number of
isolates incorrectly identified as MBL producers by the DDST and the CD assay.
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a 3S spin PCR product purification kit (Shenergy Biocolor, China) and then
sequenced.

Analysis of MBL gene expression by real-time RT-PCR. For gene expres-
sion studies, total RNA was prepared using the TRIzol Max method (Invitro-
gen, Carlsbad, CA). Real-time reverse transcriptase PCR (RT-PCR) was
performed using 250 ng of DNase-treated RNA, a PrimeScript RT reagent
Kit (Takara, Japan), and specific internal IMP and VIM primer pairs. The
primers for PCR amplification of cDNA were designed using the Primer3
program (available at http://frodo.wi.mit.edu/) and are shown in Table 1.
Expression of the endogenous control gene rpsL was used to normalize data
(5). Primer efficiency studies were carried out before the RNA expression
levels of the isolates were compared. The primers showed 100% SN and 100%
SP for detecting VIM and IMP MBLs. All of the MBL genes were sequenced.
Searches for similarities between the sequences and those in sequence data-
bases were performed with the BLAST program at the National Center for
Biotechnology Information server (http://www.ncbi.nlm.nih.gov/). All the
genes were 100% identical. The efficiencies for amplification were 80% to
100%. Real-time RT-PCRs were carried out using an Opticon 2 real-time
PCR detector, and the results were analyzed with the Opticon 2 real-time
PCR detection software program. Relative quantification was determined by
the 2���CT method, where CT is the cycle threshold (13). The P. aeruginosa
strain producing VIM-2, H22 (one of the MBL-positive control strains), was
used as the reference strain.

Statistical analysis. SN, SP, positive predictive value (PPV), and negative
predictive value (NPV) were calculated for the MBL Etest (IPM-EDTA), the
DDST for each �-lactam–IMBL combination, and the CD assay for different
increases of the inhibition zone. Since not all of the strains harboring MBL
genes confirmed by PCR produce MBLs, real-time RT-PCR was used to
detect the expression levels of MBL genes. Real-time RT-PCR results for
MBL expression were used to verify whether the isolates harboring MBL
genes produced the enzyme and were considered the standard for evaluation
of the methodology.

The results from the CD phenotypic method were characterized by receiver
operating characteristic (ROC) curves to determine the best cutoff values for
indicating MBL production. For various amounts of EDTA, SN and SP were
calculated successively according to the variation of inhibition zones of MBL-
producing and -nonproducing isolates. CD results stratified into groups accord-
ing to which MBL type was produced were also analyzed by ROC curve analysis
and the Student t test.

RESULTS

Prevalence of MBL-producing isolates among IPM-non-
susceptible P. aeruginosa isolates. Among the 264 IPM-
nonsusceptible P. aeruginosa isolates collected throughout
China, 24 were confirmed to be positive for MBLs by PCR
and DNA sequence analysis (10 strains positive for the
blaVIM-2 gene, 13 strains positive for the blaIMP-9 gene, and
1 strain positive for the blaIMP-1 gene), and no other MBLs
were detected. These 24 strains were divided into nine pul-
sotypes by pulsed-field gel electrophoresis (PFGE): six pul-
sotypes positive for VIM-2, two pulsotypes positive for
IMP-9, and one pulsotype positive for IMP-1 (see Table 4).
The results for PFGE were interpreted according to the
criteria of Tenover et al. (20).

Expression of MBL genes by real-time RT-PCR. Among
these 24 MBL-positive strains, 3 had no expression of MBL:
zy8 (IMP-1), tj22 (VIM-2), and ss37 (VIM-2). The expression
levels of MBL genes among the 24 MBL-positive strains are
shown in Table 4. The expression levels of MBL genes were
also confirmed by isoelectric focusing according to established
methods with the PhastSystem (Pharmacia, Uppsala, Sweden)
(23).

Phenotypic MBL detection by the DDST. Table 2 shows the
SN, SP, PPV, and NPV results for the DDST. Among the 264
IPM-nonsusceptible P. aeruginosa isolates, EDTA provided
the best results with CAZ used as a substrate. The SN, SP,

PPV, and NPV results at 1.5 cm were 90.5, 97.5, 76.0, and
99.2%, respectively. Other DDST results with better SN
and SP were obtained with either CAZ-MPA at 2.5 cm (95.2%
and 91.4%) or IPM-MPA at 1.5 cm (85.7% and 93.8%). How-
ever, the PPVs for CAZ-MPA and IPM-MPA were lower
(48.8% and 54.6%), overestimating the number of MBL-pos-
itive isolates.

Phenotypic MBL detection by the CD assay. In the CD
assay, the zone diameters were found to be similar and repro-
ducible when the procedure was repeated. All the CD (IPM-
EDTA) test results were applied in ROC curve analysis to
establish the best breakpoint (increase in mm) for MBL de-
tection (Fig. 2). The best breakpoint for the CD assay (IPM-
EDTA) with 290 �g EDTA for indicating MBL production
was 2 to 3 mm, which was difficult to discriminate (Fig. 2). The
best breakpoint for the CD assay (IPM-EDTA) with 750 �g
and 930 �g EDTA for indicating MBL producers was 5 to 7
mm (Fig. 2). So, the breakpoints of 4 mm, 6 mm, and 7 mm
were selected to evaluate the values for the CD assays. Table
3 shows the CD results for various breakpoints. The best re-
sults for indicating MBL producers were obtained using 750 �g
of EDTA/disk with a breakpoint of �6 mm. The SN, SP, PPV,
and NPV for the CD assay (IMP-EDTA) with these criteria
were all 100% (Table 3). The results for these criteria were
better than those for the DDST and even the MBL Etest
(Table 3). However, among several MBL-negative isolates, the
zone diameters of IPM increased greatly (to 16 and 19 mm)
when 930 �g EDTA was added to the CD assay. So, the EDTA
amounts of 290 �g and 930 �g were not adapted to separate
MBL producers.

In addition, it is interesting that distinct results for the zone

TABLE 3. Results of phenotypic MBL detection

Method, agent(s),
and distance

No. of
MBL-

positive
control
strains

SN
(%)

SP
(%)

PPV
(%)

NPV
(%)

DDST
CAZ-MPA (2.5 cm) 6 95.2 91.4 48.8 99.6
CAZ-EDTA (1.5 cm) 5 90.5 97.5 76 99.2
IPM-MPA (1.5 cm) 5 85.7 93.8 54.6 98.7
IPM-EDTA (1.5 cm) 1 76.2 97.9 76.2 97.9

CD (IPM-EDTA)
290 �g EDTA

�4 mm 4 81.0 98.0 77.3 98.4
�6 mm 3 61.9 100.0 100.0 96.8
�7 mm 1 33.3 100 100 94.6

750 �g EDTA
�4 mm 6 100.0 84.8 36.2 100.0
�6 mm 6 100.0 100.0 100.0 100.0
�7 mm 4 90.5 100.0 100.0 99.2

930 �g EDTA
�4 mm 6 100.0 68.3 21.4 100.0
�6 mm 6 100.0 94.2 60.0 100.0
�7 mm 6 95.2 98.4 83.3 99.6

Etest 5 85.7 100 100 98.8
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diameter increase were observed between the IMP-9- and
VIM-2-producing P. aeruginosa isolates. The best breakpoints
in the CD assay with 290 �g and 750 �g EDTA added to
separate these two MBL types (VIM-2 and IMP-9) were 6.25
and 8.5 mm, respectively, by ROC curve analysis (Fig. 3). The
zone diameter increases for VIM-2-type producers (11.75 �
3.41 mm and 13.69 � 4.19 mm) were greater than those for
IMP-9-type producers (4.85 � 1.20 mm and 7.27 � 0.73 mm)
in the CD assay with 290 �g and 750 �g EDTA. The difference
in diameter increase between the IMP-9-producing isolate
group and the VIM-2-producing isolate group was substantial
(P � 0.00).

MBL Etest. In our study, the overall performance of the
MBL Etest (IPM-EDTA) revealed SN, SP, PPV, and NPV
results of 85.7%, 100%, 100%, and 98.8%, respectively (Ta-
ble 3). No false-positive results were found by the MBL
Etest (IPM-EDTA) among the 240 isolates of P. aeruginosa
negative for MBL genes. There were six MBL-positive
strains with negative results for the MBL Etest, with three of
these strains (Tj22, Ss37, and Zy8) having no expression of

MBL genes (the VIM-2 and IMP-1 genes) and three (Ga8,
Ga9, and Ga16) negative for the IMP-9 gene (Table 4).

DISCUSSION

The prevalence of MBL-positive strains among IPM-nonsus-
ceptible P. aeruginosa isolates from hospitals in China was
estimated at 9.1% (24/264), lower than those for some devel-
oped countries, such as Japan. The MICs of IPM and MEM
have no correlation with the expression levels of MBL genes.
Also, most of the non-MBL producers in our study had high-
level resistance to IPM and MEM. Decreased permeability and
increased efflux are the most prevalent carbapenem resistance
mechanisms in Chinese clinical isolates of P. aeruginosa (data
not shown). PFGE of SpeI-digested genomic DNA showed
that organisms from different regions are grouped into various
PFGE types. These findings suggest that transmission of the
blaVIM-2 and blaIMP-9 genes among clinical strains with differ-
ent genetic backgrounds may be associated with mobile genetic

FIG. 3. ROC curves for different volumes of EDTA in combination with IPM for separating levels of VIM-2 and IMP-9 production in P.
aeruginosa.
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elements, such as transposons and transferable plasmids, in-
stead of a clonal expansion of an MBL-carrying strain through-
out China. Since most of the MBL-encoding genes reside on
class 1 integrons and/or plasmids that usually confer high mo-
bility to these genetic elements, early detection of MBL-pro-
ducing isolates is important for avoiding dissemination of such
strains.

Various criteria for screening for MBL production in P.
aeruginosa have been suggested. However, there are no stan-
dard guidelines provided by the CLSI for detection of these
enzymes in various bacterial species. It is desirable that the
selection of the appropriate MBL test be based upon studies
providing SN and SP results for that specific pathogen. The
MBL Etest has been evaluated in several studies and found
to be a sensitive method for detection of MBL production in
P. aeruginosa (21). However, in this study, several MBL-
producing strains could not be detected by the MBL Etest
(IMP-EDTA). Also, the MBL Etest, PCR, and even real-
time RT-PCR were expensive and not adaptable for exten-
sive use in clinical microbiology laboratories. The DDST
and the CD assay have been reported to be simple, inex-
pensive phenotypic resources for detection of MBL that
could be easily incorporated into the routines of clinical
laboratories.

In the CD assay, the best separation between MBL-posi-
tive and -negative isolates was obtained using 750 �g of
EDTA/disk with a breakpoint of �6 mm. It is known that
EDTA may increase bacterial cell wall permeability and that

zinc (chelated by EDTA) accelerates IPM decomposition
and decreases OprD expression of P. aeruginosa. (4). These
nonspecific effects might cause false-positive MBL results in
the CD assay with 930 �g EDTA added but not in that with
290 �g and 750 �g EDTA added. Interestingly, the zone
diameter increases for VIM-2-producing P. aeruginosa iso-
lates were found to be greater than those for IMP-9-pro-
ducing P. aeruginosa isolates in the CD assay (IPM-EDTA)
with 290 �g and 750 �g EDTA. The phenotypic difference
may be associated with the difference in inhibition ability of
EDTA between the VIM- and IMP-type MBLs. This pre-
sumption needs to be confirmed by more MBL producers.
However, no isolates containing other MBLs are available in
this study. It is a conceded possibility that these results may
not apply in general to other MBLs not evaluated in these
experiments.

The SN, SP, PPV, and NPV for the CD assay (IPM-EDTA)
using 750 �g of EDTA/disk with a breakpoint of �6 mm were
better than those for the DDSTs and even the MBL Etest
(IPM-EDTA). Additionally, interpretation of the CD assay
results is more objective than that of the DDST results because
the DDST depends upon the technician’s expertise in discrim-
inating true synergism from intersection of inhibition zones.
Our results were in accordance with those obtained by Berges
et al. but not with those obtained by Picão et al. (2, 15). Most
previous studies evaluating MBL phenotypic detection were
performed under distinct experimental conditions, jeopardiz-
ing comparison of their results (6, 11, 14). The sizes of inhi-

TABLE 4. MBL gene expression levels, MBL Etest results, CD results, and IPM and MEM MICs for the 24 MBL-positive strains
in this study

MBL gene Strain PFGE
result

Relative
expression

level

MBL Etest
resultb

Increase of
diam in CD
assayc (mm)

MIC (�g/ml)

IPM MEM

blaVIM-2 H22a 1 � 15 64 16
blaVIM-2 Gf28 E 15.53 � 20 256 64
blaVIM-2 Hb12 B 0.87 � 13.5 128 8
blaVIM-2 Hb21 B 1.25 � 9.5 16 8
blaVIM-2 Hb28 B 1.37 � 10 8 8
blaVIM-2 Hb30 B 0.57 � 15 32 32
blaVIM-2 Tj4 C 1.27 � 13.5 8 8
blaVIM-2 Tj22 C 0.00 � 2 32 8
blaVIM-2 Ze5 G 14.32 � 19 64 64
blaVIM-2 Wt5 I 0.77 � 9 256 64
blaVIM-2 Ss37 H 0.00 � 2 16 4
blaIMP-9 Gf1 A1 1.47 � 8 64 64
blaIMP-9 Gf2 A1 1.13 � 7.5 128 64
blaIMP-9 Gf9 A1 0.66 � 7 64 64
blaIMP-9 Gf10 A1 0.5 � 7 64 16
blaIMP-9 Gf27 A1 3.09 � 8 128 128
blaIMP-9 Ga2 A2 2.09 � 8 32 64
blaIMP-9 Ga6 A2 1.56 � 6 32 32
blaIMP-9 Ga7 A2 1.34 � 8 64 64
blaIMP-9 Ga8 A2 1.03 � 7 64 64
blaIMP-9 Ga9 A1 1.89 � 7 32 64
blaIMP-9 Ga15 A1 4.46 � 7 128 64
blaIMP-9 Ga16 D 0.15 � 6 64 256
blaIMP-9 Ga20 A1 0.84 � 8 128 64
blaIMP-1 Zy8 F 0.00 � 4 32 64

a The P. aeruginosa strain producing VIM-2, H22 (one of the MBL-positive control strains), was used as the reference strain for analyzing the relative expression levels
of the MBL genes.

b �, positive result by the MBL Etest (IPM-EDTA); �, negative result by the MBL Etest (IPM-EDTA).
c Using IPM-EDTA with 750 �g EDTA.
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bition zones produced by �-lactam–IMBL combinations
may differ according to the way that IMBL is incorporated
into the �-lactam disks (1). In the current study, we added
the IMBL solutions directly on �-lactam disks already
placed on the agar plate, as described by Picão et al.,
whereas some authors first prepare and freeze IMBL–�-
lactam disks; thus, the results of our CD assay may be
comparable to those of studies using the same methodology
(1, 15, 25). It has been suggested that the selection of the
optimal MBL screening method be based not only on bac-
terial species but also on the strains collected and the local
prevalence of MBL producers (11, 15).

In conclusion, in our study, the best method for screening for
MBL production in P. aeruginosa strains from China was the
CD assay (IMP-EDTA) using 750 �g of EDTA/disk with a
breakpoint of �6 mm. This method also provides a simple,
inexpensive, and reproducible functional screen for MBL-pro-
ducing P. aeruginosa strains in China.
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