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A study was designed to investigate the molecular epidemiological characteristics of multidrug-resistant
outbreak-related Pseudomonas aeruginosa isolates collected in a university hospital in northern Greece. Of 29
nonreplicate P. aeruginosa isolates resistant to carbapenems and ceftazidime, 14 were positive for metallo-�-
lactamase production. PCR analyses with primers specific for blaVIM and blaIMP revealed that 13 isolates
carried a novel blaVIM-2 gene variant, designated blaVIM-17, and only 1 isolate carried blaVIM-2, a gene predom-
inant among P. aeruginosa strains in Greek hospitals. Pulsed-field gel electrophoresis of XbaI-digested genomic
DNAs showed a close genetic relationship for 12 of 13 blaVIM-17-carrying outbreak-related isolates, which were
of the O11 serotype; the clonally unrelated isolate carrying blaVIM-17 was of the O12 serotype. PCR mapping
strategies for the detection of class 1 integrons and sequencing approaches revealed the presence of integrons
containing one blaVIM cassette flanked by two aacA29 cassettes. These integrons were similar but not identical
to In59 (GenBank accession number AF263519) initially described in France. All isolates carrying blaVIM-17,
regardless of their genetic profile, had an identical integron, named In59.3, indicating that although the
hospital outbreak was mainly due to clonal dissemination, the horizontal transmission of the blaVIM-17-
containing integron among P. aeruginosa isolates should also have occurred. An outbreak-related isolate and
a control strain, both of which carried the blaVIM-2 gene but which were clonally distinct, had an identical
integron, named In59.2, which differed only at the level of the blaVIM gene from In59.3 integrons, suggesting a
common ancestry. The spread of the blaVIM-17-containing integron in clonally unrelated P. aeruginosa isolates
without any evidence of plasmid carriage is probably associated with a transposon.

Pseudomonas aeruginosa is an important pathogen able to
cause severe infections which are difficult to treat because of
the resistance to multiple antimicrobial agents (1, 26, 28).
Carbapenems are considered potent agents for the treatment
of infections caused by multiresistant strains, mainly because of
their stability against most �-lactamases. However, the increas-
ing use of these compounds has resulted in the emergence of
carbapenem-resistant P. aeruginosa strains (7, 39). Carbap-
enem resistance has been associated with impaired outer mem-
brane permeability; upregulation of the efflux system; hyper-
production of a chromosomal AmpC-type cephalosporinase;
and the production of enzymes that hydrolyze carbapenems,
such as the metallo-�-lactamases (MBLs) and a KPC-type
�-lactamase (14, 17, 35, 36, 37).

MBLs or class B �-lactamases are zinc-dependent enzymes
characterized by broad hydrolytic activity against all �-lactams
except aztreonam (21). Genes encoding MBLs are located as
cassettes in integrons that provide them with the potential for
expression and dissemination (9, 21, 37). To date, five MBL
types, namely, the IMP, VIM, SPM, GIM, and SIM types of

MBLs, have been identified; however, the IMP and VIM types
are the most commonly detected MBLs worldwide (21, 37).

VIM-type MBLs are predominant in Europe, particularly in
the Mediterranean region (21, 37). At present, 18 VIM-type
variants have been described (http://www.ncbi.nlm.nih.gov),
and another 4 have been assigned to the database at http:
//www.lahey.org/studies (updated 10 January 2009). In this re-
port, we describe an outbreak caused by multidrug-resistant P.
aeruginosa isolates carrying the new variant blaVIM-17 MBL
gene in a university hospital in northern Greece. The genetic
context of blaVIM-17 and the clonal relationship of the MBL-
producing isolates were also determined.

MATERIALS AND METHODS

Bacterial isolates. The study included 29 nonreplicate P. aeruginosa isolates
obtained from clinical specimens between November 2004 and December 2005
from patients with hospital-acquired infections at the Hippokration General
Hospital. Bacterial identification was performed with the Vitek 2 and the API
20NE systems (bioMérieux). All isolates, which were selected on the basis of
their MICs determined by the broth microdilution method with the Vitek 2
system, presented simultaneous resistance to ceftazidime and carbapenems,
which is the criterion for possible MBL production (37). In addition, four clinical
P. aeruginosa isolates collected during 2003 were included in this study as
blaVIM-2-positive control strains.

Screening for MBL production and antimicrobial susceptibility testing. All 29
isolates were screened for MBL production by the double-disk synergy test with
EDTA as the inhibitor and two �-lactams (imipenem and ceftazidime) as the
substrates (2). The MICs of imipenem (Merck Research Laboratories) and
meropenem (Astra-Zeneca Pharmaceuticals) of outbreak-related isolates were
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determined by Etest (AB Biodisk) and by the broth microdilution method,
according to the manufacturers’ instruction and the recommendations of the
CLSI (formerly NCCLS) (4), respectively. Susceptibility testing results were
interpreted according to the criteria of the CLSI. Furthermore, the isolates were
tested for their susceptibilities to piperacillin-tazobactam, ceftazidime, cefepime,
aztreonam, amikacin, gentamicin, ciprofloxacin, and colistin by the disk diffusion
method (4). P. aeruginosa ATCC 27853 was used as a quality control strain.

PCR amplification and molecular analysis of MBL genes. PCR analyses were
performed with whole genomic DNAs extracted (NucleoSpin tissue kit; Mach-
erey-Nagel) from the MBL-producing isolates and by amplification with primers
specific for the blaVIM and blaIMP genes, as described previously (38). Sequenc-
ing of both strands of the purified amplicons (QIAquick PCR purification kit;
Qiagen) was performed with the PCR primers. The identities of the MBLs were
initially established by a search of the NCBI database with the BLAST program
(http://www.ncbi.nlm.nih.gov), and the MBLs were accurately determined by
multiple-sequence alignments by use of the Clustal W program (32). Phyloge-
netic and molecular evolutionary analyses were conducted with MEGA3 soft-
ware (11). The sequences of the MBLs whose GenBank accession numbers have
been assigned to http://lahey.org/studies were used for comparison.

PCR mapping of blaVIM-containing integrons. The genetic context of the
blaVIM genes was initially assessed by characterization of the variable region of
the blaVIM-containing integrons, as described previously (34). PCR mapping was
carried out with primers designed on the basis of the 5� and 3� conserved
segments (CSs) of class 1 integrons, primer INT-F or 5�CS and primer QacR or
Sul-R, respectively, in combination with primers VIM-R and VIM-F, designed
on the basis of the conserved regions of blaVIM genes (Table 1). The partially
overlapping PCR fragments were sequenced with a combination of PCR primers
and internally designed primers and were aligned together (see Fig. 2). Ampli-
fication reactions were carried out under the following cycling conditions: 5 min
at 94°C; 30 cycles of 40 s at 94°C, 40 s at 57°C (for primer pair INT-F and VIM-R
and primer pair VIM-F and QacR) or 60°C (for primer pair 5�CS and VIM-R
and primer pair VIM-F and Sul-R), and 70 s at 72°C; and finally, 5 min at 72°C.
Sequence analysis and comparisons were performed as described above.

Plasmid detection and conjugation experiments. DNA extracts obtained from
the MBL-producing isolates with a NucleoSpin plasmid kit (Macherey-Nagel)
and/or by the classic procedure of plasmid DNA preparation (27) were subjected
to 0.7% agarose gel electrophoresis, in which Escherichia coli 39R861 and
HindIII-digested bacteriophage � DNA were used as plasmid size markers.

Transfer of imipenem resistance was attempted by plate mating with E. coli
26R793 (Lac� Rifr) and a Rifr P. aeruginosa isolate as recipient strains.
Transconjugants were selected on Muller-Hinton agar containing rifampin
(rifampicin; 100 �g/ml) and ceftazidime (4 �g/ml) (25).

PFGE typing and serotyping. Pulsed-field gel electrophoresis (PFGE) of
XbaI-digested genomic DNA (10) was performed in a CHEF-DRIII system
(Bio-Rad), and the banding patterns were interpreted according to the criteria
established by Tenover et al. (31). Quantity One software (Bio-Rad Laboratories
Inc., Hercules, CA) was used to calculate correlation Dice coefficients and to
generate a dendrogram by the unweighted pair-group with arithmetic averages
clustering method.

Serotyping was performed by the slide agglutination method of the Interna-
tional Antigenic Typing Scheme with commercially available monovalent anti-
sera against the O somatic antigen (Bio-Rad).

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this study have been assigned to the GenBank database under accession
numbers EU118148 and EU118149.

RESULTS AND DISCUSSION

Detection and characterization of MBL genes. Among the
29 isolates tested, 14 were positive for MBL production by the
double-disk synergy test. The presence of MBL genes in all
14 isolates was demonstrated by PCR amplification with the
blaVIM-2-specific primers. Sequencing revealed that 13 isolates
harbored a new blaVIM-2 variant, designated blaVIM-17,
and that 1 isolate harbored blaVIM-2. blaVIM-17 differed from
blaVIM-2 by a C48G polymorphism that resulted in an Ile15Met
substitution close to the leader peptide cleavage site (Fig. 1A).
VIM-17 was clustered among the VIM-2-like MBLs in an
evolutionarily separate position and was the only enzyme of
this group that presented a substitution in the NH2-terminal
region (Fig. 1A and B). Notably, in this region sequence het-
erogeneity was mostly observed between the VIM-2-like and
the VIM-1-like groups (18, 19) (Fig. 1A).

Characterization of genetic context of blaVIM genes. Four
outbreak-related isolates carrying blaVIM-17 (isolates D1841,
D2816, A2993, and E96) and one isolate carrying blaVIM-2

(isolate D1802), as well as two control strains (strains D2655
and A7914), were selected from among almost all the PFGE
clonal types for characterization of the blaVIM-containing in-

TABLE 1. Primer pairs and internal primers used for identification of blaVIM-containing integrons

Primer Nucleotide sequence (5� to 3�) PCR or sequencing targets Reference or source

INT-F CGTTCCATACAGAAGCTG Amplification and sequencing of gene(s) between intI and blaVIM 16
VIM-R ATGAAAGTGCGTGGAGAC 16

5�CS GGCATCCAAGCAGCAAG Amplification and sequencing of gene(s) between 5� CS and blaVIM 13
VIM-R ATGAAAGTGCGTGGAGAC

VIM-F AGTGGTGAGTATCCGACAG Amplification and sequencing of gene(s) between blaVIM and qacE�1 16
QacR CGGATGTTGCGATTACTTCG 34

VIM-F AGTGGTGAGTATCCGACAG Amplification and sequencing of gene(s) between blaVIM and sulI
Sul-R CCGACTTCAGCTTTTGAAGG This study

INT-For CTTCYARAAAACCGAGGATGC Sequencing of promoter region and gene between intI and blaVIM This study

VIM2-Rev CTTACTCAAAAGTTTGAACAT Sequencing of gene between blaVIM and 5� CS This study

VIM2-For CGCTCAGTCGTTGAGTAG Sequencing of gene between blaVIM and qacE�1 This study

aacA29F/Rev GTCGGCAGCGTCTTGTTCTT Sequencing of attI1 and promoter region This study

aacA29R/For GTATCACGCACCGCAAGTT Sequencing of 3� CS-qacE�1 region This study

QacF ATCGCAATAGTTGGCGAAGT Sequencing of 3� CS-qacE�1 and sul1 region This study
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tegrons. The PCR mapping and sequencing approach revealed
class 1 integrons containing one blaVIM cassette (blaVIM-2 or
blaVIM-17) flanked by two aacA29 cassettes (Fig. 2) in all
five outbreak-related isolates and one control strain (strain
A7914). These integrons were similar to In59 (GenBank ac-
cession number AF263519), initially detected in a P. aeruginosa
isolate in France (20). The 59-base element (59-be) of the
blaVIM cassette was complete (72 bp) and identical in both
blaVIM-2 and blaVIM-17 cassettes and was also identical to that

in blaVIM-2 cassettes found in other integrons, including In59
(6, 12, 18, 20, 22). However, the 59-be’s of the aacA29 cassettes
differed from those of In59 by six substitutions and by 1 bp in
size in aacA29a and aacA29b, respectively (Fig. 2a), with the
left and right regions being conserved according to the con-
sensus sequence (29). Notably, the aacA29a 59-be presented
100% identity with an aacA29 59-be detected in an environ-
mental bacterium (GenBank accession number AY139599)
(Fig. 2a), indicating that even environmental bacteria could be

FIG. 1. Relation of the novel enzyme VIM-17 to other VIM-type MBLs reported to date. The sequences of the GenBank accession numbers
of all VIM types assigned to the database at http://lahey.org/studies were used for comparison and phylogenetic analysis. (A) Amino acid sequence
comparison of VIM-type MBLs. Dots represent amino acids identical to those in VIM-2. The NH2-terminal region is shown in boldface; the arrow
indicates the putative position of the leader peptide cleavage site, as determined by sequencing of the NH2 terminus (3). The numbering is
according to the updated BBL scheme (8). (B) Phylogenetic tree based on amino acid sequence analysis of VIM-type MBLs. The tree was
constructed by the neighbor-joining method (Poisson correction model). The numbers at the nodes indicate the percentage of 1,000 bootstrap
replicates that supported the branch; only bootstrap values of �40 are shown on the tree. The novel VIM-17 enzyme identified in this study is in
boldface and shaded.
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an important reservoir of resistance gene cassettes (30). At the
genetic level, the similarity between members of each lineage
did not appear to be limited to the coding sequences but
extended to the recombination sites of the genes, suggesting a
common ancestry for these aacA29 cassettes. In the promoter
region, Pc and P2 promoters were in the strong active and
inactive forms (9), respectively (Fig. 2b). Compared to the
sequence of In59 (GenBank accession number AF263519), the
intI1 gene and the promoter region differed by nine substitu-
tions, two of which were located between the �35 and the �10
hexamers of the Pc promoter.

On the basis of the similarity of their sequences with the
sequence of In59, the blaVIM-2-containing integron was named
In59.2 and the blaVIM-17-containing integron was named In59.3
(Fig. 2). The integron of the second control strain (strain
D2655) differed from the In59.2 and In59.3 integrons, as it
contained different cassettes and a different blaVIM-2 cassette
(data not shown).

Several class 1 integrons have been found on plasmids with
strong dissemination potentials (15, 18, 24, 37). In our study,
despite repeated attempts, plasmid DNA was not detectable in
any of the outbreak-related isolates and carbapenem resistance

was not transferable to recipient strains, implying that the
blaVIM-containing integrons of these isolates are most likely
located in the chromosome.

Phenotypic, genotypic, and epidemiological features of out-
break-related isolates. The MICs of imipenem and mero-
penem for 14 outbreak-related isolates were �128 �g/ml and
32 to 128 �g/ml, respectively. All isolates exhibited resistance
to the �-lactams tested (except for two isolates found to be
susceptible to aztreonam and to cefepime, respectively), cip-
rofloxacin, and both amikacin and gentamicin. Interestingly,
when they were cloned, the aacA29 genes conferred resistance
to amikacin but not to gentamicin (20). Given also that only
one isolate was susceptible to aztreonam, an antibiotic stable
to the hydrolytic activity of MBLs, concomitant resistance
mechanisms in addition to the presence of MBLs and amin-
oglycoside acetyltransferases seem to be involved. Finally, no
resistance to colistin was observed, offering a potential thera-
peutic option.

The emergence of MBL-producing isolates has been associ-
ated with the use of broad-spectrum �-lactams, including car-
bapenems, and the use of aminoglycosides and quinolones (7).
Most of our patients (n � 11 [78.6%]) had previously received

FIG. 2. Schematic representation of blaVIM-17-containing integron In59.3. Boxes represent coding regions, and the arrowheads on the boxes
indicate the corresponding transcriptional orientation; the inserted blaVIM-17 and aacA29 genes are indicated by white boxes, while the CSs at the
5� and 3� ends of the integrated gene cassettes, which contain the intI1 gene and the qacEA1 and sul1 genes, respectively, as well as part of the
qacE cassette fused upstream of each aacA29 cassette, are indicated by gray boxes. The attI1 and 59-be recombination sites are represented by
hatched and black rectangles, respectively. The primers used for PCR mapping and sequencing are shown under the integron structure by thin
arrows (Table 1). (a) Comparison of the 59-be recombination sites of the aacA29 gene cassettes. The sequences are shown from the inverse core
site to the core site, as they are presented in the circular form of the cassettes. The boldface sequences represent the four conserved regions (29);
inverse core and core sites are boxed, and internal 2L and 2R sites are indicated by horizontal arrows. (b) Comparison of the sequence of the
promoter region of the blaVIM-17-containing integron (In59.3) with the sequences of the empty In0 integron and some European class 1 integrons.
The �35 and �10 sequences of promoters Pc and P2 are boxed. The GenBank accession numbers of the integrons used for comparison are as
follows: In0, U49101; In56, AF191564; In58, AF263520; In59, AF263519; In122, AY507153; In72, AF302086; In71, AM180753; In100, AY560837;
and In59.3, EU118148. *, sequences identical to those of blaVIM-2-containing integron In59.2 (GenBank accession number EU118149).
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aminoglycosides (amikacin and/or gentamicin) and only 5
(35.7%) had previously received imipenem, suggesting that the
clinical use of aminoglycosides should have contributed to the
coselection of MBL-producing P. aeruginosa isolates (5).

On the basis of the results of PFGE, all the outbreak-related
isolates carrying blaVIM-17 except isolate E96 were clustered in
the predominant PFGE type, type A (�90% PFGE similarity)
(Fig. 3). Isolate E96 belonged to PFGE type D and was
clonally related to one blaVIM-2-positive control strain. Sero-
typing demonstrated that all strains of type A were serotype
O11, in contrast to the isolate of type D, which was serotype
O12. blaVIM-2-carrying outbreak-related isolate D1802 be-
longed to type B and was nontypeable with monovalent anti-
sera. Each of the remaining three blaVIM-2-positive control
strains yielded a different restriction profile and belonged to a
distinct type (types C, E, and F, respectively) (Fig. 3).

Ten isolates carrying blaVIM-17 were isolated from patients
who were hospitalized in the adult intensive care unit (AICU)
or who were transferred to the AICU for a short time during
their hospitalization, while three isolates were recovered from
patients who had never been admitted to the AICU (Fig. 3).
Given the close genetic relationship (type A, serotype O11)
observed in all 10 cases associated with the AICU and those
two not associated with the AICU, it can be claimed that the
most likely origin of the isolates was the AICU, and these
isolates further spread to other wards through patient and

medical staff traffic. Interestingly, the fact that the clonally
unrelated isolate (type D, serotype O12) carrying blaVIM-17,
isolate E96, carried the In59.3 integron, identical to that car-
ried by type A isolates, suggests that although the outbreak was
mainly due to clonal dissemination, the horizontal transmission
of blaVIM-17-containing integron among P. aeruginosa isolates
should also have occurred. It is also interesting that the genet-
ically distinguishable (type B) and nontypeable blaVIM-2-carry-
ing isolate recovered from a patient hospitalized in the AICU
during the outbreak period carried the In59.2 integron, which
was similar to the In59.3 integron carried by type A isolates,
suggesting a common ancestry. Furthermore, the In59.2 inte-
gron was also found in one clonally distinct blaVIM-2-positive
control strain isolated from a patient who had been hospital-
ized in the AICU 2 years earlier. Another blaVIM-2-positive
control strain had a totally different integron with a different
blaVIM-2 cassette. These findings suggest that the horizontal
spread of the integron itself among P. aeruginosa isolates
rather than the spread of the blaVIM cassette among different
integrons should have occurred. On the basis of previous re-
ports on other class 1 integrons (6, 9, 23, 33, 37) and given the
lack of evidence for plasmid carriage, the spread of blaVIM-
containing integrons between genetically unrelated isolates
could be associated with a transposon.

Finally, whether the unique substitution characterizing the

FIG. 3. Clustering of the outbreak-related P. aeruginosa isolates on the basis of their PFGE profiles after digestion with XbaI. The dendrogram
is based on analysis by the unweighted pair-group with arithmetic averages clustering method; percent similarities are shown above the
dendrogram. The names and the profiles of the isolates and the hospital wards of the patients are shown on the right of the PFGE gel; control
strains are indicated by c. nt, nontypeable; AICU, adult intensive care unit; AICU*, short admission to the AICU; Other, ward other than the
AICU.
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novel enzyme leads to differences in biochemical characteris-
tics requires further investigation.
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