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During the COMParative Activity of Carbapenems Testing (COMPACT) surveillance study, 448 Pseudomo-
nas aeruginosa clinical isolates were obtained from 16 Spanish hospitals. Nonsusceptibility (EUCAST break-
points) to imipenem (35%), meropenem (33%), and/or doripenem (33%) was observed with 175 isolates (39%).
Simultaneous resistance to these three drugs was observed with 126 of the 175 isolates (72%). Except for
colistin, high resistance rates were observed among noncarbapenem antibiotics. Clonal relatedness was
investigated by pulsed-field gel electrophoresis (PFGE) with SpeI, discriminating 68 patterns. Multilocus
sequence typing (MLST) was performed on 84 isolates representing different PFGE types and all participating
hospitals. Thirty-nine sequence types (STs) could be distinguished, and of these, ST175 (48 isolates, 10
hospitals), ST646 (16 isolates, 4 hospitals), ST532 (13 isolates, 3 hospitals), and ST111 (13 isolates, 7 hospi-
tals) were the most frequently encountered. Minimum-spanning tree analysis confirmed a wide dissemination
of different clones among participant hospitals, particularly ST175. PFGE pattern comparison within the four
most frequent STs revealed that ST175 isolates were relatively uniform, while ST646, ST532, and ST111
isolates were highly diverse, with almost every isolate belonging to a unique pulsotype, even when originating
from the same center. The population of carbapenem-nonsusceptible P. aeruginosa isolates from 16 hospitals
is highly diverse, with one ST (ST175) representing a highly conserved clone disseminated in 10 of the 16
participant hospitals. This ST175 clone should be added to the list of P. aeruginosa clones at high risk for
epidemic spread, such as the Liverpool, Manchester, and Melbourne clones previously found in cystic fibrosis
patients and ST235 in the nosocomial setting.

Antibiotic surveillance studies are necessary not only for the
better understanding of bacterial epidemiology, but also for
the design of control strategies for preventing bacterial re-
sistance and establishing therapeutic guidelines. In this con-
text, the COMParative Activity of Carbapenems Testing
(COMPACT) multicenter study was performed in 16 Euro-
pean countries, including Spain (23). The main objectives of
this surveillance study were to test the activity of currently used
carbapenems against Pseudomonas aeruginosa clinical isolates
and to detect carbapenem nonsusceptible isolates (12).

In this multicenter study, Spanish authors concluded that
percentages of carbapenem resistance among P. aeruginosa
clinical isolates in their country (range of 21.4% to 32.6%) are
very similar to those previously reported in other European
countries. Doripenem was the most active drug against these
resistant isolates (12). The presence of carbapenem-nonsus-
ceptible P. aeruginosa isolates has been described worldwide,
particularly in relation to outbreaks (1, 5, 6, 17, 18, 25, 28, 30,
31, 37). Most of these studies focused on clinical isolates, and

genetic relatedness was established using molecular typing
tools based on macrorestriction-fragment analysis or PCR of
repetitive DNA sequences on the chromosome. These meth-
ods are well suited to study local outbreaks over a short time
period. To study the genetic relatedness of isolates recovered
from multicenters over an extended period of time and to
indicate that isolates are members of particular clonal lineages,
other typing methods that do not index rapidly evolving vari-
ation, like multilocus sequence typing (MLST) analysis, are
preferred.

MLST analysis, initially proposed as a highly reproducible
and portable epidemiological typing method to unambiguously
identify clones within populations of pathogenic microorgan-
isms, also allows better understanding of the population struc-
ture of bacterial species (21). For P. aeruginosa, the MLST
scheme was developed by Curran et al. (8), with 1,059 different
STs currently annotated (http://pubmlst.org/paeruginosa/).
This scheme has demonstrated that P. aeruginosa has a non-
clonal population structure with highly successful epidemic
clones. Furthermore, MLST and multiple-locus variable-num-
ber tandem-repeat analysis (MLVA) revealed that P. aerugi-
nosa clones colonizing cystic fibrosis patients are genotypically
distinct from other clinical clones and thus seem to be well
adapted to the lungs of these patients (33, 34).

The objectives of the present study were to analyze the
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population structure and the antimicrobial susceptibility of
carbapenem-nonsusceptible P. aeruginosa isolates recovered
from 2008 through 2009 in 16 Spanish hospitals during the
COMPACT multicenter surveillance study.

MATERIALS AND METHODS

Bacterial isolates. From an initial contemporary collection of 448 P. aeruginosa
clinical isolates obtained from 16 Spanish hospitals during the COMPACT study
(13), we selected the carbapenem-nonsusceptible isolates (175 isolates, 39.3%)
for further studies. Of these, 35% were nonsusceptible to imipenem (MIC, �4
�g/ml), 33% nonsusceptible to meropenem (MIC, �2 �g/ml), and 33% nonsus-
ceptible to doripenem (MIC, �1 �g/ml), using EUCAST breakpoints.

Susceptibility testing. Susceptibility to imipenem, doripenem, and meropenem
was determined by both standard microdilution (7) and Etest methods. Suscep-
tibility to noncarbapenem antibiotics, including piperacillin-tazobactam, ceftazi-
dime, cefepime, gentamicin, tobramycin, amikacin, netilmicin, ciprofloxacin,
levofloxacin, fosfomycin, and colistin, were determined by microdilution using
the Wider semiautomatic system (Francisco Soria Melguizo, Madrid, Spain) (4).
As previously stated, EUCAST interpretative criteria were used (version 1.3;
http://www.eucast.org).

Molecular typing. In total, 175 carbapenem-nonsusceptible isolates were ini-
tially typed by pulsed-field gel electrophoresis (PFGE) using a modified protocol.
Briefly, from an overnight culture of 5 ml of LB broth (Difco, Detroit, MI) of
each isolate, an aliquot of 1 ml was centrifuged, and the pellet was mixed with 200
�l of SE (75 mM NaCl, 25 mM EDTA Na2 [filter sterilized]) solution, pH 7.5, in
the same Eppendorf tube. Optical density was adjusted between 0.6 and 2.5 using
the Nanodrop system (Thermo Scientific, Wilmington, DE) at 590 nm. Subse-
quently, 200 �l of 2% agarose was added to the Eppendorf tube, gently mixed,
and deposited in appropriate plug molds. Overnight protein lysis was carried out
at 56°C in 2 ml of lysis solution (EDTA, 0.5 M [pH 9], 10% Sarkosyl, and 25
mg/ml of proteinase K). Plugs were then washed twice in 2 ml of Tris-EDTA
(TE) for 30 min. A third part of each plug was digested with 15 U of SpeI (Roche
Diagnostics, Indianapolis, IN) at 37°C for at least 2 h. Electrophoresis was
carried out in a 1.2% agarose gel in 0.5� Tris-borate-EDTA (TBE) at 14°C with
the following settings: 6 v/cm2, 5 to 40 s, and 22 h. To define the different genetic
lineages, a dendrogram was constructed using the Phoretix 5.0 software (Non-
linear Dynamics Ltd., United Kingdom) based on Dice’s coefficient. The visual
Tenover criteria were also applied (32).

Two or more isolates were considered to be clonally related when Dice’s
coefficient values were higher than 0.8. In order to avoid duplicate isolates,
special care was taken with those strains recovered in the same hospital, and only
one isolate per pulsotype and institution was further selected for MLST. Nev-
ertheless, when similar PFGE patterns were found in different hospitals, one
isolate per center was included in order to ascertain dissemination of clones
between hospitals. The MLST technique was conducted according to the guide-
lines at http://pubmlst.org/paeruginosa/, which were developed by Keith Jolley
(14), and new alleles were sent to curator Eleanor Pinnock. The minimum-
spanning tree (MST) figure was constructed using the Bionumerics 5.1 program
(Applied Maths, St.-Martens-Latem, Belgium).

Bacterial DNA was obtained using the QiaAmp kit (Qiagen, Hilden, Ger-

many), and PCR amplicons were purified with ExoSAP-IT (GE Healthcare,
Little Chalfont, United Kingdom). Nucleotide sequences were compared with
those previously described in the MLST database to assign the corresponding
sequence type (ST).

Statistic analysis. Based on MLST data, the genetic diversity (D) of nonsus-
ceptible P. aeruginosa was calculated for each individual hospital using Ridom
Epicompare software (http://www.ridom.de/download.shtml).

RESULTS

MIC distributions for imipenem, meropenem, and dorip-
enem of the 175 carbapenem-nonsusceptible P. aeruginosa iso-
lates recovered from the COMPACT surveillance study in 16
Spanish hospitals are shown in Fig. 1. Using the EUCAST
clinical breakpoints, only 18 isolates (10.3%) remained suscep-
tible to imipenem, 26 isolates (14.8%) to meropenem, and 31
isolates (17.7%) to doripenem. A high proportion of interme-
diate-resistant isolates was detected for doripenem (63 iso-
lates, 36%) and meropenem (43 isolates, 24.6%) in compari-
son with imipenem (12 isolates, 6.9%). Multiresistance
(including both resistant and intermediate isolates) against the
three carbapenems was observed with 126 isolates (Table 1).
Susceptibility testing results for the noncarbapenem antibiotics
are shown in Table 2 and revealed high resistance rates for all
antibiotics, except for colistin.

Genetic diversity among the 175 carbapenem-nonsuscep-
tible isolates was initially explored by PFGE-SpeI by construct-
ing a dendrogram based on Dice’s coefficient using the Pho-
retix 5.0 database software (data not shown). In total, 68
different pulsotypes were obtained.

MLST was performed on 84 isolates selected according to
their pulsotypes and/or their hospital origin and revealed 39
STs. MLST results are summarized in Table 3 and Fig. 2. The
most prevalent ST was ST175, representing 48 isolates from 10
hospitals, followed by ST646 with 16 isolates from 4 hospitals,
and ST532 and ST111 with 13 isolates each from 3 and 7
hospitals, respectively. Other prevalent STs were ST838, with 8
isolates from 3 hospitals; ST244, with 6 isolates from 5 hospi-
tals; and ST298, ST369, and ST395, with 5 isolates each from 2,
4, and 2 hospitals, respectively. Sixteen STs were unique (one
isolate/one hospital), while 8 STs were represented by two
isolates. ST1014, ST1015, ST1016, ST1017, and ST1018 were
described for the first time in our collection and were anno-
tated in the MLST database. Genetic distance among the dif-
ferent STs was analyzed by making use of an MST (Fig. 2).
This MST displays the genotypic heterogeneity of this collec-
tion of carbapenem-nonsusceptible P. aeruginosa by revealing
three small clusters of two STs (ST98 to ST446; ST838 to

FIG. 1. MIC distribution of 175 clinical P. aeruginosa isolates for
each carbapenem studied that were not susceptible to at least imi-
penem (MIC, �4 �g/ml), meropenem (MIC, �2 �g/ml), or doripenem
(MIC, � 1 �g/ml).

TABLE 1. Percentage of isolates displaying nonsusceptibility to one
or more carbapenems

Carbapenem(s)a No. (%) of isolates displaying
nonsusceptibility

Imipenem....................................................................... 27 (15.4)
Meropenem ................................................................... 5 (2.8)
Doripenem..................................................................... 1 (0.5)
Imipenem and meropenem ......................................... 10 (5.7)
Meropenem and doripenem........................................ 6 (3.4)
Imipenem, meropenem, and doripenem ...................126 (72.0)

a Imipenem MIC, �4 �g/ml; meropenem MIC, �2 �g/ml; doripenem MIC,
�1 �g/ml.
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ST1016; and ST235 to ST1015), while the other 33 STs were
singletons. This indicates that carbapenem nonsusceptibility is
not confined to a single genetic lineage or subpopulation.

The genetic diversity (D) of carbapenem-nonsusceptible P.
aeruginosa in the different hospitals ranged between 0.333
(95% confidence interval [CI], 0.00 to 0.739) for hospital 159 (6
isolates) and 1 for hospitals 149 (4 isolates), 153 (3 isolates)
and 162 (4 isolates). A value of 1, found for these three hos-
pitals, means that each isolate had a different ST. This situation
might indicate independent emergence or acquisition of non-
susceptible P. aeruginosa from different sources and not via
cross-transmission and possibly reflects effective infection con-
trol measures. On the other hand, these three hospitals corre-
sponded to those with a low number of isolates (3 or 4 iso-
lates), whereas hospitals with more isolates in general
presented lower values of D. When taking into account only
hospitals from which �10 isolates were typed, hospital 158 had
a significantly lower D than hospitals 154, 156, 161, and 168,
suggesting more-frequent events of cross-transmission in hos-

pital 158 compared with other hospitals. In hospital 158, 11 out
of 16 (68.7%) isolates belonged to ST175.

To investigate microevolution within each ST in the different
hospitals, PFGE patterns from isolates with the same ST were
compared (Fig. 3). This revealed that all isolates with ST175
had a uniform PFGE band pattern (Fig. 3A), while for isolates
with ST646 (Fig. 3B) and ST532 and ST111 isolates (data not
shown for these STs), each pulsotype was almost unique, even
when isolates originated from the same center.

Despite the fact that ST175 is genetically highly homoge-
nous, based on PFGE, isolates displayed a heterogeneous an-
tibiotic resistance profile, ranging from resistance to three an-
tibiotics to resistance to nine antibiotics. Highly different
antibiograms, ranging from susceptibility to ceftazidime,
cefepime, ciprofloxacin, levofloxacin, amikacin, tobramycin,
and/or fosfomycin to isolates resistant to these antibiotics, were
even observed among isolates recovered from the same hospi-
tal. In the case of ST175, 91.5% of the isolates (43 out of 47)
were resistant to fluoroquinolones, 97.9% (46 out of 47) to

TABLE 2. Antibiotic susceptibility results for noncarbapenem antibiotics using EUCAST criteria

Antibiotic
No. of isolates inhibited at the following concn (�g/ml)a MIC (�g/ml)b

% Sc % Rc

0.12 0.25 0.5 1 2 4 8 16 32 64 128 256 50% 90%

Ceftazidime �22 26 22 22 30� 53 8 32 42.2 57.8
Cefepime �4 16 20 34 49� 52 16 32 52 78
Gentamicin �23 32 33� 87 8 16 31.4 68.6
Tobramycin �82 8 4� 81 4 16 51.4 48.6
Amikacin �72 1 58 22� 22 16 64 41.7 58.3
Netilmicin �23 0 34� 118 16 16 13.1 86.9
Ciprofloxacin �39 8 7 6� 115 4 4 26.8 73.2
Levofloxacin �3 2 5 30 9 9� 117 4 4 22.8 87.2
Fosfomycin �30 46� 99 128 128 17.1 82.9
Colistin �169 5� 1 2 2 99.4 0.6
Piperacillin-tazobactam �85d 17e 28f� 45g 32/4 �64/4 48.5 51.5

a Left and right brackets indicate the lowest and highest concentrations tested, respectively.
b 50% and 90%, MICs at which 50 and 90% of the isolates, respectively, were inhibited.
c Percentage of susceptible (S) and resistant (R) isolates according to EUCAST criteria.
d Piperacillin/tazobactam concentrations (�g/ml) were �16/4, respectively.
e Piperacillin/tazobactam concentrations (�g/ml) were 32/4, respectively.
f Piperacillin/tazobactam concentrations (�g/ml) were 64/4, respectively.
g Piperacillin/tazobactam concentrations (�g/ml) were �64/4, respectively.

TABLE 3. Genetic diversity among the 16 hospitals included in the study

Hospital
no.

No. of
isolates

No. of PFGE
patterns

No. of
STs D (95% CI) ST no. (no. of isolates)

148 8 8 5 0.786 (0.521–1.00) 208 (1), 253 (1), 296 (1), 446 (1), 646 (4)
149 5 5 5 1 27 (1), 111 (1), 253 (1), 701 (1), 845 (1)
150 10 6 4 0.533 (0.186–0.881) 235 (1), 244 (1), 606 (1), 646 (7)
152 16 9 6 0.717 (0.532–0.901) 175 (8), 244 (1), 253 (1), 277 (1), 646 (4), 1014 (1)
153 3 3 3 1 175 (1), 446 (1), 646 (1)
154 12 10 8 0.927 (0.833–1.00) 111 (4), 175 (2), 316 (1), 369 (1), 709 (1), 1009 (1), 1015 (1), 1018 (1)
155 19 8 6 0.602 (0.359–0.846) 111 (2), 175 (12), 244 (2), 274 (1), 395 (1), 699 (1)
156 13 11 8 0.923 (0.861–0.985) 175 (2), 267 (2), 274 (1), 298 (3), 308 (2), 313 (1), 527 (1), 629 (1)
157 18 8 5 0.712 (0.544–0.881) 175 (2), 253 (2), 395 (4), 532 (9), 838 (1)
158 16 7 6 0.542 (0.252–0.831) 175 (11), 253 (1), 357 (1), 369 (1), 446 (1), 897 (1)
159 6 3 2 0.333 (0.0–0.739) 838 (5), 865 (1)
161 10 7 6 0.911 (0.861–0.962) 111 (2), 244 (1), 298 (2), 369 (2), 532 (2), 1016 (1)
162 4 4 4 1 (1.00–1.00) 111 (1), 235 (1), 606 (1), 699 (1)
165 9 7 7 0.944 (0.871–1.00) 111 (1), 175 (2), 316 (1), 348 (2), 446 (1), 508 (1), 1017 (1)
167 13 6 6 0.718 (0.475–0.961) 175 (7), 244 (1), 313 (1), 385 (1), 532 (2), 1017 (1)
168 13 10 8 0.923 (0.861–0.985) 111 (2), 175 (1), 235 (2), 253 (3), 369 (1), 699 (1), 838 (2), 1018 (1)
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gentamicin, 91.4% (43 out of 47) to tobramycin, and 17% to
amikacin (8 out of 47). Moreover, a high proportion of isolates
was resistant to ceftazidime (63.8%) and cefepime (70.2%).
This high diversity in the resistant phenotype was also observed
with isolates with prevalent STs, such as ST646, ST532, and
ST111. In general, different phenotypes were associated with
the same ST and similar profiles with different STs in the same
and different centers.

DISCUSSION

Nosocomial outbreaks caused by P. aeruginosa have previ-
ously been described for several Spanish hospitals, and some of
these outbreaks included carbapenem-resistant isolates (2, 15,
24, 25, 27, 29). As part of the COMPACT multicenter study, in
which the rates of susceptibility to carbapenems of common
Gram-negative bacilli causing serious infections in hospitalized
patients were compared, 448 P. aeruginosa clinical isolates
were recovered. These isolates displayed a higher intrinsic
activity of doripenem than of meropenem and imipenem (re-
sistance rates of 21.4%, 22.7%, and 32.6%, respectively) (12).
The present study was focused on the analysis of the popula-
tion structure and diversity of the carbapenem-nonsusceptible
(n � 175) P. aeruginosa clinical isolates recovered from 16
institutions during the COMPACT study.

As expected, high diversity was observed by both PFGE and
MLST. MLST revealed that of the 39 STs, only 6 were evolu-
tionally linked into three small clonal complexes of two STs
each, while the other 33 STs were part of distinct evolutionary
lineages, indicating that carbapenem resistance was not con-

fined to a single P. aeruginosa lineage. Despite the high level of
genetic diversity, some STs were recovered from different hos-
pitals, suggesting intra- and interhospital dissemination of car-
bapenem-nonsusceptible P. aeruginosa. The most prevalent lin-
eages were ST175, ST646, ST111, and ST532. In addition to its
countrywide distribution, ST175 appears to be capable of causing
outbreaks, as occurred in two hospitals in which this ST was
identified in 12 of 19 isolates and in 11 of 16 isolates (Table 3).

ST175 has previously been recognized as a contaminant of
the hospital environment and colonizer of respiratory secre-
tions in cystic fibrosis patients (19). Moreover, the ST175 clone
seems to have spread extensively in Central Europe. It has
been associated with multiresistant isolates, particularly with
those producing the VIM-2 metallo-�-lactamase (MBL), and
can be considered a high-risk clone (10, 20, 22). It is of note
that within ST175 isolates, six isolates were VIM-2 cluster
producers, each from different centers (data not shown; see
reference 26 for further information). The other high-preva-
lence clone, ST646, has also been found among invasive iso-
lates in Central Europe associated with a multiresistance phe-
notype (23). The most successful clones, with respect to
worldwide dissemination, are ST111, ST235, and ST357 (9, 11,
18). Of these, ST111 was also frequently found in our study,
while the other two STs (ST235 and ST357) were represented
by only a small number of isolates (9, 11, 18). Nevertheless, the
ST235 clone was recently reported in Spain, linked either to
MBL production (16) or to a large outbreak by a multidrug-
resistant strain producing the extended-spectrum beta-lacta-
mases (ESBLs) GES-1 and GES-5 (35).

FIG. 2. Minimum-spanning tree of 175 P. aeruginosa clinical isolates. Each color represents a single hospital (n � 16). Wide lines represent
single-locus variants, dotted lines represent multilocus variants, and the size of the circles represents the number of isolates found with the
respective ST.
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A more detailed investigation of the genetic microevolution
of different clones using PFGE confirmed the highly clonal
nature of ST175. In contrast, PFGE patterns of ST646, ST532,
and ST111 were much more diverse, suggesting microevolution
among isolates with these STs. This might be due to mutations
or the acquisition of exogenous DNA, possibly coding for an-
timicrobial resistance. In fact, no clear association between
pulsotype and antibiogram was obtained. This finding is sup-
ported by previous results described for ST111, which is asso-
ciated with the production of VIM-2 �-lactamase, in which
different PFGE and resistance profiles were obtained (9).

Susceptibility testing showed that carbapenem resistance
is frequently associated with resistance to non-�-lactam an-
tibiotics, including fluoroquinolones (73.2% to 87.2%) and
aminoglycosides (48.6% to 86.9%). This fact was observed
in other surveillance studies and could be due to the fre-
quent linkage of different resistance mechanisms, including
OprD inactivation and AmpC and efflux pump overexpres-
sion. It could also be due to topoisomerase mutations and
acquisition of resistant determinants, such as aminoglyco-
side-modifying enzymes (3, 13, 22). The fact that only 57.8%

and 78% of the carbapenem-nonsusceptible P. aeruginosa
isolates were resistant to ceftazidime and cefepime, respec-
tively, denotes the presence of �-lactam resistance mecha-
nisms that variably affect different �-lactam antibiotics. In-
terestingly, and despite the multiresistant nature of this
collection, only one isolate belonging to the ST348 clone
was resistant to colistin.

In summary, we found that carbapenem-nonsusceptible P.
aeruginosa isolates recovered during the COMPACT multi-
center surveillance study displayed a multiresistance pheno-
type, including resistance against both �-lactam and non-�-
lactam antibiotics. The population structure determined for
the first time in a well-defined collection of carbapenem-non-
susceptible P. aeruginosa isolates is characterized by poly-
clonality in which most STs appeared not to be evolutionally
linked. Some clones, particularly ST175, displaying multiresis-
tance were found to be well dispersed among different hospi-
tals and should be added to the list of the so-called high-risk
clones, such as the Liverpool, Manchester, and Melbourne
clones from cystic fibrosis patients or ST235 in the nosocomial
setting (36).

FIG. 3. PFGE-SpeI of the different pulsotypes detected for ST175 (A) and ST646 (B) in isolates from different hospitals.
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