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Over a 3-year period, 67 patients of the Hospital of Pau (Pau, France), including 64 patients hospitalized in
the adult intensive care unit (ICU), were colonized and/or infected by strains of Pseudomonas aeruginosa P12,
resistant to all potentially active antibiotics except colistin. Most patients were mechanically ventilated and
presented respiratory tract infections. Since cefepime and amikacin were the least inactive antibiotics by MIC
determination, all ICU patients were treated with this combination, and most of them benefited. Cefepime-
amikacin was found highly synergistic in vitro. Ribotyping and arbitrary primer-PCR analysis confirmed the
presence of a single clonal isolate. Isoelectrofocusing revealed that the epidemic strain produced large amounts
of the chromosomal cephalosporinase and an additional enzyme with a pI of 5.7, corresponding to PSE-1, as
demonstrated by PCR and sequencing. Outer membrane protein profiles on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis showed the absence of a ca. 46-kDa protein, likely to be OprD, and increased
production of two ca. 49- and 50-kDa proteins, consistent with the outer membrane components of the efflux
systems, MexAB-OprM and MexEF-OprN. Thus, we report here a nosocomial outbreak due to multiresistant
P. aeruginosa P12 exhibiting at least four mechanisms of b-lactam resistance, i.e., production of the penicil-
linase PSE-1, overproduction of the chromosomal cephalosporinase, loss of OprD, and overexpression of efflux
systems, associated with a better activity of cefepime than ceftazidime.

Pseudomonas aeruginosa, like many other nonfermenting
gram-negative rods, is a saprophytic organism widespread in
nature, particularly in moist environments (water, soil, plants,
and sewage), and endowed with only weak pathogenic poten-
tial. However, because of its ability to survive on inert mate-
rials and its resistance to most antiseptics and antibiotics, P.
aeruginosa has become an important and frequent nosocomial
pathogen. Indeed, in hospitals, sinks, respiratory therapy
equipment, and antiseptic or detergent solutions can act as
reservoirs of P. aeruginosa. This organism is responsible for a
wide range of hospital-acquired infections such as pneumonia,
urinary tract infections, or bacteremia. Patients with impaired
specific or nonspecific defense systems particularly tend to
suffer from severe and even fatal infections caused by P. aerugi-
nosa (9, 11, 23, 24). Cross-transmission from patient to patient
may occur via the hands of the health care staff or through
contaminated materials or reagents (2, 18, 21, 24). Thus, a
number of outbreaks of nosocomial infections due to P. aerugi-
nosa have been reported, especially in intensive care units
(ICUs) (2, 11, 18, 24), burn wound units (21), and cancer
centers (23).

One feature of P. aeruginosa is its high level of intrinsic
resistance to a number of structurally unrelated antimicrobial
agents. Indeed, the broad-spectrum resistance of this organism

is largely due to a low outer-membrane permeability (32, 33)
and to multidrug resistance (MDR) efflux systems (25, 26, 32,
35). Moreover, P. aeruginosa possesses an inducible chromo-
somally encoded AmpC cephalosporinase belonging to Am-
bler class C (6). This enzyme, expressed at low levels, confers
resistance to aminopenicillins and to narrow-spectrum and ex-
panded-spectrum cephalosporins. Actually, the only antimicro-
bial agents effective against P. aeruginosa are some b-lactams
(ticarcillin, piperacillin, aztreonam, imipenem, cefsulodin, ce-
foperazone, and ceftazidime), most recent aminoglycosides,
fluoroquinolones, fosfomycin, and colistin. In addition, ac-
quired resistance are particularly frequent in P. aeruginosa, and
the difficulty of finding an effective treatment increases the
mortality and the morbidity of P. aeruginosa-induced infections
in hospitalized patients. The combination of ceftazidime plus
amikacin is considered the first-choice antipseudomonal che-
motherapy (22). Even the “fourth-generation” cephalosporins,
cefpirome and cefepime, which have a higher degree of activity
against gram-negative organisms, are less efficient in vitro than
ceftazidime on P. aeruginosa (40).

Over a 3-year period, 67 patients at the Hospital of Pau,
including 64 patients hospitalized in the adult ICU, were col-
onized and/or infected by strains of P. aeruginosa belonging to
the same serotype, P12, and exhibiting the same antibiotype,
i.e., resistant to all potentially active antibiotics except colistin.
Since the least inactive antimicrobial agents were cefepime and
amikacin, all ICU patients were treated with the combination
of these two drugs, with apparent benefit for many of them. In
this study, clinical cases were retrospectively analyzed, and the
existence of an outbreak was demonstrated by molecular typ-
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ing of the strains. The efficacy of cefepime-amikacin therapy
observed in vivo was confirmed in vitro, and the mechanisms of
b-lactam resistance in the epidemic strain were investigated.

MATERIALS AND METHODS

Hospital and ICU characteristics. The hospital of the city of Pau in France is
a 740-bed general hospital, including an adult ICU (10 beds), a pediatric ICU (11
beds), seven surgical units (162 beds), and 17 medical wards (557 beds). The
hospital is composed of three separate buildings. The 447-bed block where the
adult ICU is located also includes the surgical units and 10 medical wards. At the
time of the outbreak, the ICU consisted of a single room, without separate
cubicles. Clinical cases were retrospectively analyzed to elicit patients’ charac-
teristics, diseases, treatment, and evolution.

Bacterial strains and culture conditions. Between June 1995 and March 1998,
202 multiresistant P. aeruginosa P12 strains were collected from 67 patients (1 to
15 strains isolated per patient, over a period varying from 1 day to 16 months).
They were recovered from respiratory samples (n 5 91), urine (n 5 39), stools
(n 5 37), ear, nose, or throat samples (n 5 10), surgical wounds (n 5 6), bedsores
(n 5 6), pus (n 5 5), bile samples (n 5 2), cerebrospinal fluid (n 5 1), skin (n 5
1), and urethral (n 5 1) and vaginal (n 5 1) samples. Among the 202 strains, 145
came from patients in the adult ICU. All isolates were identified and serotyped
by conventional methods (19). The wild-type strain P. aeruginosa P12 CIP 33359,
obtained from the “Collection de l’Institut Pasteur,” was the reference strain for
MIC determination, ribotyping, arbitrary primer (AP)-PCR assays, and outer
membrane analysis. P. aeruginosa RPL11 (a gift of G. Paul), which produces the
PSE-1 b-lactamase, was used as control for b-lactamase isoelectric focusing and
gene amplification (17). All bacterial strains were either routinely cultured at
37°C on Mueller-Hinton (MH) agar (Diagnostics Pasteur, Marnes la Coquette,
France) or grown in Luria broth (LB) (Gibco BRL, Cergy Pontoise, France) or
Trypticase soy broth (TSB) (Diagnostics Pasteur) supplemented with KNO3 (4
mg/ml) and incubated at 37°C with aeration.

Antibiotic susceptibility testing. Antibiotic susceptibility was determined for
the 202 isolates by a standard agar diffusion method (7) using 20 disks (Diag-
nostics Pasteur). MICs were determined by a standard agar dilution method (7)
for 26 selected strains isolated from different patients and distributed over the
outbreak period; MICs were interpreted according to national guidelines (7).
The in vitro effect of the combination of cefepime plus amikacin was evaluated
for three selected strains (strain 459 [representing the onset of the outbreak],
strain 507 [middle], and strain 521 [end]) by the checkerboard and the time-kill
curve methods (10). The checkerboard technique was performed in MH agar
with concentration ranges of 512 to 1 mg/liter for cefepime, and 512 to 0.5
mg/liter for amikacin. Time-kill studies were carried out in MH broth at the MIC,
1/2 of the MIC, and 1/4 of the MIC of cefepime and amikacin. Each antibiotic
was tested alone and in combination at the same concentration. At time zero and
after 2, 4, 6, and 24 h of incubation at 37°C, viable cells were enumerated by serial
10-fold dilutions plated on antibiotic-free MH agar.

b-Lactamase extraction and isoelectric focusing. b-Lactamases of 12 repre-
sentative strains were released by ultrasonic treatment, and their pIs were de-
termined by isoelectric focusing on a pH 3.5 to 10 ampholin polyacrylamide gel
as described by Matthew et al. (31). Enzyme activities were detected by the
iodine procedure in a gel (1) using benzylpenicillin (75 mg/liter) as the substrate.
b-Lactamases of known pIs, PSE-1 (pI 5.7), CARB-3 (pI 5.75), PSE-4 (pI 5.3),
and SHV-3 (pI 7.0), were used as pI markers.

Preparation of outer membrane proteins. Cultures of P. aeruginosa were
grown overnight at 37°C in 5 ml of LB medium and then diluted 100-fold into
fresh medium. Bacterial cells were incubated for 5 h with shaking at 37°C to yield
late-logarithmic-phase cells. Outer membrane proteins of the three selected
strains (strains 459, 507, and 521) were extracted by the method of Hosaka et al.
(16), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and stained with Coomassie blue.

DNA methods, PCR, and sequencing. Total DNA was extracted from the three
selected strains by the method of Hall et al. (14), and plasmid DNA was obtained
using an alkaline-lysis extraction method (39). The blaPSE-1 and mexR (37)
coding regions were amplified with the primers sets PSE-1a–PSE-1b and
MexR1–MexR2, respectively (Table 1), under standard PCR conditions (39).
The amplicons were revealed by electrophoresis on a 1.5% agarose gel and
subsequent exposure to UV light in the presence of ethidium bromide. For
sequencing purposes, the PCR products were purified through S400 spin col-
umns (Pharmacia, Orsay, France). Both strands were used as templates in a
single-cycle reaction by using the dideoxy-chain termination method with the
dRhodamine Dye Terminator Kit (Perkin-Elmer, Courtaboeuf, France) and
primers PSE-1b, PSE-1c, PSE-1d and PSE-1e and MexR1–MexR2 (Table 1) for

the blaPSE-1 and mexR coding regions, respectively. The cycle reaction consisted
of 25 cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C. Sequence reaction
products were precipitated and separated by electrophoresis on a 6% polyacryl-
amide gel containing 7 M urea and 13Tris-borate buffer (TBE). Sequences were
analyzed with an ABI 377 automatic sequencer (Perkin-Elmer) using the Se-
quencing Analysis software. The sequences were compared to references and to
each other by using the Sequence Navigator software.

Ribotyping. Total DNA of the 15 representative strains was digested with the
restriction enzyme NruI (Gibco BRL). Fragments of digested DNA were sepa-
rated by electrophoresis on a 0.8% agarose gel and transferred to Hybond-N
nylon filters (Schleicher and Schuell, Ecquevilly, France) by a vacuum blotting
system (Appligene, Illkirch, France). After Southern blotting, ribotyping was
performed with a digoxigenin (DIG)-labeled probe consisting of the purified
plasmid DNA, pKK3535, a pBR322 derivative containing the rrnB ribosomal
operon of Escherichia coli (4). The hybrids were detected by an immunoenzy-
matic method (DIG-DNA labeling and detection kit; Boehringer, Mannheim,
Germany).

AP-PCR analysis. For the 15 strains studied by ribotyping, AP-PCR assays
were performed with primer ERIC2 (38) under PCR standard conditions. After
a first cycle of denaturation for 10 min at 94°C, the 45 subsequent cycles of
amplification consisted of denaturation for 1 min at 94°C, annealing for 1 min at
42°C, and extension for 1 min at 72°C, with a final extension step for 10 min at
72°C. The amplification products were analyzed by electrophoresis of 10-ml
samples on 1.5% agarose gels in the presence of ethidium bromide.

RESULTS

Clinical cases and treatment. From June 1995 through
March 1998, 67 patients hospitalized in the Hospital of Pau
were colonized and/or infected by multiresistant strains of P.
aeruginosa serotype P12. The two index cases came from the
neurosurgical unit of a private clinic: one of these patients was
admitted in neurology and rapidly died of P. aeruginosa-related
meningitis, and the other was hospitalized in the adult ICU
due to vascular brain damage. This patient presented a pul-
monary sample positive for multiresistant P. aeruginosa P12 on
the day of admission to the ICU. Thereafter, 65 patients were
found to harbor phenotypically identical strains. Among them,
63 were initially admitted to the adult ICU, 1 stayed in the
pulmonary medicine unit, and 1 stayed in the hematology
ward. The latter two wards had previously accommodated one
or several infected ICU patients. Indeed, among the 64 pa-
tients initially admitted to the adult ICU, 45 were transferred
to other wards of the hospital in the course of their hospital-
ization. The 67 patients, 23 females and 44 males, ranged in
age from 17 to 85 years (mean, 57.5 years). The length of
exposure before known infection or colonization varied from 1
day to 75 days (mean, 18.4 days). Of the 56 ICU patients who
were mechanically ventilated, 44 developed a nosocomial
windpipe-bronchial or pulmonary infection and 2 presented

TABLE 1. Oligonucleotides used as primers for PCR and
sequencing of blaPSE-1 and mexR genes

Primers Sequence (59 to 39) Position (nt)a Lb (nt)

PSE-1a GTGTGACAATCAAAATTATG 115–134 20
PSE-1b GACTGTGATGTATAAACGTC 986–1005 20
PSE-1c AATTAGAGTCTTGGATGGTG 747–766 20
PSE-1d TTGATTGTTCACCATCCAAG 756–775 20
PSE-1e CGCAACTATGACTACAAGTG 502–521 20
MexR1 AACCAATGAACTACCCCGTG 272–291 20
MexR2 ATCCTCAAGCGGTTGCGCGG 695–714 20

a nt, nucleotide. For the numbering of blaPSE-1 (accession no. M69058), see
reference 17; for that of mexR (accession no. U23763) see reference 37.

b L, length of oligonucleotide.
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with sinusitis due to the multiresistant P. aeruginosa P12. Seven
patients who had urinary catheters developed nosocomial uri-
nary tract infections caused by the same pathogen. The tem-
poral relationship between the colonized and/or infected pa-
tients showed the presence of at least one infected and/or
colonized patient in the ICU during the epidemic period (data
not shown). After identification and antibiotic susceptibility
testing of the multiresistant P. aeruginosa P12, all patients were
treated intravenously with the combination of cefepime at 6
g/day and amikacin at 15 mg/kg of body weight day. The length
of treatment extended from 14 to 20 days for the pulmonary
infections. In addition, 23 patients harboring the multiresistant
P. aeruginosa P12 in their feces were treated orally with colistin
plus neomycin for 6 days. Among the 64 ICU patients treated,
44 recovered and 20 died: the infection was not related to
death in 12 cases but represented an aggravating factor in 7

cases and was responsible for death in 1 case. The latter patient
was a 38-year-old woman admitted for a suicide attempt with
drugs; she died of inhalative pneumonia caused by P. aerugi-
nosa.

During the epidemiological investigations, 52 sites in the
environment of the ICU were sampled, including water (n 5
9), bathroom installations (n 5 27), air (n 5 4), doors (n 5 3),
hand lotion (n 5 1), and the hands of health care staff (n 5 8).
P. aeruginosa was found in 8 of the 52 environmental sites,
consisting of 1 water and 7 sanitary samples, but the epidemic
P. aeruginosa P12 was never detected.

Antibiotic susceptibility testing. By the disk diffusion meth-
od, all the 202 P. aeruginosa P12 isolates were insensitive to all
potentially active antibiotics except colistin. However, they had
intermediate susceptibility to cefepime, and amikacin gave a
small inhibition zone, in contrast with the other aminoglyco-
sides. MICs for 26 representative strains (Table 2) confirmed
these data and, in particular, confirmed that cefepime (mode
MIC, 32 mg/liter) was slightly more active than ceftazidime
and imipenem (mode MICs, 64 mg/liter). Moreover, the com-
bination of cefepime plus amikacin was found highly synergis-
tic in vitro. Indeed, by the checkerboard method, the fraction-
ary inhibitory concentration indexes (SFIC) at the point of
maximal effectiveness were equal to 0.375 for the three tested
strains, (synergy: SFIC #0.5). The time-kill curves showed that
the combination of cefepime and amikacin was significantly
more active (difference of .1 log10 CFU/ml) than amikacin,
the most active drug alone, e.g., at 1/4 of the MIC in Fig. 1.

b-Lactamase characterization. The 12 representative strains
were analyzed for their b-lactamase contents. Two enzymes
were present in these isolates. One of these gave a strong band
at a pI of .7 and was likely to be the derepressed chromo-
somally encoded cephalosporinase of P. aeruginosa. The other
comigrated with the PSE-1 reference enzyme, which exhibits a
pI of 5.7 (Fig. 2). Total DNA amplification with primers
PSE-1a and PSE-1b gave a fragment with the expected size of
890 bp, and nucleotide sequence analysis revealed the presence
of the blaPSE-1 gene, with T at position 610 and C at position
845, allowing definitive distinction between PSE-1, CARB-3,
and PSE-4 (17).

Analysis of outer membrane proteins. The outer membrane
protein patterns of the three representative strains (strains 459,

FIG. 1. In vitro killing of one clinical isolate of multiresistant P. aeruginosa (strain 521) by cefepime (1/4 of the MIC 5 8 mg/liter) and amikacin
(1/4 of the MIC 5 16 mg/liter), alone and in combination. FEP, cefepime; AN; amikacin.

TABLE 2. Antimicrobial susceptibilities of 26 selected
multiresistant strains of P. aeruginosa P12 isolated during the

outbreak and the P. aeruginosa P12 reference strain (CIP 33359)

Antimicrobiol agent

MIC (mg/liter) for:
MIC

breakpointa

(mg/liter)

Multiresistant P12
strains CIP

33359
Range Mode

Ticarcillin .512 .512 16 #16–.64
Ticarcillin 1 clavulanic acid $512 .512 16 #16–.64
Piperacillin 256–.512 .512 4 #16–.64
Piperacillin 1 tazobactam 256–.512 512 4 #16–.64
Cefoperazone 256–512 256 8 #4–.32
Cefsulodin 128–256 128 2 #8–.32
Cefotaxime .512 .512 16 #4–.32
Ceftazidime 32–128 64 2 #4–.32
Cefepime 32–64 32 1 #4–.32
Cefpirome 64–128 64 2 #4–.32
Aztreonam 16–128 32 4 #4–.32
Imipenem 32–64 64 2 #4–.8
Gentamicin 8–64 32 2 #4–.8
Tobramycin 128–256 128 1 #4–.8
Amikacin 32–128 64 8 #8–.16
Netilmicin .512 .512 8 #4–.8
Fosfomycin .512 .512 8 .32
Ciprofloxacin 32–128 64 0.5 #1–.2

a According to reference 7.
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507, and 521) were analyzed by SDS-PAGE and compared to
the profile of the susceptible reference strain, P. aeruginosa
P12 CIP 33359 (Fig. 3). This comparison revealed two differ-
ences: a ca. 46-kDa protein, consistent with the porin D2, was
lacking in the clinical strains, and in contrast, there was in-
creased production of two proteins of about 49 to 50 kDa,
likely to correspond to the outer membrane proteins (OprM,
OprJ, or OprN) associated with the antibiotic efflux systems of
P. aeruginosa.

To assess whether the overproduction of MexAB-OprM
could be associated with a mutation located in the mexR re-
pressor gene, the mexR coding regions of the three selected
strains were amplified and sequenced. The three sequences
were identical and differed from the mexR gene described by
Poole et al. (37) by four silent mutations at positions 264
(C3T), 327 (G3A), 384 (G3A), and 411 (G3A) and by a
base substitution at position 377 (T3A) which converts an
arginine to a glutamine at position 126 in the MexR protein.

Plasmid content. Plasmid extraction carried out with the 15
isolates analyzed for ribotype and AP-PCR profile revealed the
presence of a unique high-molecular-weight plasmid.

Ribotyping and AP-PCR. Ribotyping of the 15 representa-
tive strains, using chromosomal DNA digested with NruI and
plasmid pKK3535 as the probe, gave identical patterns, with
the same number of bands of identical sizes (Fig. 4A). This
ribotype consisted of four bands ranging in size from ca. 14.5 to
6.6 kb. It differed from the profile of the reference strain, CIP
33359, by three bands. Moreover, AP-PCR analysis performed
with the ERIC2 primer also yielded a similar pattern for the 15
representative strains. This AP-PCR profile contained five to
six major bands (Fig. 4B) ranging in size from ca. 2.15 to 0.65
kb, and a major band of ca. 0.95 kb was present in five of the
analyzed patterns. In contrast, the reference strain, CIP 33359,
gave a pattern with four bands of sizes different from those of
the epidemic strain profile.

DISCUSSION

Over a 3-year period, a number of infections and/or coloni-
zations associated with strains of P. aeruginosa exhibiting the
same multiresistant antibiotype and serotype P12 were ob-
served at the Hospital of Pau, suggesting the occurrence of an
outbreak. In the course of this study, representative strains
were shown to exhibit other identical characteristics, i.e., b-lac-
tamase content, outer membrane profile, and plasmid pattern.
Finally, the clonal origin of the multiresistant strains of P.
aeruginosa P12 was confirmed by determining chromosomal
markers. Ribotyping showed that 15 representative clinical
strains were identical to each other and different from the
control strain. Ribotyping is a highly specific and reproducible
typing method (13). However, the ribotype of the strains stud-
ied consisted of only four bands. Thus, an additional method,
AP-PCR, was used. The AP-PCR profiles of the 15 represen-
tative clinical strains were composed of five to six identical
bands and differed from that of the control strain. The addi-
tional band of ca. 0.95 kb probably reflects a genetic divergence
by mutation and/or DNA transfer rather than a strain differ-
entiation. In addition, three of these representative strains
were further shown to carry identical mutations in the mexR
gene. Thus, all multiresistant strains of P. aeruginosa P12 ex-
amined in this study were considered to be a single epidemic
strain. P12 is one of the most common serotypes of P. aerugi-
nosa found in French hospitals and is frequently associated
with resistance to b-lactams, aminoglycosides, and fluoro-
quinolones, but not usually with resistance to fosfomycin (3).

The route by which the epidemic strain was introduced into
the hospital seems to be the admission of two infected patients
coming from a private clinic. Since the first patient, admitted in
neurology, died rapidly, the other patient, who had pneumonia
caused by the clonal P. aeruginosa and stayed 10 weeks in the
ICU, probably represents the real origin of the outbreak. Once
the epidemic strain was introduced in 1995, a 3-year outbreak
developed in the adult ICU. Indeed, 64 of the 67 patients
implicated in this outbreak were in or came from the adult
ICU. The transfer of the ICU patients into other units of the
hospital accounts for the occurrence of the clonal strain in
these units. However, secondary dissemination within and
among these wards remained limited. The absence of P. aerugi-
nosa P12 in the environmental samples and the presence of at
least one infected and/or colonized patient in the ICU during
the outbreak period suggest that the spread of the epidemic

FIG. 2. Analytical isoelectric focusing of b-lactamases. Lanes 1, 2,
3, and 16; b-lactamases with known pIs, PSE-4 (pI 5.3), CARB-3 (pI
5.75), PSE-1 (pI 5.7), and SHV-3 (pI 7.0), respectively; lanes 4 to 15;
12 representative clinical strains of multiresistant P. aeruginosa P12.
Enzyme activities were revealed by the iodometric method using ben-
zylpenicillin as the substrate.

FIG. 3. Electrophoretic analysis of the outer membrane proteins of
multiresistant P. aeruginosa P12. Lane 1; the susceptible strain CIP
33359; lane 2; strain 459; lane 3; strain 507; lane 4; strain 521. The
migration positions of standard proteins are shown on the left (in
kilodaltons).
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strain was related to cross-transmission between patients
rather than to contamination from a single reservoir. Out-
breaks caused by P. aeruginosa are often associated with prob-
able or demonstrated cross-transmission via the hands of
health care workers (42). Most epidemic isolates (45%) came
from respiratory specimens and were associated with respira-
tory tract infections in mechanically ventilated patients (78.6%).
Indeed, mechanical ventilation is the main risk factor for ac-
quiring nosocomial respiratory tract infections, particularly in
ICUs (11, 24). Receipt of nebulized medications, invasive pro-
cedures, and exposure to contaminated hospital water supplies
and medications are additional risk factors (2, 9, 18, 21).

All the ICU patients infected by the clonal strain of P.
aeruginosa were treated with the combination of cefepime plus
amikacin, rather than with the classic ceftazidime-amikacin
combination (22) because, by MIC determination, cefepime
appeared to be more active than ceftazidime. Moreover, the
imipenem resistance complicated the choice of an antipseudo-
monal treatment. The efficacy of the cefepime-amikacin com-
bination was subsequently verified in vitro by the checkerboard
and time-kill curve methods. For most of the ICU patients, the
treatment led to the elimination of the multiresistant patho-
gen, demonstrating the efficacy of the cefepime-amikacin com-
bination in vivo. Finally, the outbreak was also brought under
control by the reinforcement of control procedures, by archi-
tectural modification of the adult ICU, i.e., the construction of
three separate rooms, limiting the person-to-person transmis-
sion of the epidemic strain, and by digestive decontamination
of patients who presented gut colonization with the clonal
P. aeruginosa.

Because cefepime is, in general, less active than ceftazidime
against P. aeruginosa, the mechanisms of b-lactam resistance in
the epidemic strain were investigated. Resistance to b-lactam
antimicrobials is often due to plasmid-mediated b-lactamases
(8, 27, 34). Most of the enzymes found in P. aeruginosa are
carbenicillinases of the Pseudomonas-specific-enzyme type
(PSE), oxacillinases (OXA, class D enzymes) or broad-spec-
trum penicillinases of the TEM or SHV type (class A b-lacta-
mases). The PSE-1 enzyme produced by our clonal strain of P.
aeruginosa conveys a particularly high level of resistance to
carboxy- and ureido penicillins but does not affect ceftazidime
susceptibility. In the present case, the blaPSE-1 gene seems to
be chromosomally located since, despite the presence of a
plasmid, all attempts to transfer ampicillin or ticarcillin resis-
tance by conjugation or transformation failed.

The most common mechanism of acquired resistance to
broad-spectrum cephalosporins is the overproduction of the
species-specific cephalosporinase (8), due to mutations in the
regulatory region (29). In our epidemic strain of P. aeruginosa,
the derepressed chromosomally encoded cephalosporinase
may account for the resistance to all antipseudomonal b-lac-
tams except imipenem. Cefepime, like ceftazidime, is poorly
hydrolyzed by this cephalosporinase, even when overproduced.
However, cefepime, in contrast with ceftazidime, may remain
active against derepressed mutants, because it has an acceler-
ated penetration through the outer membrane, allowing rapid
binding to the targets (15). The activity of penicillins is not
restored by the b-lactamase inhibitors, since they have little or
no effect on PSE-1 and the chromosomal cephalosporinase.

Imipenem resistance in P. aeruginosa has been shown to be

FIG. 4. (A) Ribotype profiles of NruI-digested total DNA from P. aeruginosa isolates detected with the digoxigenin-labeled pKK3535 plasmid
as the probe. Lane M, DNA of l phage digested with PstI; lane 1, ribotype profile of CIP 33359; lanes 2 to 17, ribotype patterns of 16 multiresistant
P. aeruginosa P12 isolates. (B) AP-PCR patterns of P. aeruginosa isolates with primer ERIC2. Lane M, DNA of l phage digested with PstI; lane
1, AP-PCR profile of CIP 33359; lanes 2 to 16, AP-PCR patterns of 15 epidemiologically related isolates
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mainly related to decreased permeability due to the loss of the
imipenem-specific porin D2 (OprD) (41), coupled with weak
hydrolysis by the periplasmic cephalosporinase (5, 28). Analy-
sis of outer membrane proteins by SDS-PAGE showed the
absence of a band of ca. 46 kDa in the clonal P. aeruginosa,
consistent with the loss of OprD. This, together with the over-
production of the chromosomal cephalosporinase, may explain
the high level of imipenem resistance in the epidemic strain.

Active efflux pumps are now recognized to play a major role
in nonenzymatic mechanisms of acquired b-lactam resistance
in P. aeruginosa. Three major inducible MDR efflux systems
that extrude antibiotics with different substrate specifici-
ties have been described for P. aeruginosa: MexAB-OprM,
MexCD-OprJ, and MexEF-OprN. Indeed, while MexAB-
OprM extrudes most b-lactams except imipenem (25, 26),
MexCD-OprJ extrudes only cefepime and cefpirome (12, 30,
36); MexEF-OprN does not directly contribute to b-lactam
efflux (20). Separation of the outer membrane proteins by
SDS-PAGE revealed the presence in the epidemic P. aerugi-
nosa strain of two thin bands of ca. 49 to 50 kDa that were
absent in the reference strain, CIP 33359. Unfortunately, the
positions of these bands are not helpful in distinguishing be-
tween the outer membrane components of the three efflux
pump systems of P. aeruginosa, because of their similar mobil-
ities on SDS. However, the better activity of cefepime than
ceftazidime suggests an overproduction of MexAB-OprM
rather than MexCD-OprJ. Moreover, the molecular masses of
OprM (49 kDa) and OprN (50 kDa) are closer than that of
OprJ (54 kDa) to those of the bands detected in the clonal
strain profile. Thus, the MexAB-OprM and MexEF-OprN ef-
flux systems are likely to be overproduced in this strain. Over-
expression of the mexA-mexB-oprM operon is usually associ-
ated with mutations in the mexR repressor gene. Different
alterations have been reported, such as frameshift mutations
or amino acid substitutions. In our outbreak strain, an amino
acid change at position 126 in MexR may account for the
overproduction of the MexAB-OprM efflux system, allowing
bacterial cells to reach higher levels of resistance to a wide
range of substrate antibiotics, especially ticarcillin, ceftazidime,
and aztreonam.

In conclusion, we report here a nosocomial outbreak due to
a clonal multiresistant P. aeruginosa P12 strain in an adult ICU,
mainly associated with respiratory tract infections in mechan-
ically ventilated patients. The epidemic strain exhibited at least
four mechanisms of b-lactam resistance: production of the
penicillinase PSE-1, loss of OprD, and overproduction of the
chromosomal cephalosporinase and of two Mex efflux systems.
The latter two mechanisms likely explain the better activity of
cefepime than ceftazidime. Both successful treatment with a
cefepime-amikacin combination and hygiene measures con-
tributed to the elimination of the epidemic strain from the
adult ICU of the Hospital of Pau.
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