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The objective of this study was to determine the genetic diversity of multidrug-resistant (MDR) Pseudomonas aeruginosa strains
isolated over a period of 12 months in two French hospitals and to test their susceptibility to bacteriophages. A total of 47 MDR
isolates recovered from hospitalized patients were genotyped using multiple-locus variable number of tandem repeats analysis.
The genotypes were distributed into five clones (including 19, 5, 5, 3, and 3 isolates, respectively) and 12 singletons. Comparison
to 77 MDR strains from three other countries, and MLST analysis of selected isolates showed the predominance of international
MDR clones. The larger clone, CC235, contained 59 isolates displaying different antibiotic resistance mechanisms, including the
presence of the GES1, VIM-2, VIM-4, and IMP-1 3-lactamases. Three newly isolated P. aeruginosa bacteriophages were found to
lyse 42 of the 44 analyzed strains, distributed into the different clonal complexes. This pilot study suggests that systematic geno-
typing of P. aeruginosa MDR strains could improve our epidemiological understanding of transmission at both the local (hospi-
tal) and the national level and that phage therapy could be an alternative or a complementary treatment to antibiotics for treat-

ing MDR-infected patients.

I nfections associated with bacterial resistance carry high levels of
morbidity and mortality and induce a heavy burden of direct
and indirect financial costs (24). Multidrug-resistant (MDR)
Pseudomonas aeruginosa infections in the hospital setting are a
serious concern, particularly for immunocompromised or inten-
sive care unit (ICU) patients (1). According to Magiorakos et al.
(17), MDR P. aeruginosa isolates are defined as resistant to one
antimicrobial agent in three or more antimicrobial classes,
whereas extensively drug-resistant (XDR) isolates are resistant to
at least one antimicrobial agent in all but two or fewer antimicro-
bial classes. The therapeutic approaches to fight XDR and pan-
drug-resistant strains are very limited (8, 13). For this reason,
exploring in vitro susceptibility to phages might be of interest (11).

The population genetics of P. aeruginosa has been described as
panmictic with the existence of some epidemic clones (6). Drug
resistance is a factor favoring the expansion of international clonal
complexes (14, 15). To perform molecular epidemiology studies,
different genotyping techniques exist, including pulsed-field gel
electrophoresis (PFGE), multilocus sequence typing (MLST) (5),
and multiple-locus variable number of tandem repeats (VNTR)
analysis (MLVA) (30). While PFGE provides a high level of reso-
lution, this fingerprinting method does not allow interlaboratory
comparisons. MLST and MLVA provide the genotype under the
form of a numeric code that can be stored in a database for easy
comparison. MLST identified a clonal complex, first called BG11
(9) and then CC235, which is widespread since it has been de-
tected in many European countries and in Russia. Metallo-p-lac-
tamase and extended-spectrum [-lactamase expression in CC235
has been associated with different enzymes (7, 10, 25, 29). A large
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database of sequence types (STs) exists already (http://pubmlst
.org/paeruginosa/) but the technique remains too expensive for
large studies to be performed. In contrast, MLVA can be multi-
plexed to type large population of strains at a low cost, as a first-
line typing tool (26). MLST can then be applied on a subset of
isolates selected for their relevance.

We used MLVA to investigate the genetic diversity of MDR
isolates from four different countries, and we tested the virulence
of three newly isolated bacteriophages against the most frequent
genotypes. We show that MDR and XDR isolates can be killed by
lytic phages, thus opening the way to a new therapeutic approach.

MATERIALS AND METHODS

Bacterial strains. A list of the 124 isolates analyzed in the present study is
provided in Table S1 in the supplemental material. Thirty MDR P. aerugi-
nosa isolates were collected from January to December 2010 in the Nar-
bonne hospital (France), from clinical specimens obtained as part of the
patients’ usual care and without any additional sampling. Similarly, 17
XDR and MDR P. aeruginosa isolates were recovered in Percy hospital
(France) in 2011. A total of 77 MDR isolates were recovered in Korea (40),
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Romania (18), and Hungary (19) (14, 15, 20, 28). Seven antibiotic suscep-
tible isolates from Hungary were also included. In France, the identifica-
tion and antibiotic susceptibility of P. aeruginosa was performed by the
colorimetric Vitek-2 compact system with advanced expert system (AES;
bioMérieux, Marcy I'Etoile, France) (see Table S2 in the supplemental
material), a fully automated tool providing species identification and
antimicrobial susceptibility testing (19). MICs were interpreted according
to the European Committee for Antimicrobial Susceptibility Testing
(EUCAST) breakpoints (version 2.0; http://www.eucast.org/clinical
breakpoints/). In Hungary and Korea, the antibiotic susceptibility tests
were performed as recommended by the Clinical and Laboratory Stan-
dards Institute (CLSI; http://www.clsi.org/) using the M100-S17 guide-
lines issued in 2007 (3a). In Romania, MICs were determined for ceftazi-
dime, imipenem, and MPM using Etest and were interpreted according to
the EUCAST breakpoint version 2.0. Antimicrobial susceptibility testing
was performed with the disk diffusion method as recommended by the
CLSI in the M02-A10 guidelines (3b).

DNA purification. DNA was purified using the classical CTAB (cetyl-
trimethylammonium bromide)-phenol extraction method as described
previously (30). Purified DNA was suspended in TE buffer (10 mM Tris-
HCI [pH 7.5], 1 mM EDTA). The quality and concentration of DNA was
measured using a ND-1000 spectrophotometer (NanoDrop; Labtech,
Palaiseau, France).

MLVA genotyping. The 15 VNTRs analyzed in the MLVA scheme and
the amplification protocol were as described earlier (30). The MLVA
genotype is expressed as its allelic profile corresponding to the number of
repeats at each VNTR in the order ms77, ms127, ms142, ms172, ms211,
ms212, ms213, ms214, ms215, ms216, ms217, ms222, ms223, ms207, and
ms209. The genotype of PAO1 deduced from its genomic sequence is: 4 8
7125953432247 6. Clones are defined as groups of isolates for which
the genotype differs at a maximum of 2 VNTRs, which is similar to the
criteria used to define MLST clonal complexes (one allele difference out of
seven). In the clustering analysis using the categorical coefficient (also
called Hamming’s distance), this corresponds to a range of 80 to 100%
similarity (cutoff) (30). Clustering analyses were performed using Bio-
Numerics (Applied Maths, Ghent, Belgium).

MLST. MLST was performed according to a previously published
method (5) in all of the Romanian isolates and in selected isolates belong-
ing to different MLVA clusters. The ST was identified according to the
MLST database (http://pubmlst.org/paeruginosa).

Bacteriophage purification. The clinical P. aeruginosa strain
LMG25194 from the BCCM collection (http://bccm.belspo.be/) was used
for isolating and enriching virulent bacteriophages from the Parisian
wastewater system. Filtrated water samples and overnight cultures of bac-
teria were mixed and incubated at 37°C for 24 h with shaking to enrich in
specific bacteriophages. At the end of the incubation, 10 pl of chloroform
was added to the culture, and the lysate was spun down at 11,000 X g for
5 min to remove bacterial cells and debris. The supernatant was subjected
to 0.2-pm-pore-size filtration to remove the residual bacterial cells. Dilu-
tions of the enriched phage suspension were incubated with bacteria be-
fore adding 4 ml of soft agar (0.7%) Luria broth (LB) medium and pour-
ing immediately onto LB agar plates. Clear plaques, a finding indicative of
lytic phage growth, that formed on the plates after 24 h of incubation at
37°C were picked out for subsequent phage purification and amplifica-
tion. The phages were then stored at 4°C in a suspension of LB broth.

Phage DNA purification and restriction fragment analysis. A P.
aeruginosa overnight culture was infected at a multiplicity of infection of 1
phage for 1,000 bacteria and incubated in LB broth for 8 h at 37°C with
shaking. Chloroform was added to the culture, and the cell lysate was
centrifuged at 4,000 X g for 10 min at 4°C to remove cell debris. Phage
particles were precipitated from culture supernatant in the presence of
10% polyethylene glycol (average molecular weight, 6,000) and 1 M so-
dium chloride. After centrifugation at 9,000 X g for 2 h at 4°C, the pellet
was dissolved in 5 ml of phage buffer (10 mM MgSO,, 10 mM Tris [pH
7.6], and 1 mM EDTA) (27). Phage DNA was purified from the phage
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suspension by phenol extraction, followed by ethanol precipitation. A
total of 300 ng of phage DNA was digested with the endonuclease HindIII
or BssHII as described by the manufacturer (New England BioLabs) and
visualized by electrophoresis in a 0.7% agarose gel.

Host range determination. The bacteriophages host ranges were de-
termined across the 30 P. aeruginosa isolates from Narbonne hospital, 8
isolates from Percy hospital, and 6 isolates from Korea. For this, 10° bac-
terial cells were mixed with melted 0,7% agar LB medium and poured
onto solid agar LB plates to make double-layer agar plates. Susceptibility
to phages was tested by spotting 10” plaque-forming-units (PFU) onto the
bacterial lawn. After allowing 20 min for the spots to be absorbed, the
plates were inverted and incubated for 24 h at 37°C before recording
the lysis stage (22, 32). Clear lysis zones were recorded as “+”, whereas
turbid zones reflecting low level of bacterial death were recorded as “+/
—”. Susceptibility was also tested on selected isolates by incubating phages
and bacteria at a multiplicity of infection of 1 in liquid broth and record-
ing bacterial lysis by measuring the absorbance at an optical density of
600 nm.

RESULTS

Genetic diversity of MDR P. aeruginosa strains from two French
hospitals. In order to characterize the diversity of MDR strains
circulating inside a single general hospital, 30 isolates collected
during a period of 12 months in Narbonne hospital from 27 pa-
tients were investigated. The sample sources were urine, pus from
abscess, removed arterial catheter, and urethral, rectal, and respi-
ratory (sputum, bronchoalveolar lavage) samples (see Table S1 in
the supplemental material). A majority of isolates from patients in
ICU were considered as infections rather than colonizations. Two
isolates (FrNal9 and FrNa21) were recovered from patient PNa_
19 at 1 month intervals, and three isolates were recovered from
patient PNa_1, the first in 2010 (FrNal) and two in 2011 (FrNa29
and FrNa30) at 1-month intervals. The other isolates were from
different patients. In the Percy hospital in Clamart, 10 MDR and 7
XDR isolates were recovered from different patients over a 10-
month period in 2011, mostly from bronchoalveolar lavage and
from urine. Resistance level to a panel of 10 antibiotics is shown in
Table S2 in the supplemental material. Four strains (FrCl07,
FrCl08, FrCl09, and FrCl24) were resistant to all of the tested
drugs except colistin.

The isolates were distributed into 17 MLVA genotypes, 5 of
which containing more than one isolate (Fig. 1). Several isolates
from a given patient had the same genotype. Three genotypes
differing at one or two VNTRs (ms207 and ms212) formed a clone
(indicated in red) which included 19 isolates from both hospitals.
The other clusters contained three to five isolates from a single
hospital, reflecting outbreak episodes. Isolates in the five clusters
showed the highest antibiotic-resistance levels. We then per-
formed MLVA typing of 70 MDR isolates from different hospitals
in Korea, Romania, and Hungary (see Table S1 and Table S2 in the
supplemental material for the antibiotic susceptibility patterns)
and compared them to the French isolates. Seven antibiotic-sus-
ceptible isolates from Hungary were included in the study, as well
as two reference strains, PAO1 and PA14. Three of the five previ-
ously observed clusters (shown with the same colors in Fig. S1 in
the supplemental material) included isolates from different coun-
tries, the larger one having 59 isolates: 19 from France, 2 from
Hungary, 25 from Korea, 13 from Romania. MLVA distinguished
11 genotypes in this clone related to polymorphism at ms207,
ms211, ms212, and ms214. MLST was performed on all of the
Romanian isolates and selected isolates belonging to major MLVA
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MLVA

Patient
PNa_4
PNa_27
PNa_12
PCI_17
PNa_5
PNa_8
PNa_24
PCI_1
PCI_2
PCI_3
PNa_11
PNa_13
PNa_19
PNa_19
PNa_21
PNa_6
PNa_18
PCI_13
PCI_14
PCI_16
PCI_18
PCI_19
PNa_10
PNa_22
PNa_23
PNa_25
PNa_26
PNa_15
PNa_2
PNa_3
PNa_7
PNa_9
PNa_16
PNa_17
PNa_1
PNa_1
PNa_1
PNa_14
PNa_20
PCI_4
PCI_5
PCI_6
PCI_7
PCI_9
PCI_10
PCI_12
PCI_15

alias
FrNa4
FrNa28
FrNa12
FrCi24
FrNa5
FrNa8
FrNa25
FrCI7
FrCI8
FrCI9
FrNa11
FrNa13
FrNa19
FrNa21
FrNa22
FrNa6
FrNa18
FrCI20
FrCi21
FrCI23
FrCI25
FrCI26
FrNa10
FrNa23
FrNa24
FrNa26
FrNa27
FrNa15
FrNa2
FrNa3
FrNa7
FrNa9
FrNa16
FrNa17
FrNa29
FrNa30
FrNa1
FrNa14
FrNa20
FrCI10
FrCi11
FrCl12
FrCl13
FrCl15
FrCl16
FrCl19
FrCI22
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FIG 1 Clustering analysis of 47 isolates from the Narbonne and Clamart hospitals. The dendrogram was produced in BioNumerics using MLVA data. Clones
defined with an 80% cutoff are indicated by colors. The resistances to ten antibiotics are indicated on the right. R, resistant; S, susceptible; and I, intermediate.
GM, gentamicin; TM, tobramycin; AK, amikacin; IMP, imipenem; MPM, meropenem; CAZ, ceftazidime; FEP, cefepime; CIP, ciprofloxacin; TZP, piperacillin-

tazobactam; AZN, aztreonam.
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FIG 2 Restriction pattern of the three bacteriophages A, B, and C. Genomic
DNA digested by HindIII or BssHII was run on an agarose gel. M, size marker.

clusters. In the larger cluster all MLST-typed isolates belonged to
CC235 (13, 3, and 2 isolates from Romania, France, and Korea,
respectively, were ST235). Three different B-lactamases were
identified in this cluster: IMP-1, VIM-2, and GESLI. In five other
CC235 isolates (FrNal, FrNal9, FrNa6, FrNa23, and FrNa30) the
resistance mechanism involved overexpression of AmpC cepha-
losporinase and alteration of OprD. Two additional clusters were
identified as international clone CC111 (two ST111 and two
ST229 isolates) and CC175 (two ST175 isolates). One isolate was
ST308, and the last one was ST560. None of the seven non-MDR
isolates (Hu8, Hull, Hul6, Hul7, Hul8, and Hul9) clustered
with CC235.

Isolation of lytic bacteriophages and susceptibility test. In
order to test whether phages could have in vitro activity against
MDR P. aeruginosa, we isolated new lytic phages and tested their
virulence against the 30 isolates from Narbonne hospital, 8 iso-
lates from Percy hospital, and 6 isolates from Korea, selected in the
different clusters. To verify that the phages were indeed different,
we analyzed the restriction map of A, B, and C phage genomes
following digestion with the HindIII and BssHII enzymes (Fig. 2).
The three profiles were clearly different, with phages A and C
showing more similarities, which suggests that they belong to the
same family. Table 1 shows the host range determination of the
three phages, individually or combined in a cocktail. Six indepen-
dent assays were performed and the table shows a synthesis of each
experiment where “+” means that the strain is highly susceptible
to phages, whereas “—/+” corresponds to an intermediate result.
Out of 44 P. aeruginosa isolates, 42 (95.4%) displayed high suscep-
tibility to at least one phage, as well as to the cocktail. There was a
correlation between the genotype and the susceptibility pattern in
isolates of the two smaller clones (shown in blue and green in Fig.
1), suggesting that they were rather stable. This is not the case for
isolates belonging to the CC235 lineage, in which a diversity of
patterns was observed. Two isolates belonging to CC235, namely,
FrNa3 and FrNa9, were resistant to all three phages (individually
or as a cocktail), whereas other strains with the same MLVA
genotype and originating from different hospitals and countries
were susceptible to one to three phages.
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DISCUSSION

Bacteriophages, natural killers of bacteria, may represent a new
addition in the therapeutic arsenal to fight the ever increasing
threat of antibiotic-resistant bacteria. Recent reviews discussed
the applicability of phage therapy in the clinical settings (11, 12,
21). They emphasize the fact that topical (skin, ear, superficial and
osteoarticular wounds) and oral (digestive tract) use of phages
may be the most efficient but also suggested that acute or chronic
respiratory infections, as observed in cystic fibrosis patients, might
be treated using nebulizers. Well-designed randomized controlled
trials using fully characterized single phage or phage cocktails with
an adapted virulence spectrum have yet to be implemented. Re-

TABLE 1 Susceptibility of 44 isolates to three lytic bacteriophages

Susceptibility®
Clonal Cocktail

Isolate type Phage A Phage B Phage C (A+B+C)
FrNa0O1 235 +/- +/- + +
FrNa02 235 - +/- + +
FrNa03 235 - +/- +/- +/-
FrNa04 + + + +
FrNa05 + + +/- +
FrNa06 - + — +
FrNa07 235 +/- - + +
FrNa08 +/- + +/- +
FrNa09 235 +/- +/- +/- +/-
FrNal0 308 + + + +
FrNall +/- + +/- +
FrNal2 +/- + +/- +
FrNal3 175 - + — +
FrNal4 235 + +/- + +
FrNal5 - + +/- +
FrNalé6 235 - - + +
FrNal7 235 +/- - + +
FrNal8 - + +/- +
FrNal9 175 - + +/- +
FrNa20 + + + +
FrNa21 175 - + +/- +
FrNa22 +/- + + +
FrNa23 308 + + + +
FrNa24 + + + +
FrNa25 + + +/- +
FrNa26 308 + + + +
FrNa27 308 + + +/- +
FrNa28 + — + +
FrNa29 235 +/- + +/- +
FrNa30 235 +/- + + +
FrCl07 111 - + - +
FrClog 111 — + — +
FrCl10 235 + + + +
FrCl11 235 + + + +
FrCI20 - + - +
FtCI22 235 + + + +
FrCl24 +/- + +/- +
FrCl26 - + - +
K6 560 - + - +
K20 235 + + + +
K23 235 + + +
K25 + + + +
K32 - + - +
K45 235 + +/- + +

“ +, Susceptible; —, not susceptible; +/—, intermediate.
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cent small-scale phage therapy trials against MDR P. aeruginosa
and MRSA infections have been performed in Western Europe
and the United States (18, 23, 31). Moreover, an experimental
study conducted on wild-type P. fluorescens strains recently
showed that a combined synergistic antibiotic-phage treatment
could prevent resistance evolution among native strains and could
decrease significantly the fitness of rare surviving bacterial popu-
lations (4, 33).

Our preliminary analysis of MDR P. aeruginosa susceptibility
to lytic bacteriophages is very encouraging in that the large major-
ity of isolates distributed in the 14 MLVA clusters and singletons
were lysed by at least one among the three bacteriophages used in
the present study. Members of clone CC235 were highly repre-
sented on our collection (50% of MDR isolates), in excellent
agreement with previous investigations (16). We also observed
MDR isolates belonging to other international clonal complexes
such as CC111 and CC175 (3). A limit of our study is the fact that
drug resistance of the tested international collection of P. aerugi-
nosa isolates was evaluated using different methods and different
breakpoint systems. We plan to perform a larger prospective assay
on phage susceptibility of fully characterized MDR isolates and
using additional lytic phages. Indeed, among the studied isolates,
two were resistant to the three phages, and they will be used in the
future to isolate new lytic phages and to investigate the mecha-
nisms of phage resistance. Efficient therapeutic cocktails should be
able to lyse a majority of isolates of diverse origins and genetic
backgrounds so that the chance to be active against a particular
infection is high.

As part of a multitrack approach (2), a molecular epidemiolog-
ical diagnosis, based on a systematic and networked genotyping of
clinically relevant strains, could constitute a very promising— and
necessary—step. The increasing occurrence of P. aeruginosa MDR
strains necessitates research efforts for alternative and innovative
therapeutic solutions (e.g., phage therapy), as well as for optimiz-
ing current preventive strategies (e.g., hand-washing and isolation
of colonized or infected patients).
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