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Biofilm growth, antibiotic resistance, and mutator phenotypes are key components of chronic respiratory
infections by Pseudomonas aeruginosa in cystic fibrosis patients. We examined the dynamics of mutator and
antibiotic-resistant populations in P. aeruginosa flow-cell biofilms, using fluorescently tagged PAO1 and
PAOMS (mutator [mutS] derivative) strains. Two-day-old biofilms were treated with ciprofloxacin (CIP) for 4
days (t4) at 2 �g/ml, which correlated with the mutant prevention concentration (MPC) and provided an
AUC/MIC ratio of 384 that should predict therapeutic success. Biofilms were monitored by confocal laser
scanning microscopy (CLSM), and the numbers of viable cells and resistant mutants (4- and 16-fold MICs)
were determined. Despite optimized pharmacokinetic/pharmacodynamic (PK/PD) parameters, CIP treatment
did not suppress resistance development in P. aeruginosa biofilms. One-step resistant mutants (MexCD-OprJ or
MexEF-OprN overexpression) were selected for both strains, while two-step resistant mutants (additional GyrA or
GyrB mutation) were readily selected only from the mutator strain. CLSM analysis of competition experiments
revealed that PAOMS, even when inoculated at a 0.01 proportion, took over the whole biofilm after only 2 days of
CIP treatment outnumbering PAO1 by 3 log at t4. Our results show that mutational mechanisms play a major role
in biofilm antibiotic resistance and that theoretically optimized PK/PD parameters fail to suppress resistance
development, suggesting that the increased antibiotic tolerance driven by the special biofilm physiology and
architecture may raise the effective MPC, favoring gradual mutational resistance development, especially in mutator
strains. Moreover, the amplification of mutator populations under antibiotic treatment by coselection with resis-
tance mutations is for the first time demonstrated in situ for P. aeruginosa biofilms.

The ubiquitous versatile environmental microorganism
Pseudomonas aeruginosa is an opportunistic pathogen that
causes a wide range of human infections (61) and stands out as
a major cause of chronic respiratory infection (CRI). CRI by P.
aeruginosa is the main cause of morbidity and mortality in
cystic fibrosis (CF) patients (16, 34) and a frequent complica-
tion of other respiratory diseases such as chronic obstructive
pulmonary disease (COPD) or bronchiectasis (14, 40, 48). The
establishment of P. aeruginosa CRI is mediated by a complex
adaptive process that includes physiological changes of bacte-
rial cells, mainly represented by the transition from a plank-
tonic to a biofilm mode of growth, and the selection of an
important number of adaptive mutations required for long-
term persistence (42, 54, 59, 66, 70). The biofilm mode of
growth, together with the remarkable intrinsic antibiotic resis-
tance of P. aeruginosa, is one of the most important factors in
the persistence of CRI since it provides increased tolerance to
the host defense mechanisms (such as mechanical clearance,
complement, antibodies, or phagocytes) and antibiotics (8, 23).
This increased tolerance (or phenotypic resistance) of biofilms
toward antibiotics is thought to be related to their complex
architecture and the large heterogeneity of bacterial cells living

in different physiological states, which determines the meta-
bolic activity and gene expression (68, 69). However, the effect
and relevance of classical resistance mutational mechanisms
for the reduced antibiotic susceptibility of biofilms have not
been deeply studied yet.

Another common feature of P. aeruginosa CRI, including
those occurring in patients with CF, bronchiectasis, or COPD,
is the very high prevalence (30 to 60% of patients) of hyper-
mutable (or mutator) strains deficient in the DNA mismatch
repair (MMR) system (frequently in the mutS gene), in con-
trast to the prevalence of this feature observed in acute infec-
tions (�1%) such as hospital-acquired pneumonia or bactere-
mia in intensive care unit patients (6, 18, 35, 44, 51, 52). The
presence of hypermutable strains has been found to be linked
to the high antibiotic resistance rates of P. aeruginosa strains
isolated from patients with CRI (6, 20, 35, 52). It has also been
shown by in vitro and in vivo experiments that hypermutation
dramatically favors resistance development during antibiotic
exposure (36, 53, 56). Furthermore, recent studies have also
linked hypermutation with the adaptation to the CRI setting
since acquisition of beneficial mutations is favored in mutator
strains (44). Similarly, in recent years some studies have ad-
dressed the consequences of hypermutation on biofilm devel-
opment (7, 67) and the relationship between biofilm increased
mutagenesis and diversification/adaptability processes (3, 10).
Despite all of these studies, there is still a gap in knowledge
regarding the role that mutators may play in biofilms treated
with antibiotics.

* Corresponding author. Mailing address: Servicio de Microbiología
and Unidad de Investigación, Hospital Universitario Son Espases,
Ctra. Valldemossa, 79, 07010 Palma de Mallorca, Spain. Phone: 34 871
206262. Fax: 34 871 909708. E-mail: mariad.macia@ssib.es.

� Published ahead of print on 22 August 2011.

5230



Finally, according to the rational design of protocols for
antibiotic therapy, dosing regimens are based on the changes in
the concentration of the antibiotic during the course of treat-
ment (pharmacokinetics [PK]) and on the in vitro relationship
between the concentration of that antibiotic and the growth or
death rate of the target bacteria (pharmacodynamics [PD]).
These factors comprise the PK/PD indices (1, 12), which are
used to estimate the potential efficacy of antibiotic treatment
regimens. However, despite several studies that have evaluated
the efficacy of antipseudomonal antibiotics by using PK/PD-
optimized regimens in animal models or clinical studies (16,
25, 30, 32, 64), PK/PD approaches to the experimental treat-
ment of biofilm growing bacteria are still scarce in the litera-
ture (2, 49).

Therefore, the present study evaluated the dynamics of bac-
terial killing and resistance development in a biofilm model
with fluorescently tagged wild-type and hypermutable P.
aeruginosa strains using a PK/PD-optimized ciprofloxacin
(CIP) exposure. The dynamics of amplification of mutator
populations under antibiotic treatment of biofilms was also
explored through competition experiments.

MATERIALS AND METHODS

P. aeruginosa strains. The wild-type, piliated, reference strain PAO1 (24) was
obtained from the Danish collection (Systems Biology-DTU). Its MMR-deficient
hypermutable derivative (mutS knockout mutant) PAOMS was constructed by
using the Cre-lox system for gene deletion and antibiotic resistance marker
recycling according to previously described protocols and plasmids (46). P.
aeruginosa strains were fluorescently tagged at the att intergenic neutral chro-
mosomal locus with gfp (green fluorescent protein), cfp (cyan fluorescent pro-
tein), or yfp (yellow fluorescent protein) in mini-Tn7 constructs, containing
streptomycin or gentamicin resistance markers, as described by Klausen et al.
(31).

PK/PD model of biofilm treatment. Biofilms were grown at 30°C in three-
channel flow cells with individual channel dimensions of 1 by 4 by 40 mm. The
flow system was assembled and prepared as described previously (5). Channels
were inoculated with 250 �l of normalized dilutions (1/100 dilution of cultures
adjusted to an optical density at 600 nm of 0.1) of saturated bacterial cultures,
left without flow for 1 h to allow bacterial adherence; after which, modified FAB
medium (22) supplemented with 0.3 mM glucose flow (3 ml h�1) was started
using a Watson Marlow 205S peristaltic pump.

After 48 h of incubation (t0), biofilms were challenged with CIP at 2 �g/ml
(added to fresh medium), which correlates with the mutant prevention concen-
tration (MPC) (11) described for PAO1 (36) that should prevent the generation
and amplification of one-step resistance mutants. CIP at 2 �g/ml also provides an
area under the 24-h concentration-versus-time curves (AUC) of 48, which, con-
sidering the MIC of CIP (0.125 �g/ml) for strain PAO1 (or PAOMS), leads to a
AUC/MIC ratio of 384, a value well above the AUC/MIC of �125 threshold
(fAUC/MIC � 75, since binding of CIP to serum proteins is ca. 40%) thought to
predict therapeutic success for quinolones (1, 17, 45) or the 157 threshold (total
drug) shown to suppress resistance according to mathematical models (30).

After 2 (t2) and 4 (t4) days of treatment, biofilms were detached and collected
by washing the flow-cell channels with a 1-ml glass bead (Sigma) suspension in
0.9% NaCl. Then, serial dilutions were plated in (i) Mueller-Hinton agar (MHA)
to determine the numbers of viable cells, (ii) MHA CIP at 4-fold MIC (0.5
�g/ml) to determine the numbers of one-step resistant mutants, according to the
expected CIP resistance level conferred by classical QRDR or efflux phenotypes,
and (iii) MHA CIP at 16-fold MIC (2 �g/ml) to determine the numbers of
two-step resistant mutants, according to the MPC definition. The established
detection limit was 2 CFU. In all cases, the results from four independent
experiments were considered.

Microscopic analysis. Biofilm structural dynamics were monitored by confocal
laser scanning microscopy (CLSM) at t0, t2, and t4. Dead cells/areas of PAO1 or
PAOMS GFP-tagged biofilms were red stained using propidium iodide (PI) to
visualize the bactericidal dynamics of CIP in biofilms. All microscopic observa-
tions were performed by using a Zeiss LSM510 confocal laser scanning micro-
scope (Carl Zeiss, Jena, Germany) equipped with an argon laser, detector, and

filter sets for monitoring GFP, CFP, and YFP expression (excitation, 488 nm;
emission, 517 nm), as well as a NeHe laser for simultaneous monitoring of the
red fluorescence emitted from the PI (excitation, 543 nm; emission filter, 565 to
615 nm). Images were obtained by using a 40�/1.3 Plan-Neofluar oil objective
lens.

For the structural study of biofilms, at least four pictures per channel, flow cell,
time point (t0, t2, and t4), and strain were taken and analyzed by using the
COMSTAT program (Systems Biology-DTU) (22). Simulated three-dimensional
images and sections were generated by using the IMARIS software package
(Bitplane AG, Zurich, Switzerland).

Competition experiments. Competition experiments between PAO1 (YFP-
tagged) and PAOMS (CFP-tagged) strains were started at 1:1 and 1:0.01 pro-
portions. Similarly to individual biofilms experiments, after 48 h of incubation
(t0), mixed biofilms were challenged with CIP at 2 �g/ml, followed by CLSM for
2 and 4 days of treatment (t2 and t4, respectively). At t4, the biofilms were
detached, collected (see above), and plated in Luria-Bertani (LB) agar with or
without streptomycin at 200 �g/ml to determine the CFU numbers of PAO1 and
PAO1�PAOMS, respectively. Untreated biofilms controls were also studied. All
experiments were performed four times.

Characterization of CIP-resistant mutants. Three CIP-resistant mutants for
strains (PAO1 and PAOMS), CIP concentration (4- and 16-fold MICs), and
experiments (four independent) were characterized. CIP MICs were determined
by using Etest. The expression of the genes encoding the efflux pumps (MexAB-
OprM [mexB], MexCD-OprJ [mexD], and MexEF-OprN [mexF]) was deter-
mined by real-time PCR according to a modified protocol of that previously
described by Oh et al. (50). Briefly, total RNA from cultures grown to logarith-
mic phase was obtained with an RNeasy minikit (Qiagen, Hilden, Germany) and
was adjusted to a final concentration of 50 ng/�l. Then, 50 ng of purified RNA
was used for one-step reverse transcription (RT) and real-time PCR amplifica-
tion using a QuantiTect SYBR green RT-PCR kit (Qiagen) in a SmartCycler II
(Cepheid, Sunnyvale, CA) instrument. Previously described primers and condi-
tions were used for the amplification of mexB, mexF, mexD, and rpsL, which were
used to normalize the relative amounts of mRNA (50). In all cases, the mean
values of mRNA expression obtained in two experiments were considered. Over-
expression was considered for mutants showing expression values �3-fold
(mexB) or �10-fold (mexD and mexF) higher than those of wild-type PAO1 (4).
The involvement of mutations in the quinolone resistance determining regions
(QRDR) of gyrA, gyrB, parC, and parE were investigated by PCR amplification
using previously described primers (28, 50). In all cases, two independent PCR
products were sequenced on both strands. A BigDye terminator kit (PE-Applied
Biosystems) was used to perform the sequencing reactions that were analyzed
with the ABI Prism 3100 DNA sequencer (PE-Applied Biosystems). Finally, the
sequences were compared to those of PAO1 using the BLAST program (http:
//www.ncbi.nlm.nih.gov/BLAST).

RESULTS

PK/PD-optimized drug exposure fail to prevent resistance
development in the biofilm model. To evaluate the dynamics of
antibiotic activity and resistance development in P. aeruginosa
biofilms, we designed a PK/PD-optimized regimen of the an-
tipseudomonal agent CIP using the flow-cell chamber. A fixed
CIP concentration of 2 �g/ml (see Material and Methods) was
used to treat mature biofilms (2 days old, t0) of wild-type
(PAO1) and mutator (PAOMS) strains. CIP therapeutic effi-
cacy and selection of resistant mutants in biofilms were studied
at 2 (t2) and 4 (t4) days of treatment by determining the
numbers of viable cells and CIP (4- and 16-fold MIC)-resistant
mutants, and by monitoring the structures by CLSM. Figure 1
shows that, although there was an important initial reduction
in the bacterial load (�3 log) for both strains after 2 days of
CIP treatment (t2), it increased again (1 log for PAO1 and
close to 2 log for PAOMS) after 2 more days of CIP treatment
(t4). As shown in Fig. 1A and B, despite optimized drug ex-
posure the recovery of biofilm populations was due to the
selection of CIP-resistant mutants: 4-fold MIC resistant mu-
tants were selected at t2 and amplified at t4, reaching 7 � 104

and 2 � 106 CFU for PAO1 and PAOMS, respectively, ac-
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counting for most of the biofilm bacterial population, espe-
cially for PAOMS. Moreover, compared to untreated controls,
CIP 4-fold MIC-resistant mutants were amplified at t4 by ap-
proximately 2 and 4 logs for PAO1 and PAOMS biofilms,
respectively. Consequently, conventional CIP MPC was not
sufficient to prevent the selection of one-step resistant mutants
(4-fold MIC) even in PAO1 biofilms. Moreover, it did not
prevent the emergence and selection of two-step resistant mu-
tants (16-fold MIC) in PAOMS biofilms that reached 3 log at
t4 in treated biofilms but remained below the detection limit in
untreated controls. In summary, these results show that theo-
retically optimized quinolone PK/PD parameters were not ef-
fective for the eradication of P. aeruginosa biofilms in which,
besides their special physiology and architecture, antibiotic
resistance was primarily due to mutational mechanisms.

In agreement with the previous data, Fig. 2A shows that 2
days of CIP treatment strongly reduced the biomass of PAO1
(from 16 to 0.7 �m3/�m2) and PAOMS (17 to 4 �m3/�m2)
biofilms. Nevertheless, after 4 days of CIP treatment the bio-
mass started to recover (1.6 and 5.3 �m3/�m2 for PAO1 and
PAOMS, respectively) due to regeneration of the biofilm by a
resistant mutant population, especially in the PAOMS biofilms
(Fig. 2A). The same regeneration effect was observed in terms
of biofilm thickness for the mutator strain (Fig. 2B). Similarly,
significant biomass reduction was also evidenced by CLSM in

both strains at t2, especially for PAO1, in which most of the
cells were dead (in red), but regeneration of biofilm structure
at t4 was clearly observed, especially for PAOMS (Fig. 3).

Nature of sequential mutation-driven resistance in biofilm
growth. Three CIP-resistant mutants per strain (PAO1 and
PAOMS), per CIP concentration (4- and 16-fold MIC), and
per experiment (four independent) were randomly selected for
characterization after passage in antibiotic-free media. CIP
MICs (Etest), the levels of expression of efflux pump genes
(mexB, mexD, and mexF), and mutations in the QRDR of
topoisomerases (GyrA, GyrB, ParC, or ParE) were investi-
gated. The CIP MICs and the resistance mechanisms for a
total 36 mutants are summarized in Table 1. The CIP MICs of
one-step resistant mutants (4-fold MIC) from both strains,
PAO1 and PAOMS, ranged from 0.75 to 2 �g/ml. Hyperex-
pression of MexEF-OprN ranging from 11- to 461-fold was
documented for all one-step CIP-resistant mutants from PAO1
biofilms. Similarly, MexCD-OprJ (90- to 1,351-fold) or
MexEF-OprN (21- to 131-fold) hyperexpression was docu-
mented in all one-step CIP-resistant mutants recovered from
PAOMS biofilms. On the other hand, two-step resistant mu-
tants (16-fold MIC) were only selected in PAOMS biofilms.
The CIP MICs in these mutants ranged from 4 to �32 �g/ml.
Hyperexpression of MexEF-OprN (18- to 234-fold) or
MexCD-OprJ (29- to 446-fold) was documented in all of the

FIG. 1. Dynamics over time (t0, t2, and t4) of bacterial populations (total cells, CIP 4-fold MIC [0.5 �g/ml] and 16-fold MIC [2 �g/ml]-resistant
mutants) in the biofilms of strains PAO1 (A) and PAOMS (B) treated with 2 �g of CIP/ml compared to untreated controls (panels C and D,
respectively). The arrows indicate the start of the treatment. The total CFU numbers are the mean value for four different experiments.
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mutants, but with the additional presence of different muta-
tions in the QRDR of GyrA or GyrB in all but one of the
mutants (Table 1). These results show that in the biofilm en-
vironment MPC of CIP is probably higher than predicted by
planktonic experiments due to the special biofilm physiology
and architecture that allow cells to tolerate and survive in the
presence of the antibiotic. In this context, gradual mutational
resistance is apparently favored, especially in mutator strains.

Amplification of mutator populations under antibiotic
treatment of biofilms. To investigate the dynamics of coselec-
tion of mutators and antibiotic resistance in biofilms during
antibiotic treatment, 1:0.01 competition experiments using
PAO1 versus PAOMS were carried out. As can be observed in
Fig. 4, after only 2 days of CIP treatment (t2) the mutator
strain took over the whole biofilm structure (Fig. 4B), while in
the control (untreated, 4-day-old) mixed biofilms most of the
structure was formed by the PAO1 strain (Fig. 4E). Interest-
ingly, the proportion of PAOMS seemed to be increased at t4
(6-day-old mixed biofilm) in control biofilms, suggesting that
biofilm growth itself favors the selection of mutator popula-
tions, in agreement with previous data (A. Luján et al., unpub-
lished data). Nevertheless, our results clearly indicate that CIP
treatment dramatically accelerated the natural process of se-
lection of mutator populations in biofilms, most likely through
their coselection with antibiotic-resistant mutants. In agree-

ment with the CLSM images, the PAOMS/PAO1 ratio (har-
vested and plated biofilms) increased from 0.01 in the initial
inoculum to median values at t4 of 855 and 0.16 for treated and
control biofilms, respectively. These results demonstrate for
the first time that CIP treatment of P. aeruginosa biofilms
drives the selection and amplification of not only antibiotic-
resistant mutant subpopulations but also mutator strains.

DISCUSSION

The unsuccessful eradication of P. aeruginosa once CRI is
established has been partly attributed to the formation of bio-
films. Microbial biofilms have been the focus of intense inves-
tigation during the last decade especially because of their in-
trinsic resistance to biocides, the host immune system, and
antibiotics. Several recent studies have evaluated antibiotic
regimens to combat P. aeruginosa biofilms (21, 65); however, to
date there are no data that provide a comprehensive under-
standing of the mechanisms of biofilm resistance (13, 37). It is
believed that biofilm-reduced antibiotic susceptibility is a phys-
iological condition that does not involve mutation and allows
the bacteria to survive in the presence of the antimicrobial
agent (19); this is often referred to in the literature “tolerance”
(phenotypic resistance). Tolerance mechanisms are multifac-
torial, including restricted antimicrobial diffusion, high cell

FIG. 2. Biomass (�m3/�m2) and maximum thickness (�m) analysis of biofilms formed by PAO1 and PAOMS strains treated with CIP (A and
B) and not treated (C and D) obtained with the COMSTAT program for the quantification of three-dimensional biofilm structures. Three time
points—t0 (2-day-old biofilms), t2 (4-day-old biofilms, 2 days of CIP treatment), and t4 (6-day-old biofilms, 4 days of CIP treatment)—are
represented. The results represent the means (bars) and standard deviations (error bars) of three independent experiments.
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density, differential physiological activity, slow growth, and
persister cell formation (19, 37). Antibiotic-specific biofilm tol-
erance mechanisms have been recently reported, e.g., the ndvB
locus required for the synthesis of periplasmic glucans that
physically interact with tobramycin (38, 71) or the mechanisms
depending on the pmr and mexAB-oprM operons that induce
tolerance toward antimicrobial peptides (15, 55). Nevertheless,
the potential relevance of mutational mechanisms in biofilm
antibiotic resistance has been mostly ignored in the literature,

except for a few studies based in the static peg lid model (46,
57). In the present study, we used the flow-cell model to eval-
uate the dynamics of antibiotic activity and resistance devel-
opment in biofilm growth and how these parameters are mod-
ified in the presence of a mutator strain. We found that
treatment with the quinolone CIP readily selected resistant
mutants, demonstrating that mutational processes are impor-
tant components of biofilm resistance. Furthermore, a CIP
treatment regimen of P. aeruginosa biofilms was designed to
achieve PK/PD target values that theoretically should predict
therapeutic success. However, despite adequate drug exposure,
CIP efficacy in terms of reduction of biofilm bacterial load was
very low due to the selection and amplification of resistant
mutants, which almost rebuilt the whole biofilm structure by t4.
Moreover, the CIP concentration used in this model, 2 �g/ml,
is equivalent to the MPC that has been defined as the MIC of
the least susceptible single-step mutant (11). Therefore, MPC
should avoid the generation of one-step resistant mutants or,
in case they preexist, should be able to inhibit their growth and
prevent the emergence of two-step resistant mutants. More-
over, the resulting AUC/MIC values in our model are twice as
high as those found to suppress resistance development in in
vitro and in vivo models of planktonic growth (30, 63). Never-
theless, single-step resistant mutants were efficiently selected
from the biofilms of both strains, and two-step resistant mu-
tants were readily selected from the mutator strain biofilms.
These results suggest that the increased antibiotic tolerance
driven by the special biofilm physiology and architecture may
raise the effective MPC, favoring gradual mutational resistance
development, especially in mutator strains. Thus, according to
our results and those of the classical studies mentioned above
(19, 37), both tolerance and mutational mechanisms would be
intimately linked to contribute to the global biofilm antibiotic
resistance. From a clinical perspective, our results highlight the
need to adapt the classical PK/PD target values to the biofilm
mode of growth, in order to optimize the therapeutic manage-
ment of CRI by P. aeruginosa.

As mentioned above, sequential development of resistance
during antimicrobial treatment of biofilms was particularly fa-
vored for mutator strains, which are highly prevalent in CRI
(35, 52). To better understand the interplay between mutator
phenotypes and resistance development during antibiotic

FIG. 3. Three-dimensional images and transversal sections of GFP
(green)-tagged PAO1 and PAOMS biofilms, treated or not treated
with CIP, and stained with propidium iodide (red). Images obtained at
three time points—t0 (2-day-old biofilms), t2 (4-day-old biofilms, 2
days of CIP treatment), and t4 (6-day-old biofilms, 4 days of CIP
treatment)—are shown for each strain.

TABLE 1. Susceptibility and resistance mechanisms of PAO1 and PAOMS biofilm CIP-resistant mutants

Origin of mutants (n)a No. of mutants with
a defined phenotype

CIP MIC
range (�g/ml) Resistance mechanism(s)b

PAO1 0.125 None
PAOMS 0.125 None
PAO1 CIP 0.5 (12) 12 0.75–2 mexF overexpression
PAOMS CIP 0.5 (12) 7 0.75–2 mexD overexpression

5 1–2 mexF overexpression
PAOMS CIP 2 (12) 5 8–24 mexD overexpression � GyrA Thr-83-Ala

1 4 mexF overexpression � GyrA Thr-83-Ala
2 �32 mexF overexpression � GyrA Thr-83-Ile
1 �32 mexD overexpression � GyrB Ser-466-Phe
1 �32 mexF overexpression � GyrB Ser-466-Phe
1 6 mexD overexpression � GyrB Ile-480-Thr
1 4 mexF overexpression � ?

a Collected at t4 (i.e., 4 days of CIP treatment).
b That is, mutations in topoisomerases (the numbering corresponds to the published PAO1 sequence).
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treatment of biofilms, competition experiments between PAO1
and PAOMS were carried out. Even when starting in a 0.01
proportion, the mutator strain took over the complete biofilm
structure after only 2 days of CIP treatment, denoting the
dramatic amplification of mutator populations by coselection
with resistance mutations during antibiotic treatment of bio-
films. The fixation of mutator lineages in bacterial populations
by coselection with antibiotic resistance and other adaptive
mutations has been already well documented in vitro using
Escherichia coli as a model organism (9, 39, 60, 62), and recent
data from murine models (43) and sequential clinical isolates
recovered from CF patients (44) suggest that it may play an
important role in the adaptation of P. aeruginosa to the chronic
lung infection setting. In the present study the amplification of
mutator populations under antibiotic treatment is demon-
strated for the first time in situ for P. aeruginosa biofilms.

Finally, regarding the nature of CIP-resistant mutants se-
lected from P. aeruginosa biofilms, it is noteworthy that all
one-step resistant mutants showed hyperexpression of the ef-
flux pumps MexCD-OprJ or MexEF-OprN. These results are
consistent with data gathered from clinical isolates showing
that the overexpression of these efflux pumps is frequent
among chronically infected CF patients, in contrast to what is
documented in P. aeruginosa acute nosocomial infections (20,
26–29, 41). Moreover, a positive selection of mutants overex-
pressing MexCD-OprJ was documented in a mouse model of
hypermutable P. aeruginosa CRI treated with CIP (36) and
after azithromycin treatment in a biofilm model (46). Further
in vitro data suggest that the positive selection of these mutants
in CRI could well be linked to their decreased virulence and
enhanced biofilm formation and resistance (33, 47, 58). In
addition, in our model, mutants overexpressing MexEF-OprN
were apparently favored in wild-type PAO1 background,
whereas both types of mutants, MexEF-OprN and MexCD-
OprJ, were readily selected from the mutator strain. Further

studies are needed nevertheless to confirm whether this ten-
dency is significant and the underlying genetic basis. In any
case, our results suggest that overexpression of MexCD-OprJ
or MexEF-OprN is the primary cause of CIP resistance devel-
opment in biofilms and that when these mutants are fixed in
the population linked to a mutator phenotype they promote
the emergence of quinolone target (GyrA or GyrB) mutations,
as documented for 11 of the 12 two-step resistant mutants
studied. Moreover, these results are again consistent with data
from clinical CF isolates, in which combinations of MexCD-
OprJ/MexEF-OprN overexpression and GyrA/GyrB mutations
are frequently detected among mutator strains (20).

In summary, the present study represents a step forward in
deciphering the complexity of biofilm antibiotic resistance dy-
namics and encourages the development of new strategies for
combating biofilm-driven infections. Particularly relevant is the
demonstration that mutational mechanisms play a major role
in biofilm antibiotic resistance and that theoretically optimized
PK/PD parameters fail to suppress resistance development.
Therefore, our results suggest that the increased antibiotic
tolerance driven by the special biofilm physiology and archi-
tecture may raise the effective MPC, favoring gradual muta-
tional resistance development, especially in mutator strains.
Moreover, the dramatic amplification of mutator populations
under antibiotic treatment by coselection with resistance mu-
tations is for the first time demonstrated in situ for P. aerugi-
nosa biofilms. Altogether, our results highlight the need to
adapt the classical PK/PD target values to the biofilm mode of
growth, in order to optimize the therapeutic management of
CRI by P. aeruginosa.
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FIG. 4. Three-dimensional images and transversal sections of competition experiments between YFP-tagged (yellow) PAO1 and CFP-tagged
(cyan) PAOMS (1:0.01 initial ratio) in biofilms treated or not treated with CIP. Images obtained at three time points—t0 (2-day-old biofilms), t2
(4-day-old biofilms, 2 days of CIP treatment), and t4 (6-day-old biofilms, 4 days of CIP treatment)—are shown.

VOL. 55, 2011 DYNAMICS OF MUTATORS IN BIOFILMS 5235



This study was supported by Ministerio de Ciencia e Innovación,
Instituto de Salud Carlos III, cofinanced by European Development
Regional Fund “A Way to Achieve Europe” ERDF, Spanish Network
for Research in Infectious Diseases (REIPI RD06/0008), and by a
grant from the Research Committee of Hospital Son Espases.

REFERENCES

1. Ambrose, P. G., et al. 2007. Pharmacokinetics-pharmacodynamics of antimi-
crobial therapy: it’s not just for mice anymore. Clin. Infect. Dis. 44:79–86.

2. Anwar, H., T. van Biesen, M. Dasgupta, K. Lam, and J. W. Costerton. 1989.
Interaction of biofilm bacteria with antibiotics in a novel in vitro chemostat
system. Antimicrob. Agents Chemother. 33:1824–1826.

3. Boles, B. R., and P. K. Singh. 2008. Endogenous oxidative stress produces
diversity and adaptability in biofilm communities. Proc. Natl. Acad. Sci.
U. S. A. 105:12503–12508.

4. Cabot, G., et al. 2011. Overexpression of AmpC and efflux pumps in Pseu-
domonas aeruginosa from bloodstream infections: prevalence and impact on
resistance in a Spanish multicenter study. Antimicrob. Agents Chemother.
55:1906–1911.

5. Christensen, B. B., et al. 1999. Molecular tools for study of biofilm physiol-
ogy. Methods Enzymol. 310:20–42.

6. Ciofu, O., B. Riis, T. Pressler, H. E. Poulsen, and N. Hoiby. 2005. Occur-
rence of hypermutable Pseudomonas aeruginosa in cystic fibrosis patients is
associated with the oxidative stress caused by chronic lung inflammation.
Antimicrob. Agents Chemother. 49:2276–2282.

7. Conibear, T. C., S. L. Collins, and J. S. Webb. 2009. Role of mutation in
Pseudomonas aeruginosa biofilm development. PLoS One 4:e6289.

8. Costerton, J., P. Stewart, and E. Greenberg. 1999. Bacterial biofilms: a
common cause of persistent infections. Science 284:1318–1322.

9. Cox, E. C., and T. C. Gibson. 1974. Selection for high mutation rates in
chemostats. Genetics 77:169–184.

10. Driffield, K., K. Miller, J. M. Bostock, A. J. O’Neill, and I. Chopra. 2008.
Increased mutability of Pseudomonas aeruginosa in biofilms. J. Antimicrob.
Chemother. 61:1053–1056.

11. Drlica, K. 2003. The mutant selection window and antimicrobial resistance.
J. Antimicrob. Chemother. 52:11–17.

12. Drusano, G. L. 2007. Pharmacokinetics and pharmacodynamics of antimi-
crobials. Clin. Infect. Dis. 45(Suppl. 1):S89–S95.

13. Drenkard, E. 2003. Antimicrobial resistance of Pseudomonas aeruginosa
biofilms. Microbes Infect. Nov;. 5:1213–1219.

14. Evans, S. A., S. M. Turner, B. J. Bosch, C. C. Hardy, and M. A. Woodhead.
1996. Lung function in bronchiectasis: the influence of Pseudomonas aerugi-
nosa. Eur. Respir. J. 9:1601–1604.

15. Folkesson, A., J. A. Haagensen, C. Zampaloni, C. Sternberg, and S. Molin.
2008. Biofilm induced tolerance toward antimicrobial peptides. PLoS One
3:e1891.

16. Forrest, A., et al. 1993. Pharmacodynamics of intravenous ciprofloxacin in
seriously ill patients. Antimicrob. Agents Chemother. 37:1073–1081.

17. Gibson, R. L., J. L. Burns, and B. W. Ramsey. 2003. Pathophysiology and
management of pulmonary infections in cystic fibrosis. Am. J. Respir. Crit.
Care Med. 168:918–951.
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