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ABSTRACT During chronic biofilm infections, Pseudomonas aeruginosa bacteria are
exposed to increased oxidative stress as a result of the inflammatory response. As
reactive oxygen species (ROS) are mutagenic, the evolution of resistance to cipro-
floxacin (CIP) in biofilms under oxidative stress conditions was investigated. We ex-
perimentally evolved six replicate populations of P. aeruginosa lacking the major cat-
alase KatA in colony biofilms and stationary-phase cultures for seven passages in the
presence of subinhibitory levels (0.1 mg/liter) of CIP or without CIP (eight replicate
lineages for controls) under aerobic conditions. In CIP-evolved biofilms, a larger CIP-
resistant subpopulation was isolated in the �katA strain than in the wild-type (WT)
PAO1 population, suggesting oxidative stress as a promoter of the development of anti-
biotic resistance. A higher number of mutations identified by population sequencing
were observed in evolved �katA biofilm populations (CIP and control) than in WT PAO1
populations evolved under the same conditions. Genes involved in iron assimilation
were found to be exclusively mutated in CIP-evolved �katA biofilm populations, proba-
bly as a defense mechanism against ROS formation resulting from Fenton reactions. Fur-
thermore, a hypermutable lineage due to mutL inactivation developed in one CIP-
evolved �katA biofilm lineage. In CIP-evolved biofilms of both the �katA strain and
WT PAO1, mutations in nfxB, the negative regulator of the MexCD-OprJ efflux pump,
were observed while in CIP-evolved planktonic cultures of both the �katA strain and
WT PAO1, mutations in mexR and nalD, regulators of the MexAB-OprM efflux pump,
were repeatedly found. In conclusion, these results emphasize the role of oxidative
stress as an environmental factor that might increase the development of antibiotic
resistance in in vivo biofilms.
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Antibiotic resistance is considered a major threat to modern medicine, challenging
the treatment of common bacterial infections. The evolution of antibiotic resis-

tance has primarily been studied in liquid cultures; however, in most natural environ-
ments and in some chronic infections bacteria grow in biofilms.

Biofilm-grown Pseudomonas aeruginosa experiences heterogeneous physiological
and metabolic conditions in a compartmentalized environment which are not encoun-
tered in planktonic liquid cultures. These biofilm-specific conditions cause differences
in the mutagenesis mechanisms and in the selective pressures acting on biofilm-
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forming cells compared to those in cells growing in planktonic cultures that might
influence the evolution of antimicrobial resistance.

Distinct bacterial subpopulations have been described in biofilms, with a metabol-
ically active population at the biofilm surface and a metabolically inactive population
in the deeper layers of the biofilm (1). In addition, a steep oxygen gradient, with
decreasing levels from the surface to the deeper layers, is observed in the colony
biofilm model (2). The described endogenous oxidative stress in biofilms (3, 4) most
probably occurs in the superficial layers of the biofilm, where enough oxygen is present
and cells are metabolically active. Under microaerophilic or anaerobic conditions, such
as those inside microcolonies, P. aeruginosa is able to respire on nitrogen oxides in the
presence of nitrate, and bacterial cells may be exposed to nitrosative stress.

Among antibiotics that promote the evolution of resistance, fluoroquinolones such
as ciprofloxacin (CIP) are of particular concern because they directly interfere with DNA
replication by binding gyrases and topoisomerase IV and, hence, may encourage
replication errors that are the major source of mutations. Gyrases bound with fluoro-
quinolone molecules result in cross-linked protein-DNA complexes containing broken
DNA that induces an SOS response, which can contribute through activation of
error-prone DNA polymerases to elevated mutation rates (5). In addition, CIP treatment
causes increased intracellular reactive oxygen species (ROS) levels in planktonic cultures
(6, 7). In biofilms, antibiotic-induced ROS production has been described in P. aerugi-
nosa (8) and Proteus mirabilis (9) during treatment with quinolones and in Burkholderia
cepacia complex during treatment with aminoglycosides (10).

It is widely accepted that patients with cystic fibrosis (CF) and chronic P. aeruginosa
lung infection are exposed to increased oxidative stress mainly driven by chronic
inflammation with polymorphonuclear leukocytes, a source of ROS, and by a CF-related
deficit in antioxidants, such as glutathione, which further increases the inflammatory
response, as we have previously shown in animal models (11). Thus, the P. aeruginosa
biofilms in the CF lung are exposed to an oxidative stress environment, and our study
aims at reproducing in vitro the oxidative stress by investigating the evolution of
antibiotic resistance in P. aeruginosa lacking the major catalase KatA, an important
antioxidant defense system.

Given that ROS can damage DNA, membranes, lipids, and proteins, P. aeruginosa
possesses different antioxidant defenses to survive during aerobic growth and under
antibiotic attack, with one of these being the katA-encoded major catalase. P. aerugi-
nosa has three differentially evolved catalase genes, katA, katB, and katE (katC). KatA is
the major, constitutively expressed catalase, which is highly produced in all phases of
growth but is increased in the stationary-growth phase (12). KatA is important for the
resistance of P. aeruginosa growing in planktonic and biofilm states when the bacteria
are exposed to H2O2 at high concentrations (12). KatB is induced in both planktonic and
biofilm cells in response to H2O2 exposure but plays a relatively small role in biofilm
resistance (12, 13).

It has been suggested that the bactericidal effect of beta-lactams, fluoroquinolones,
and aminoglycosides has a ROS-dependent component (14) although the significance
of this has been challenged (15–17). Biofilms formed by mutants lacking antioxidant
systems such as catalases (katA for P. aeruginosa and katB for B. cepacia) showed
increased sensitivity to antibiotics (8, 10), and this is regarded as a solid indication of a
contribution by ROS to the bactericidal effect of antibiotics.

In addition, it has been shown in biofilms that antioxidant systems, such as catalases
and superoxide dismutases, are upregulated by the activation of the stringent response
(18, 19). This suggests that inhibiting oxidative stress is an important strategy used by
biofilm-forming bacteria to increase antibiotic tolerance. Moreover, the analysis of gene
expression in P. aeruginosa biofilms revealed that antioxidant enzymes, including katA,
are downregulated during biofilm growth in comparison to the level in planktonic
culture (2).

It has been shown that the KatA catalase, in addition to its role in protection against
ROS-dependent mutagenesis, also plays a critical role in nitric oxide buffering produced
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under anaerobic respiration in the presence of nitrate (20). Recently, two different
promoters of katA have been identified in P. aeruginosa, one coping with ROS produced
under aerobic respiration and the other coping with reactive nitrogen species (RNS)
produced under anaerobic respiration (21).

As the antibiotic-tolerant biofilm-grown P. aeruginosa bacteria use both aerobic and
microaerophilic respiration, the hypothesized production of mutagenic ROS and RNS in
the different biofilm layers might lead to increased mutagenesis and faster develop-
ment of antibiotic resistance in a ΔkatA mutant.

To investigate the role of KatA in biofilm mutagenesis and the development of
resistance to antibiotics, we experimentally evolved a catalase mutant (ΔkatA) of P.
aeruginosa (22) in colony biofilm under aerobic and anaerobic conditions in the
presence and absence of subinhibitory concentrations of CIP. In addition, evolution in
the presence and absence of antibiotic was conducted in stationary-phase aerobic
planktonic cultures.

In the present study, we show that in aerobically grown biofilms the CIP-resistant
population was larger in the �katA strain than in the WT PAO1 strain. Population
sequencing showed a higher number of mutations in �katA populations than in WT
PAO1 bacteria, suggesting that lack of catalase KatA might promote development of
antibiotic resistance in P. aeruginosa aerobically grown biofilms. However, CIP-resistant
mutants occurred also during evolution of WT PAO1 biofilms grown anaerobically,
suggesting that development of resistance to CIP can occur even in the absence of
oxygen. In addition, we show that, similar to findings of an experimental evolution
study of wild-type P. aeruginosa PAO1 (23), a larger CIP-resistant population developed
in �katA biofilm than in planktonic cultures, confirming the biofilm mode of growth as
a promoter of the development of low-level resistance.

RESULTS
Development of a larger CIP-resistant �katA P. aeruginosa subpopulation in

evolved aerobic biofilms than in planktonic cultures. The development of CIP-
resistant subpopulations during experimental evolution in the presence or absence
of 0.1 mg/liter CIP (CIP or CTRL culture, respectively) was investigated by plating the
evolved biofilm and planktonic �katA populations (six and three replicates, respec-
tively) at different passages on Luria-Bertani (LB) plates containing 0.5, 1, and
2 mg/liter CIP.

�katA biofilm CIP-evolved populations showed a significantly larger resistant sub-
population on 0.5 and 1 mg/liter CIP (P � 0.002 and 0.003, respectively; t test) than
�katA planktonic CIP-evolved populations (Fig. 1A). The dynamics of resistance devel-
opment during passages showed that in comparison to planktonic �katA CIP popula-
tions, biofilm �katA CIP populations developed a significantly larger resistant subpop-
ulation (on 1 mg/liter CIP) at passage 1 (P1; P � 0.04), P2, P3 (P � 0.001), P4 (P � 0.003),
and P5 and P6 (P � 0.002 and 0.003, respectively, t test) (Fig. 1B). In �katA CIP biofilm,
there was a significant increase in the size of the resistant subpopulation that devel-
oped from P0 to P6 on 0.5 and 1 mg/liter CIP (P � 0.0001 and 0.001, t test, respectively).

Compared to the evolved CTRL populations (eight replicates), CIP-evolved �katA
biofilm populations developed a significantly large resistant subpopulation on 0.5, 1
(P � 0.0001), and 2 mg/liter CIP (P � 0.01) (but only on 0.5 mg/liter for the planktonic
�katA population) (Fig. 1A).

The ancestor �katA strain, which was used for initiating the evolution experiments,
was tested for the preexistence of resistance variants, but no growth on 0.5, 1, and
2 mg/liter CIP was observed, indicating that the CIP-resistant colonies were not present
before the initial CIP treatment but developed during the experimental evolution study.

A larger CIP-resistant subpopulation was observed in the ΔkatA strain at passage 3
(P � 0.01), passage 4 (P � 0.02), passage 5 (P � 0.02), and passage 6 (P � 0.03) than in
WT PAO1 (23) (see Fig. S1 in the supplemental material).

Evolution of CIP resistance can occur in anaerobically evolved biofilms. In order
to investigate the role of oxygen in development of CIP resistance, we evolved PAO1
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and �katA colony biofilms in anaerobic chambers in the presence and absence of
0.1 mg/liter CIP on LB plates supplemented with 1 mM KNO3, a concentration resem-
bling the concentrations in CF sputum (24). The size of the biofilm population was
lower under anaerobic than under aerobic conditions, probably due to the consump-
tion of KNO3 during growth (Table S1). We observed occurrence of CIP-resistant
colonies (MIC � 1 mg/liter) during anaerobic evolution with CIP in PAO1 (one of the
two lineages) but not in the �katA biofilm populations (data not shown). The popula-
tion analysis of the anaerobically evolved biofilms showed that the percentages of the
CIP-resistant subpopulation on 1 mg/liter CIP in one of the WT PAO1 lineages were 0,
0, 0.05, 0.26, 0.65, and 0.33% from passage 1 to passage 6, respectively.

This result suggests that mutagenic mechanisms independent of ROS and RNS
formation, such as the SOS response, might play a role in mutagenesis toward cipro-
floxacin resistance under anaerobic conditions, similar to the conditions described in CF
mucus (25, 26).

Hypermutators evolve in aerobic �katA biofilm populations and attain high
MICs. The mutation frequencies were measured in CIP biofilm and planktonic lineages
throughout the passages.

FIG 1 (A) The size of P. aeruginosa �kat biofilm and planktonic (PLA) populations recovered from 0.5, 1,
and 2 mg/liter CIP after evolution in the presence of CIP (0.1 mg/l) or in the absence of antibiotic (CTRL).
The values represent the means (SEM) of the replicates for each growth condition. *, significantly larger
population than in the control population; **, significantly larger population in the biofilm than in the
planktonic culture. (B) The development of CIP resistance in �katA biofilm and planktonic (PLA)
populations recovered from 1 mg/liter CIP during passages P0 to P6. Under exposure to ciprofloxacin,
�katA CIP biofilm populations developed a significantly larger resistant subpopulation than planktonic
populations at P1, P2, P3, P4, P5, and P6 (P � 0.04, 0.001. 0.001, 0.003, 0.002, and 0.003, respectively). The
values represent the means (SEM) for replicates for each growth condition. *, significantly larger resistant
subpopulation in biofilms than in the planktonic population.
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In one out of six independent replicate lineages of �katA biofilm, we observed
increased mutation frequencies corresponding to hypermutable phenotypes at the end
of the experiment (P6) (�3 � 10�7). Analysis of the mutation frequencies at the
different passages in this lineage showed that already after the first 48 h of exposure to
ciprofloxacin (passage 0), the bacterial population had a hypermutable phenotype, and
this was maintained during passages until the end of the evolution experiment. This
was not observed in the other biofilm or planktonic lineages of the �katA strain or WT
PAO1.

The MICs for ciprofloxacin of the resistant isolates collected at the first and last
passages of the experimental evolution of the �katA strain showed that the isolates
with the highest MICs were selected from the lineage with the hypermutable pheno-
type (Fig. 2).

Genetic evolution of P. aeruginosa �katA biofilm and planktonic cultures
under ciprofloxacin exposure and aerobic conditions. To get insight into the
underlying genetic changes contributing to the accelerated development of antibiotic
resistance in biofilms in the absence of catalase, we sequenced the �katA populations
at the endpoint of the experimental evolution. A complete list of mutations under the
different conditions is presented in Table S3. The identified genetic changes, defined as
a minimum variant frequency of 10%, were also compared to those observed in WT
PAO1 (23).

The highest number of mutations was observed in CIP-evolved biofilm populations
of the �katA strain (Table 1).

According to gene functional categories, CIP-treated �katA biofilm and planktonic
populations have a significantly higher number of mutations than control (CTRL)

FIG 2 The MIC of ciprofloxacin for resistant colonies isolated from CIP plates of the �katA P. aeruginosa
population from the hypermutable (HP) lineage and the nonhypermutable (NHp) lineage.

TABLE 1 The types of mutations in evolved populations of WT PAO1 and P. aeruginosa �katA

Strain and condition

No. (%) of mutations by typea
Total no. of
mutations dN/dSIndel Transition Transversion Large indel Inversion duplication

PAO1
CTRL biofilm 24 (28) 13 (15) 48 (56) 85 0.35
CTRL planktonic 24 (26) 22 (23) 48 (51) 94 0.25
CIP biofilm 60 (37) 27 (16) 77 (47) 164 0.44
CIP planktonic 29 (22) 44 (34) 57 (44) 130 0.45

ΔkatA strain
CTRL biofilm 147 (22) 58 (9) 452 (69) 1 658 1.36
CTRL planktonic 141 (24) 70 (12) 362 (63) 5 578 1.24
CIP biofilm 301 (28) 206 (19) 557 (52) 2 9 1075 0.90
CIP planktonic 150 (22) 65 (10) 469 (69) 6 7 697 2.59

aThe numbers and types of mutations in evolved PAO1 populations were reanalyzed including nonsynonymous mutations in hypothetical proteins (not included in
reference 23).
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populations in the category secreted factors (toxins, enzymes) (P � 0.044 and 0.021,
respectively, t test) (Fig. S2).

CIP-evolved �katA populations contain a large number of mutations encountered
with high frequency compared to levels in the CTRL �katA populations and in the WT
PAO1 population evolved under the same conditions (Fig. 3).

Large indels, inversions, and duplications were present only in the CIP-evolved
�katA populations and were not present in the populations of WT PAO1 evolved in the
absence or presence of CIP. The ratio of nonsynonymous to synonymous mutations,
dN/dS, was �1 in the evolved �katA population, suggesting positive selection for the
described mutations which was not observed in the evolved WT PAO1 populations
(dN/dS � 1). Analysis of the mutational spectrum (Table S2) revealed that the most
frequent mutation in �katA populations was the transversion A·T¡C·G. Mutations
which are repeatedly observed after independent exposures to a condition provide
strong evidence of adaptive evolution (Fig. 3 and Table S3). This was the case for nfxB,
a negative regulator of MexCD-OprJ (27, 28), which was frequently and repeatedly
mutated in �katA CIP-evolved biofilm populations, as well as pil genes encoding type
IV pili, in contrast to observations in CTRL biofilms. Mutations in other mex genes (mexR,
mexD, mexF, and mexT) or RND efflux pumps were also observed in several lineages
with lower frequencies. A large replacement of 39 nucleotides with 31 nucleotides was
observed in mexT in one of the CIP biofilm lineages (Fig. S3).

The genetic background of the observed hypermutable phenotype in one of the
�katA CIP biofilm lineages was shown to be an insertion of 27 nucleotides in the mutL
gene (which codes for a DNA mismatch repair protein) (Fig. S3), and, as expected, the
number of transitions in this lineage was higher than the levels in the nonhypermutable
lineages.

The mutation C1397T in gyrB coding for DNA gyrase subunit B, leading to the amino
acid change S466F, was observed in the hypermutable lineages of the CIP-evolved
�katA biofilms, correlating with the high CIP MIC of the resistant isolates from this
lineage.

Mutations in either mexR or nalD, which are regulators of the MexAB-OprM efflux
pump, were frequent in CIP-exposed planktonic �katA lineages. Two different large
indels were detected in mexR in two lineages (Fig. S3).

In CIP-evolved biofilm �katA populations, genes related to iron acquisition and
transport were mutated in several lineages: genes encoding the siderophores pyover-
din (pvd) and pyochelin (pch), iron transporters (iron transport system permease HitB),
and pyrroloquinoline quinone (PQQ) biosynthesis genes (pqq) encoding a redox-
sensing protein (Table S2). In evolved biofilm and planktonic �katA populations,
mutations in TonB-dependent receptors were found. TonB proteins are essential com-
ponents in iron-siderophore uptake in bacteria (29), and mutations in these genes were
not observed in the evolved populations of WT PAO1.

In the �katA CTRL biofilm compared to planktonic CTRL populations (evolved
without CIP exposure), minC, which acts an inhibitor for cell division by inhibiting Z-ring
assembly, was observed to be mutated in three different lineages.

Genetic basis of resistance in CIP-resistant colonies isolated from anaerobically
evolved biofilms. The genetic basis of the six CIP-resistant colonies (MIC � 1 mg/liter)
isolated from the anaerobically evolved PAO1 biofilm was investigated by sequencing
the nfxB gene, and a CTTCT deletion at position 162 leading to frameshift was found in
all isolates.

DISCUSSION

Evolution of P. aeruginosa biofilms under exposure to subinhibitory concentrations
of CIP resulted in a larger CIP-resistant subpopulation in the ΔkatA than in the WT PAO1
biofilm populations, indicating that the lack of KatA catalase accelerates the evolution
of antibiotic resistance under aerobic conditions. Given the role of KatA in the defense
against oxidative and nitrosative stress (20), we propose that these stresses play a role
in the biofilm-related increased mutagenesis. Respiration by denitrification of a P.
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FIG 3 The frequency of each mutation (y axis) and its genomic location (x axis) in the WT PAO1 (A) and �katA strain (B) biofilm and planktonic populations
under different conditions. Red bars represent mutations with frequencies of �50%, and blue bars represent mutations with frequencies of �50%. The large
dark blue circles mark genes with mutations at the same position occurring in several lineages with similar frequencies.
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aeruginosa biofilm population exposed to low-oxygen tension could be supported by
the nitrate present in LB medium (approximately 20 �M NO3�) (24). In addition, it has
been shown by transcriptomic (30) and proteomic (31) studies that under CIP treatment
P. aeruginosa switches to anaerobic respiration.

In support of the oxidative stress mechanism acting in aerobically evolved
populations of the ΔkatA strain but not of the WT PAO1 strain are the repeatedly
observed mutations in iron assimilation genes, such as mutations in genes encod-
ing TonB-dependent receptors which are essential for iron-siderophore uptake in P.
aeruginosa, mutations in genes encoding the siderophores pyoverdine and pyo-
chelin, and mutations in genes encoding various iron binding and redox proteins
(PQQ). Mutations in these genes might represent a protective mechanism against
iron uptake, probably as a defense mechanism against increased intracellular
production of ROS by the Fenton reaction (32) as increased ROS production was
measured in ΔkatA biofilms compared to levels in WT PAO1 biofilms (8). Interest-
ingly, it has been reported that genes encoding TonB-dependent receptors were
preferentially deleted in P. aeruginosa isolates from CF patients during adaptation
in the CF lung (29).

Although important for occurrence of mutagenic resistance in biofilms, oxidative
stress is not the only mechanism, as we have observed CIP-resistant mutants also when
PAO1 biofilms were evolved under anaerobic conditions. It is unclear at this time which
mutagenesis mechanisms occur under anaerobic conditions, but one might consider
the SOS stress response as a possible mechanism.

However, the accelerated development of antibiotic resistance in biofilms under
exposure to subinhibitory levels of ciprofloxacin in aerobic biofilms of the ΔkatA strain
compared to that in WT PAO1 aerobic biofilms was not observed during the evolution
in planktonic cultures (see Fig. S1 in the supplemental material). Although we do not
have an explanation for this, we can speculate that this might be due to accumulation
of deleterious mutations during evolution in the planktonic ΔkatA population and not
in the WT PAO1.

Compared to the planktonic populations, larger CIP-resistant subpopulations were
observed in biofilms of both the �katA and PAO1 strains (23), confirming that the
biofilm mode of growth promotes development of mutational resistance in experimen-
tal evolution studies (Fig. S1).

The genomic analysis of the aerobically evolved populations showed that the
highest number of mutations was observed in the CIP-evolved ΔkatA biofilm popula-
tions, and this is in agreement with the hypothesis that ciprofloxacin exposure induces
mutations either via the SOS response or through increased ROS levels in the catalase-
deficient mutants compared to levels in the WT PAO1 (3, 33). Analysis of the mutational
spectra revealed that the A·T¡C·G transversion was the most frequent mutation type
in �katA populations, and this has been previously shown to be related to unrepaired
oxidized guanine in the nucleotide pool (34). The genes belonging to the functional
category of secreted factors (toxins and enzymes) were also mutated in a significantly
higher number in CIP-evolved �katA biofilm and planktonic populations than in CTRL
biofilms and planktonic populations, and this is in accordance with our previous
observations of loss of virulence factors during evolution in the presence of CIP (30).

During the experimental evolution of ΔkatA biofilms, mutL mutants with a mutator
phenotype and high MICs of ciprofloxacin evolved, which corresponds with our pre-
vious study on the association in chronically infected CF patients between bacterial
hypermutability and chronic inflammation, which is a source of chronic oxidative stress
(35). The high MIC levels of ciprofloxacin in the mutator lineage were found to be
related to mutations in the CIP target gene, gyrB. Interestingly, a mutation at the same
site, C1397T causing the substitution S466F, has been previously found in planktonic
experimental evolution of a hypermutator strain due to impaired repair of oxidative
lesions (PAOMY-Mgm) (36, 37), and this amino acid change has been described in
levofloxacin-nonsusceptible clinical P. aeruginosa isolates (38).

The genes found to be mutated in evolved biofilms or planktonic cultures of both
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the PAO1 and ΔkatA strains strongly suggest parallel and distinct evolutionary trajec-
tories in the different modes of growth of P. aeruginosa. Confirming previous results,
the experimental evolution of biofilm and planktonic ΔkatA P. aeruginosa populations
revealed that low-level CIP resistance develops readily in biofilms (23). For example, in
CIP-evolved ΔkatA and WT PAO1 biofilms, mutations in the negative regulator, nfxB, of
the MexCD-OprJ efflux pump were frequently found. nfxB mutations have previously
been identified in P. aeruginosa isolates from CF patients (28). Mutations in pil genes
encoding type IV pili were found frequently in CIP-evolved biofilm populations of both
the ΔkatA and WT PAO1 strains, while in CIP-evolved planktonic populations of both
the ΔkatA and WT PAO1 strains, mutations in the negative regulator mexR and nalD of
MexAB-OprM were found. These subpopulations with biofilm-related, low-level resis-
tance may accumulate further mutations which can further increase the MIC of the
population. This dynamic of resistance development under exposure to subinhibitory
levels of ciprofloxacin emphasizes the importance of treatment of the infections caused
by biofilm-growing P. aeruginosa with doses ensuring a high antibiotic concentration at
the site of infection that can eliminate the first-step mutants or with combination
therapy.

Mutations in the target genes of ciprofloxacin, gyrA and gyrB, were found only in the
CIP-evolved planktonic populations of WT PAO1 (23) but not in those of the nonhy-
permutable ΔkatA lineages, which phenotypically correlated to high MIC levels in
planktonic WT PAO1 but not in the ΔkatA populations.

In conclusion, this study of the experimental evolution of the ΔkatA strain in biofilm
and planktonic growth complements our earlier findings of the study of evolution in
PAO1, emphasizing the role of environmental stresses such as oxidative and nitrosative
stresses and SOS responses for the mutational landscape and the development of
antibiotic resistance, which might play an important role in vivo during chronic infec-
tions (39). A pitfall of all of the correlative analysis between whole-genome sequencing
(WGS) and phenotypic susceptibility is that it fails to capture the contribution of gene
expression, an important contributor to tolerance and resistance to antibiotics. Com-
plementary analysis such as transcriptome sequencing (RNA-seq) is the next step for
correlating the susceptibility phenotype with genetic content.

MATERIALS AND METHODS
Bacterial strains, media and antibiotics. P. aeruginosa �katA strain (22) (planktonic culture cipro-

floxacin MIC of 0.094 mg/liter) was used to test the development of antibiotic resistance during exper-
imental evolution in the colony biofilm model (23, 40) and in planktonic batch cultures. Both biofilms and
planktonic cultures were grown in Luria-Bertani (LB) medium and exposed to 0.1 mg/liter CIP (cipro-
floxacin hydrochloride; Bayer; Germany). The MIC for a 48-h culture of ΔkatA in stationary-growth phase
was 0.2 mg/liter, and the minimal biofilm inhibitory concentration was 0.5 mg/liter. The spontaneous
mutation rate to 0.5 mg/liter CIP was 1E�8 for PAO1 and 1.4E�8 for the �katA strain, as measured
by a fluctuation test.

Experimental evolution of colony biofilm and planktonic cultures. The experimental evolution of
colony biofilms and planktonic cultures was conducted as previously described (23). In short, a single
colony of P. aeruginosa �katA was used to inoculate LB medium for an overnight culture. Five microliters
of the diluted overnight culture containing approximately 106 cells (optical density at 600 nm [OD600]
adjusted to 0.05 and diluted 1:10) was spot inoculated on the top of polycarbonate membrane filters
(Whatman Nuclepore track-etched membranes, 25-mm diameter, 0.2-�m pore size) and incubated at
37°C to form 48-h colony biofilms on LB plates. Membranes bearing 48-h colony biofilms were transferred
to fresh LB plates with either 0.1 mg/liter CIP (1/5 minimal biofilm inhibitory concentrations) (CIP culture)
or without CIP for 48 h (CTRL culture) (passage 0 consisted of a 4-day-old biofilm, produced by 2 days on
LB medium followed by 2 days on LB medium with CIP). Every 48 h the CIP and CTRL membranes were
transferred in 10-ml tubes with saline, and biofilms were dispersed by vortexing and sonication. After the
OD600 was adjusted to 0.005, the bacterial suspension of CTRL biofilms was used to start new biofilms on
LB plates without antibiotics (CTRL). The bacterial suspensions of CIP biofilms were used to start new
biofilms on plates with 0.1 mg/liter CIP (CIP).

A total of seven exposures to CIP (from passage 0 [P0] to P6) with six independent lineages were
performed.

Two parallel lineages of WT PAO1 and P. aeruginosa �katA were also evolved in an anaerobic
chamber (Whitley A85 anaerobic workstation) for 7 passages (as described above). To allow bacterial
growth by denitrification, the LB plates were supplemented with 1 mM KNO3.

After each 48 h, the CFU counts for each biofilm population were measured, and the disrupted
biofilm populations were kept in 20% glycerol at �80°C until further analysis.
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Planktonic experiments were conducted under aerobic conditions with the same experimental
design as implemented with biofilm cultures. Briefly, 5 �l of an overnight culture of a single colony of P.
aeruginosa �katA was used to inoculate 10 ml of LB medium and incubated for 48 h with shaking on an
orbital shaker (180 rpm) at 37°C. From the 48-h culture two flasks were inoculated: one with 0.1 mg/liter
CIP (CIP) and one in LB medium (CTRL). From CIP stationary cultures, every 48 h new planktonic cultures
were established in flasks with CIP. From CTRL stationary cultures, every 48 h new planktonic cultures
were established in flasks with LB medium. This was repeated for six passages (P1 to P6).

Population analysis. Bacterial populations (100 �l of different dilutions) obtained after sonication
and vortexing of membranes containing colony biofilms or of planktonic cultures from each passage and
treatment group were plated on LB plates to estimate the size of the bacterial population and on LB
plates containing 0.5, 1, and 2 mg/liter CIP to estimate the size of the resistant subpopulations (growing
on CIP concentrations higher than the MIC of the strain P. aeruginosa �katA). The size of the resistant
population was expressed as a percentage of the total bacterial population and calculated by dividing
the number of CFU/milliliter on CIP plates by the number of CFU/milliliter on LB plates and multiplying
by 100.

Three colonies were selected from the plates with the highest CIP concentrations allowing growth
and passaged twice in antibiotic-free medium, and the MICs of CIP were determined by performing an
Etest (bioMérieux) according to the manufacturer’s instructions.

Mutation frequencies and rates determination. The mutation frequencies of the evolved popu-
lations after each passage were investigated on LB plates containing rifampin (300 mg/liter), as previ-
ously described (35). A population was considered hypermutable when the mutation frequency was
20-fold higher than the mutation frequency of the reference strain PAO1 (�3 � 10�7). The mutation rates
were determined by a fluctuation test as previously described (30), and calculations were performed
using the bz-rates web tool (http://www.lcqb.upmc.fr/bzrates).

Genome sequencing of aerobically evolved bacterial populations. The genome sequencing was
performed as previously described (23). In short, the CIP-evolved populations (after 7 passages in the
presence of 0.1 mg/liter CIP) from four P. aeruginosa �katA biofilm lineages and three planktonic lineages
were grown on LB plates containing 1 mg/liter CIP for 48 h to enrich for the resistant subpopulation. The
CTRL-evolved biofilm and planktonic populations (four lineages/condition) were grown on LB plates. All
colonies for each population were collected in 3 ml of saline (0.9% NaCl) for genomic DNA extraction
using a Gentra Puregene Yeast/Bact DNA purification kit. The DNA was prepared for sequencing using
an Illumina TruSeq DNA Nano kit and sequenced on an Illumina MiSeq system, yielding a coverage of
approximately 5 million reads per sample. Sequencing reads were mapped to the reference genome of
P. aeruginosa PAO1 (GenBank accession no. NC_002516), and single and multiple nucleotide variants
(SNVs and MNVs) were called using CLC Genomics Workbench (Qiagen). Mutations present in the
evolved ΔkatA CTRL populations were filtered out from the genome of the CIP-evolved populations
(biofilm and planktonic). R (version 3.2.5) was used for further statistical analysis of the mutations
detected in each population, and all mutations occurring in �10% of the reads were included in the
analysis.

The Pseudomonas Genome Database was used for gene function analysis. The ratio of the rate of
nonsynonymous substitutions to the rate of synonymous substitutions, dN/dS, was calculated as a
measure of the selection pressure acting on the protein-coding genome, as previously described,
assuming that 25% of all single-nucleotide polymorphisms (SNPs) result in synonymous changes (41).
The dN/dS is expected to be �1 if natural selection promotes changes in protein sequences and �1 if
natural selection suppresses changes.

Sequencing of nfxB was performed on CIP-resistant colonies selected from anaerobic experiments, as
described previously (42).

Statistical analysis. Graphs and statistical analysis were done using GraphPad Prism, version 7,
software and R (version 3.2.5). We conducted a D’Agostino-Pearson test to check for normal distribution,
and Student’s t test was used for comparisons among populations (comparing CIP populations to CTRL
populations and CIP biofilm populations to CIP planktonic populations) and to compare the level of
resistance at different exposure time points (passages). The differences were considered significant when
the P value was �0.05. Error bars in all graphs represent the standard errors of the means (SEM).
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