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Abstract 36 

During chronic biofilm infections, Pseudomonas aeruginosa are exposed to increased oxidative 37 

stress as a result of the inflammatory response. As reactive oxygen species (ROS) are mutagenic, 38 

the evolution of resistance to ciprofloxacin (CIP) in biofilms under oxidative stress conditions was 39 

investigated. We experimentally evolved six replicate populations of P.aeruginosa lacking the 40 

major catalase KatA in colony biofilms and stationary-phase cultures for seven passages in the 41 

presence of sub-inhibitory levels (0.1 mg/L) of CIP or without CIP (eight replicate lineages for 42 

controls) under aerobic conditions.  43 

In CIP-evolved biofilms, a larger CIP resistant subpopulation was isolated in ΔkatA compared to 44 

WT PAO1 population suggesting oxidative stress as a promoter of antibiotic resistance 45 

development. 46 

A higher number of mutations identified by population sequencing were observed in evolved ΔkatA 47 

biofilm populations (CIP and control) compared to WT PAO1 evolved under same conditions. 48 

Genes involved in iron assimilation were found to be exclusively mutated in CIP-evolved ΔkatA 49 

biofilm populations, probably as a defense mechanism against ROS formation resulting from 50 

Fenton reactions.  Furthermore, a hypermutable lineage due to mutL inactivation developed in one 51 

CIP-evolved ΔkatA biofilm lineage.  52 

In CIP-evolved biofilms of both ΔkatA and WT PAO1, mutations in nfxB, the negative regulator of 53 

the MexCD-OprJ efflux pump were observed while in CIP-evolved planktonic cultures of both 54 

ΔkatA and WT PAO1, mutations in mexR and nalD, regulators of MexAB-OprM efflux pump, were 55 

repeatedly found.  56 

In conclusion, these results emphasize the role of oxidative stress as an environmental factor that 57 

might increase the development of antibiotic resistance in in vivo biofilms.  58 
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Introduction 59 

Antibiotic resistance is considered a major threat to modern medicine, challenging the treatment of 60 

common bacterial infections. Evolution of antibiotic resistance has primarily been studied in liquid 61 

cultures; however, in most natural environments and in some chronic infections bacteria are 62 

growing in biofilms. 63 

Biofilm-grown P. aeruginosa experience heterogeneous physiological and metabolic conditions in a 64 

compartmentalized environment, which are not encountered in planktonic liquid cultures. These 65 

biofilm-specific conditions cause differences in the mutation supply and in the selective pressures 66 

acting on biofilm forming cells compared to cells growing in planktonic cultures, which might 67 

influence the evolution of antimicrobial resistance.  68 

Distinct bacterial subpopulations have been described in biofilms with a metabolically active 69 

population at the biofilm surface and a metabolically inactive population in the deeper layers of the 70 

biofilm (1). In addition, a steep oxygen gradient, with decreasing levels from the surface to the 71 

deeper layers is observed in the colony- biofilm model (2). The described endogenous oxidative 72 

stress in biofilms (3,4) is most probably occurring in the superficial layers of the biofilm, where 73 

enough oxygen is present and cells are metabolically active. In microaerofilic or anaerobic 74 

conditions, as inside microcolonies, P. aeruginosa is able to respire on nitrogen oxides in the 75 

presence of nitrate and bacterial cells may be exposed to nitrosative stress.  76 

Among antibiotics that promote the evolution of resistance, fluoroquinolones such as ciprofloxacin 77 

(CIP) are of particular concern because they directly interfere with DNA replication by binding 78 

gyrases and topoisomerase IV and hence may encourage replication errors that are the major source 79 

of mutations. Gyrases bound with fluoroquinolones molecules result in cross-linked protein-DNA 80 

complexes containing broken DNA that induces an SOS response which can contribute through 81 
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activation of error-prone DNA polymerases to elevated mutation rates(5). In addition, CIP treatment 82 

causes increased intracellular reactive oxygen species (ROS) levels in planktonic cultures (6,7). In 83 

biofilms, antibiotic-induced ROS production have been described during treatment with quinolones 84 

in P. aeruginosa (8) and Proteus mirabilis (9) and for aminoglycosides  in Burkholderia cepacia 85 

complex (10).    86 

It is widely accepted that patients with cystic fibrosis (CF) and chronic P. aeruginosa lung infection 87 

are exposed to increased oxidative stress mainly driven by chronic inflammation with 88 

polymorphonuclear leukocytes, as a source of ROS and a CF-related deficit in the anti-oxidants, 89 

such as glutathione, which further increases the inflammatory response, as we have previously 90 

shown in animal models (11). Thus, the P. aeruginosa biofilms in the CF lungs are exposed to an 91 

oxidative stress environment and our study aims at reproducing in vitro the oxidative stress by 92 

investigating the evolution of antibiotic resistance in P. aeruginosa lacking the major catalase 93 

KatA, an important anti-oxidant defence system. 94 

Given that ROS can damage DNA, membranes, lipids and proteins, P.aeruginosa possess different 95 

antioxidant defenses to survive during aerobic growth and under antibiotic attack, one of them 96 

being the katA- encoded major catalase. P. aeruginosa has three differentially evolved catalase 97 

genes, katA, katB, and katE (katC). KatA is the major, constitutively expressed catalase, which is 98 

highly produced in all phases of growth but increased upon the stationary growth phase (12). KatA 99 

is important for the resistance of P. aeruginosa growing in planktonic and biofilm states when 100 

exposed to H2O2 at high concentrations(12). KatB is induced in both planktonic and biofilm cells in 101 

response to H2O2 exposure, but plays a relatively small role in biofilm resistance (12,13). 102 

It has been suggested that the bactericidal effect of beta-lactams, fluoroquinolones and 103 

aminoglycosides have a ROS-dependent component (14), although the significance of this has been 104 
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challenged (15,16)(17). Biofilms formed by mutants lacking anti-oxidants systems, such as 105 

catalases (katA for P. aeruginosa and kat B for B. cepacia) showed increased sensitivity to 106 

antibiotics (8,10) and this is regarded as solid indication for a contribution of ROS to the 107 

bactericidal effect of antibiotics. 108 

In addition, It has been shown in biofilms that anti-oxidant systems, such as catalases and 109 

superoxide dismutases, are up regulated by the activation of the stringent response (18,19). This 110 

suggests that inhibiting oxidative stress is an important strategy used by biofilm forming bacteria to 111 

increase antibiotic tolerance. Moreover, the analysis of gene expression of P. aeruginosa biofilms 112 

revealed that antixoxidant enyzmes including katA are downregulated during the biofilm growth in 113 

comparison to planktonic culture (2). 114 

It has been shown that KatA catalase, besides its role in protection against ROS-dependent 115 

mutagenesis, it also plays a critical role in nitric oxide buffering produced under anaerobic 116 

respiration in the presence of nitrate (20). Recently, two different promoters of katA have been 117 

identified in P. aeruginosa, one coping with ROS produced under aerobic respiration and the other 118 

with reactive nitrogen species (RNS) produced under anaerobic respiration (21).  119 

As the antibiotic-tolerant biofilm-grown P. aeruginosa are using both aerobic and microaerophilic 120 

respiration, the hypothesized production of mutagenic ROS and RNS in the different biofilm layers 121 

might lead to increased mutagenesis and faster development of antibiotic resistance in a ΔkatA 122 

mutant. 123 

To investigate the role of KatA in biofilm mutagenesis and development of resistance to antibiotics, 124 

we experimentally evolved a catalase mutant (katA) of P. aeruginosa (22) in colony-biofilm in 125 

aerobic and anaerobic conditions in the presence and absence of sub-inhibitory concentrations of 126 
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CIP. In addition, evolution in the presence and absence of antibiotic was conducted in stationary- 127 

phase aerobic planktonic cultures  128 

In the present study, we show that the CIP resistant population was larger in ΔkatA than in WT 129 

PAO1 aerobic biofilms. Population sequence showed higher number of mutations in ΔkatA 130 

populations compared to WT PAO1 suggesting that lack of catalase Kat A might promote 131 

development of antibiotic resistance in P. aeruginosa aerobic biofilms. However, CIP-resistant 132 

mutants occurred also during anaerobic evolution of WT PAO1 biofilms suggesting that 133 

development of resistance to CIP can occur even in the absence of oxygen. In addition, we show 134 

that similarly to an experimental evolution study of  wild-type P.aeruginosa PAO1(23), a larger 135 

CIP resistant population developed in Δkat A biofilm compared to planktonic cultures confirming 136 

the biofilm mode of growth as a promoter of low-level resistance development.  137 

Materials and methods 138 

Bacterial strains, media and antibiotics 139 

P. aeruginosa ΔkatA strain (22) (planktonic MIC ciprofloxacin=0.094 mg/L) was used to test the 140 

development of antibiotic resistance during experimental evolution in the colony-biofilm model 141 

(24,23) and in planktonic batch cultures. Both biofilms and planktonic cultures were grown in Luria 142 

Bertani (LB) media and exposed to 0.1 mg/L CIP (Ciprofloxacin hydrochloride; Bayer; Germany). 143 

The minimal inhibitory concentration for a 48h stationary ΔkatA was 0.2 mg/L and the minimal 144 

biofilm inhibitory concentration was 0.5 mg/L. The spontaneous mutation rate to 0.5 mg/L CIP was 145 

1 E-8 for PAO1 and 1.4E-8 for ΔkatA, as measured by fluctuation test. 146 

Experimental evolution of colony-biofilm and planktonic cultures.   147 
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The experimental evolution of colony-biofilms and planktonic cultures were conducted as 148 

previously described (23). In short, a single colony of P. aeruginosa ΔkatA was used to inoculate 149 

LB for an overnight culture. Five µl of the diluted overnight culture containing approximately 106 150 

cells  (OD600 adjusted to 0.05 and diluted 1:10) was spot-inoculated on the top of polycarbonate 151 

membrane filters (Whatman® Nuclepore Track-Etched Membranes, 25 mm diameter, 0.2 µm pore 152 

size) and incubated at 370C to form 48 h colony-biofilms on LB plates. Membranes bearing 48 h 153 

colony-biofilms were transferred to fresh LB plates with either 0.1 mg/L CIP (1/5 minimal biofilm 154 

inhibitory concentrations) (CIP) or without CIP for 48h (CTRL) (passage 0 consisted of a 4 days 155 

old biofilm; 2 days on LB followed by 2 days on LB with CIP). Every 48h the CIP and CTRL 156 

membranes were transferred in 10 ml tubes with saline and biofilms were dispersed by vortex and 157 

sonication. After adjusting the OD600 to 0.005 the bacterial suspension of CTRL biofilms was used 158 

to start new biofilms on LB plates without antibiotics (CTRL). The bacterial suspensions of CIP 159 

biofilms were used to start new biofilms on plates with 0.1 mg/L CIP (CIP). 160 

A total of seven exposures (from passage 0 (P0) to passage 6 (P6)) to CIP with 6 independent 161 

lineages were performed.  162 

Two parallel lineages of WT PAO1 and P. aeruginosa ΔkatA were also evolved in anaerobic 163 

chamber (Whitley A85 anaerobic workstation) for 7 passages (as described). To allow bacterial 164 

growth by denitrification, the LB plates were supplemented with 1mM KNO3. 165 

After each 48h, the CFU counts for each biofilm population were measured and the disrupted 166 

biofilm populations were kept in 20 % glycerol at -800C until further analysis.  167 

Planktonic experiments were conducted in aerobic conditions with the same experimental design as 168 

implemented with biofilm cultures. Briefly, 5 µl of an overnight culture of single colony of P. 169 

aeruginosa ΔkatA was used to inoculate 10 ml LB media and incubated for 48h with shaking on an 170 
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orbital shaker (180 rpm) at 37°C. From the 48 h culture two flasks were inoculated: one with 0.1 171 

mg/L CIP (CIP) and one in LB (CTRL). From CIP stationary cultures, every 48h new planktonic 172 

cultures were established in flasks with CIP (CIP). From CTRL stationary cultures, every 48 h new 173 

planktonic cultures were established in flask with LB. This was repeated for 6 passages (P1 to P6). 174 

Population analysis 175 

Bacterial populations (100 µl of different dilutions) obtained after sonication and vortex of 176 

membranes containing colony-biofilms or of planktonic cultures from each passage and treatment 177 

group were plated on LB plates to estimate the size of the bacterial population and on LB plates 178 

containing 0.5, 1 and 2 mg/L CIP, to estimate the size of the resistant subpopulations (growing on 179 

CIP concentrations higher than the MIC of the strain P. aeruginosa ΔkatA).  The size of the 180 

resistant population was expressed as % of the total bacterial population and calculated by dividing 181 

the CFU/ml on CIP by the CFU/ml on LB and multiplied by 100. 182 

Three colonies were selected from the plates with the highest CIP concentrations allowing growth, 183 

passed twice in antibiotic free media and the minimum inhibitory concentrations (MIC) of CIP were 184 

determined by performing E-test (Biomerieux) according to the manufacturer. 185 

Mutation frequencies and rates determination 186 

The mutation frequencies of the evolved populations after each passage were investigated on LB 187 

plates containing rifampicin (300 mg/L), as previously described (25). A population was considered 188 

hypermutable when the mutation frequency was 20-fold higher than the mutation frequency of the 189 

reference strain PAO1 (≥3 x 10-7). The mutation rates were determined by a fluctuation test as 190 

previously described (26) and calculations were performed using bz-rates web-tool 191 

(http://www.lcqb.upmc.fr/bzrates). 192 
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Genome sequencing of aerobically evolved bacterial populations  193 

The genome sequence was performed as previously described (23). In short, The CIP evolved 194 

populations (after 7 passages in the presence of 0.1 mg/L CIP) from four P. aeruginosa ΔkatA 195 

biofilm lineages and three planktonic lineages  were grown on LB plates containing 1 mg/L CIP for 196 

48 h to enrich for the resistant subpopulation. The CTRL evolved biofilm and planktonic 197 

populations (four lineages/condition) were grown on LB plates. All colonies for each population 198 

were collected in 3 ml saline (0.9% NaCl) for genomic DNA extraction using Gentra puregene 199 

yeast/bacteria DNA purification kit. The DNA was prepared for sequencing using the Illumina 200 

TruSeq DNA Nano kit and sequenced on an Illumina MiSeq yielding a coverage of approximately 5 201 

million reads per sample.  Sequencing reads were mapped to the reference genome of P. aeruginosa 202 

PAO1 (GenBank accession. NC_002516) and single and multiple nucleotide variants (SNVs and 203 

MNVs) were called using CLC genomic workbench (Qiagen). Mutations present in the evolved 204 

ΔkatA CTRL populations were filtered out from the genome of the CIP evolved populations 205 

(biofilm and planktonic).  R (version 3.2.5) was used for further statistical analysis of the mutations 206 

detected in each population and all mutations occurring in > 10% of the reads were included in the 207 

analysis.  208 

The Pseudomonas Genome Database was used for gene function analysis. dN/dS, the ratio of the 209 

rate of nonsynonymous substitutions (dN) to the rate of the synonymous substitutions (dS), was 210 

calculated as a measure of the selection pressure acting on the protein-coding genome, as previously 211 

described, assuming that 25% of all single-nucleotide polymorphisms (SNP) result in synonymous 212 

changes (27). dN/dS is expected to be >1 if natural selection promotes changes in protein sequences 213 

and <1 if natural selection suppresses changes. 214 
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Sequencing of nfxB was performed on CIP resistant colonies selected from anaerobic experiments, 215 

as described previously (28). 216 

Statistical analysis 217 

Graphs and statistical analysis were done using GraphPad Prism 7 software and R (version 3.2.5). 218 

We conducted D´Agostino Pearson to check for normal distribution and Student t-test was used for 219 

comparisons among populations (comparing CIP populations to CTRL populations and CIP biofilm 220 

populations to CIP planktonic populations) and to compare the level of resistance at different 221 

exposure time points (passages). The differences were considered significant when the p-value was 222 

≤ 0.05. Error bars in all graphs represent the standard error of the mean. 223 

 224 

Results 225 

Development of a larger CIP resistant subpopulation in aerobically evolved ΔkatA P. 226 

aeruginosa  biofilms compared to planktonic cultures  227 

The development of CIP resistant subpopulations during the experimental evolution in the presence 228 

or absence of 0.1 mg/L CIP was investigated by plating the evolved biofilm and planktonic ΔkatA 229 

populations (six and three replicates, respectively), at different passages on LB plates containing 230 

0.5, 1 and 2 mg/L CIP. 231 

ΔkatA CIP-biofilm evolved populations showed a significantly higher resistant subpopulation in 232 

comparison to ΔkatA CIP-planktonically evolved population on 0.5 and 1 mg/L CIP (p=0.002 and 233 

0.003 respectively, t-test ) (Figure 1A). The dynamics of resistance development during passages 234 

showed that in comparison to ΔkatA CIP-planktonic populations, ΔkatA CIP-biofilm populations 235 

developed a significantly higher resistant subpopulation (on 1 mg/L CIP) at P1 (p=0.04), P2, P3  236 

 on July 18, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 Evolution of resistance in P. aeruginosa ΔkatA biofilms Ahmed, M. et al. 

12 
 

(p=0.001), P4 (p=0.003), P5 and P6 (p=0.002 and 0.003 respectively, t-test) (Figure1B). In ΔkatA 237 

CIP-biofilm, there was a significant increase in the size of the resistant subpopulation developed 238 

from P0 to P6 on 0.5 and 1 mg/L CIP (p=0.0001 and 0.001, t-test respectively). 239 

Compared to the evolved CTRL populations (eight replicates), CIP-evolved biofilm ΔkatA 240 

populations developed a significantly larger resistant subpopulation on 0.5, 1 (p<0.0001) and 2 241 

mg/L CIP (p=0.01) (though for planktonic ΔkatA only on 0.5 mg/L) (Figure 1A). 242 

The ancestor ΔkatA strain, which was used for initiating the evolution experiments, was tested for 243 

the preexistence of resistant variants but no growth on 0.5, 1 and 2 mg/L CIP was observed; 244 

indicating that the CIP resistant colonies were not present before the initial CIP treatment but 245 

developed during the experimental evolution study. 246 

Compared to WT PAO1(23), a higher CIP resistant subpopulation was observed in ΔkatA at 247 

passage 3 (p= 0.01), passage 4 (p=0.02), passage 5 (p=0.02) and passage 6 (p=0.03)(figure S1). 248 

Evolution of CIP resistance can occur in anaerobic evolved biofilms 249 

In order to investigate the role of oxygen for the CIP resistant development, we evolved PAO1 and  250 

ΔkatA colony biofilms in anaerobic chamber in the presence and absence of 0.1 mg/L CIP on LB 251 

plates supplemented with 1 mM KNO3,  a concentration resembling the concentrations in CF 252 

sputum(29).  The size of the biofilm population was lower in anaerobic compared to aerobic 253 

conditions, probably due to the consumption of KNO3 during growth (table S1). We observed 254 

occurrence of CIP resistant colonies (MIC = 1 mg/L) during anaerobic evolution with CIP in PAO1 255 

(one of the two lineages) but not in ΔkatA biofilm populations (not shown).  The population 256 

analysis of the anaerobically evolved biofilms showed that the percentage of CIP resistant 257 

subpopulation on 1 mg/L CIP in one of the WT PAO1 lineages was 0, 0, 0.05, 0.26, 0.65, 0.33 from 258 

passage 1 to passage 6, respectively.  259 
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This suggests that mutagenic mechanisms independent of ROS and RNS formation, such as SOS 260 

response might play a role in mutagenesis towards ciprofloxacin in anaerobic conditions, as the 261 

ones described in the CF mucus (30)(31). 262 

Hypermutators evolve in aerobic ΔkatA biofilm populations and attain high MICs 263 

The mutation frequencies were measured in CIP biofilm and planktonic lineages throughout the 264 

passages.  265 

In one out of six independent replicate lineages of ΔkatA biofilm, we observed increased mutation 266 

frequencies corresponding to hypermutable phenotypes in the end of the experiment (P6) (> 3 x 10-267 

7). Analysis of the mutation frequencies at the different passages in this lineage showed that already 268 

after the first 48h exposure to ciprofloxacin (passage 0), the bacterial population had a 269 

hypermutable phenotype and this was maintained during passages until the end of the evolution 270 

experiment. This was not observed in the other biofilm or planktonic lineages of ΔkatA or WT 271 

PAO1.  272 

The MIC for ciprofloxacin of the resistant isolates collected at the first and last passage of the 273 

experimental evolution of ΔkatA showed that the isolates with the highest MICs were selected from 274 

the lineage with the hypermutable phenotype (Figure 2). 275 

Genetic evolution of biofilm and planktonic P. aeruginosa ΔkatA under ciprofloxacin exposure 276 

in aerobic conditions 277 

To get insight into the underlying genetic changes contributing to the accelerated development of 278 

antibiotic resistance in biofilms in the absence of catalase, we sequenced the ΔkatA populations at 279 

the endpoint of the experimental evolution. A complete list of mutations in the different conditions 280 
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is presented in table S3. The identified genetic changes, defined as minimum variant frequency of 281 

10%, were also compared to those observed in WT PAO1(23).  282 

The highest number of mutations was observed in CIP-evolved biofilm populations of ΔkatA (table 283 

1). 284 

According to gene functional categories, CIP treated ΔkatA biofilm and planktonic populations have 285 

a significantly higher number of mutations compared to CTRL populations in the category  286 

“secreted factors (toxins, enzymes)” p=0.044 and 0.021, respectively, t-test) ( figure S2). 287 

CIP-evolved ΔkatA populations contain the largest number of mutations encountered with high 288 

frequency compared to CTRL ΔkatA populations but also compared to the WT PAO1 evolved in 289 

the same conditions (Figure 3). 290 

Large indels, inversions and duplications were present only in the CIP-evolved populations of 291 

ΔkatA and were not present in the populations of WT PAO1 evolved in the absence or presence of 292 

CIP. The ratio between nonsynonymous and synonymous mutations dN/dS  >1 in ΔkatA evolved 293 

population suggest a positive selection for the described mutations which was not observed in the 294 

evolved WT PAO1 populations (dN/dS<1). Analysis of the mutational spectrum (table S2) revealed 295 

that the most frequent mutation in ΔkatA populations was transversion A:T-C:G.  Mutations which 296 

are repeatedly observed after independent exposures to a condition provide strong evidence of 297 

adaptive evolution (Figure 3 and Table S3). This was the case for nfxB, a negative regulator of 298 

MexCD-OprJ (32), (33) which was frequently and repeatedly mutated in ΔkatA CIP biofilm evolved 299 

populations as well as pil genes encoding for type IV pili, compared to CTRL biofilms. Mutations 300 

in different other mex genes (mexR, mexD, mexF, mexT) or RND efflux pumps were also observed 301 

in several lineages with lower frequencies. A large replacement of a 39 nucleotides with 31 302 

nucleotides was observed in mexT in one of the CIP biofilm lineages (figureS3). 303 

 on July 18, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 Evolution of resistance in P. aeruginosa ΔkatA biofilms Ahmed, M. et al. 

15 
 

The genetic background of the observed hypermutable phenotype in one of the ΔkatA CIP biofilm 304 

lineages was shown to be an insertion of 27 nucleotides in mutL gene (codes for DNA mismatch 305 

repair protein) (Figure S3) and as expected, the number of transitions in this lineage was higher 306 

compared to the non-hypermutable lineages. 307 

Mutation C1397T in gyrB coding for DNA gyrase subunit B, leading to an amino acid change 308 

S466F was observed in the hypermutable lineages of the CIP-evolved ΔkatA biofilms correlating to 309 

the high CIP MIC of the resistant isolates from this lineage. 310 

Mutations in either mexR or nalD, which are regulators of the MexAB-OprM efflux pump, were 311 

frequent in CIP-exposed planktonic ΔkatA lineages. Two different large indels were detected in 312 

mexR in two lineages. (Figure S3)   313 

In CIP-evolved biofilm ΔkatA populations, genes related to iron acquisition and transport were 314 

mutated in several lineages such as  genes encoding for the siderophores pyoverdin (pvd) and 315 

pyochelin (pch) ; iron transporters (iron transport system permease HitB, as well as in 316 

pyrroquinolone quinone biosynthesis genes (pqq) which are encoding a redox-sensing protein 317 

(Table S2).  In evolved biofilm and planktonic ΔkatA populations, mutations in TonB-dependent 318 

receptors were found.  TonB proteins are essential components in iron-siderophore uptake in 319 

bacteria (34) and mutations in these genes were not observed in the evolved populations of WT 320 

PAO1. 321 

In ΔkatA CTRL biofilm compared to planktonic CTRL populations (evolved without CIP 322 

exposure), minC which acts an inhibitor for cell division by inhibiting Z-ring assembly was 323 

observed to be mutated in three different lineages. 324 

Genetic basis of resistance in CIP-resistant colonies isolated from anaerobically-evolved 325 

biofilms 326 
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The genetic basis of the six CIP resistant colonies (MIC= 1 mg/L) isolated from the anaerobically 327 

evolved PAO1 biofilm was investigated by sequencing the nfxB gene and a CTTCT deletion at 328 

position 162 leading to frameshift was found in all isolates. 329 

Discussion 330 

Evolution of P. aeruginosa biofilms under exposure to sub-inhibitory concentrations of CIP 331 

resulted in a larger CIP-resistant subpopulation in ΔkatA compared to WT PAO1 biofilm 332 

populations indicating that the lack of KatA catalase accelerates the evolution of antibiotic 333 

resistance in aerobic conditions. Given the role of KatA in the defense against oxidative and 334 

nitrosative stress (20), we propose that these stresses play a role in the biofilm-related increased 335 

mutagenesis in biofilms. Respiration by denitrification of biofilm-embedded P. aeruginosa exposed 336 

to low-oxygen tension could be supported by the nitrate present in LB media (approx. 20µM NO3- 337 

)(29).  In addition, it has been shown by transcriptomic (26) and proteomic studies (35) that under 338 

CIP treatment P. aeruginosa switch to anaerobic respiration.   339 

 In support of the oxidative stress mechanism acting in ΔkatA but not in WT PAO1 in aerobically-340 

evolved populations are the repeatedly observed mutations in iron assimilation genes, such as 341 

mutations in genes encoding for TonB-dependent receptors which are essential for iron-siderophore 342 

uptake in P. aeruginosa, mutations in genes encoding the siderophores pyoverdine and pyochelin 343 

and in genes encoding various iron binding and redox-proteins (PQQ). Mutations in these genes 344 

might represent a protective mechanism against iron uptake probably as a defense mechanism 345 

against increased intracellular production of ROS by the Fenton reaction (36) as increased ROS 346 

production was measured in ΔkatA biofilms compared to WT PAO1 (8).  Interestingly, it has been 347 

reported that genes encoding TonB-dependent receptors were preferentially deleted in CF P. 348 

aeruginosa isolates during adaptation in the CF lungs (34). 349 
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Although important for occurrence of mutagenic resistance in biofilms, oxidative stress is not the 350 

only mechanism, as we have observed CIP resistant mutants also when PAO1 biofilms were 351 

evolved in anaerobic conditions. It is unclear at the present time which mutagenesis mechanisms 352 

occur in anaerobic conditions but one might consider the SOS stress response as a possible 353 

mechanism. 354 

 However, this accelerated evolution of the antibiotic resistance in biofilms under exposure to sub-355 

inhibitory levels of ciprofloxacin in ΔkatA compared to WT PAO1 aerobic biofilms was not 356 

observed during the evolution in planktonic cultures (Figure S1). Although we do not have an 357 

explanation for this, we can speculate that this might be due to accumulation of deleterious 358 

mutations during evolution in the planktonic ΔkatA population compared to WT PAO1. 359 

Compared to planktonic populations, larger CIP resistant subpopulations were observed in biofilms 360 

of both ΔkatA and PAO1 (23) confirming that biofilm mode of growth promotes development of 361 

mutational resistance in experimental evolution studies (Figure S1). 362 

The genomic analysis of the aerobically evolved populations showed that the highest number of 363 

mutations were observed in the CIP-evolved ΔkatA biofilm populations and this is in agreement 364 

with the hypothesis that ciprofloxacin exposure induces mutations either via SOS response or 365 

through increased ROS levels in the catalase deficient mutants compared to WT PAO1 (37,3). 366 

Analysis of the mutational spectra revealed that A:T-C:G transversion was the most frequent 367 

mutation type in ΔkatA populations  and this has been previously shown to be related to unrepaired 368 

oxidized guanine in the nucleotide pool  (38). The genes belonging to the functional category of 369 

secreted factors (toxins and enzymes) were also mutated in significantly higher number in CIP 370 

evolved ΔkatA biofilm and planktonic populations compared to CTRL biofilms and planktonic 371 
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populations and this is in accordance to our previous observations of loss of virulence factors during 372 

evolution in the presence of CIP (26). 373 

During the experimental evolution of ΔkatA biofilms, mutL mutants with mutator phenotype and 374 

high MICs of ciprofloxacin evolved corresponding with our previously study on the association 375 

between bacterial hypermutability and chronic inflammation in chronically infected CF patients, 376 

which is a source of chronic oxidative stress (25). The high MIC levels of ciprofloxacin in the 377 

mutator lineage were found to be related to mutations in the CIP target gene, gyrB. Interestingly, a 378 

mutation at the same site C1397T causing S466F  has been previously found in planktonic 379 

experimental evolution of  a hypermutator strain due to impaired repair of oxidative lesions 380 

(PAOMY-Mgm)(39) (40) and both amino acid changes have been described in levofloxacin non-381 

susceptible clinical P. aeruginosa isolates(41).  382 

The genes found to be mutated in biofilms or planktonic evolution of both PAO1 and ΔkatA, 383 

strongly suggest parallel and distinct evolutionary trajectories in the different mode of growth of P. 384 

aeruginosa. Confirming previous results, the experimental evolution of biofilm and planktonic 385 

ΔkatA P. aeruginosa populations revealed that low-level CIP resistance evolves readily in biofilms 386 

(23). For example, in CIP evolved ΔkatA and WT PAO1 biofilms, mutations in the negative 387 

regulator, nfxB, of the MexCD-OprJ  efllux pump were frequently found. nfxB mutations have 388 

previously been identified in P.aeruginosa isolates from CF patients (33). Mutations in pil genes 389 

encoding for Type IV pili were mutated frequently in CIP evolved biofilm populations of both 390 

ΔkatA and WT PAO1. While in CIP evolved planktonic populations of both ΔkatA  and WT PAO1, 391 

mutations in the negative regulator mexR and nalD  of MexAB-OprM were found. These biofilm-392 

related low-level resistant subpopulations may accumulate further mutations which can further 393 

increase the MIC of the population. This dynamic of resistance development under exposure to sub-394 

inhibitory levels of ciprofloxacin emphasizes the importance of treatment of the infections caused 395 
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by biofilm-growing P.aeruginosa with doses ensuring high antibiotic concentration at the site of 396 

infection that can eliminate the first-step mutants or by combination therapy.  397 

Mutations in the target genes of ciprofloxacin, gyrA and B were found only in the CIP-evolved 398 

planktonic populations of WT PAO1(23)but not of non hypermutable ΔkatA lineages, which 399 

phenotypically correlated to high MIC levels in planktonic WT PAO1 but not ΔkatA populations. 400 

In conclusion, this study of the experimental evolution of ΔkatA in biofilm and planktonic growth is 401 

complementing earlier findings of the evolutionary study with PAO1, emphasizing the role of 402 

environmental stresses such as oxidative, nitrosative stress and SOS responses for  the mutational 403 

landscape and the development of antibiotic resistance, which might play an important role in vivo 404 

during chronic infections(42). A pitfall of all these correlative analysis between WGS and 405 

phenotypic susceptibility is that it fails to capture the contribution of gene expression, an important 406 

contributor to tolerance and resistance to antibiotics. Complementary analysis such as transcriptome 407 

sequencing (RNA-seq) is the next step for correlating the susceptibility phenotype with genetic 408 

content. 409 
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Table 1. 538 

 539 

Table 1. The types of mutations (number and % of total number of mutations in the populations) in 540 
WT PAO1 and ΔkatA P. aeruginosa evolved populations.The ratio between the 541 
nonsynonymous/synonymous mutations (dN/dS) is presented. * the number and types of mutations 542 
in PAO1 evolved populations has been re-analyzed including non-synonymous mutations in 543 
hypothethical proteins (not included in (23)).  544 

 545 

  546 

 Insertions
/deletions Transitions Transversions Large 

indels 

Inversions 

Duplications 

Total 
number of 
mutations 

dN/dS 

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        

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 
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Figure 1A. 547 

 548 

Figure 1A. The size of  P. aeruginosa Δkat  (KatA) biofilm(biofilm)and planktonic (PLA) 549 
populations recovered from 0.5, 1 and 2 mg/L CIP after evolution in the presence of CIP (0.1 mg/l) 550 
or in the absence of antibiotic (CTRL). The values represent the mean (SEM) of the replicates for 551 
each growth condition. * significantly larger population compared to control populations, ** 552 
significantly larger  population in biofilm compared to planktonic population. 553 

  554 
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Figure 1B. 555 

 556 

Figure 1B. The development of CIP resistance in ΔkatA  biofilm (biofilm) and planktonic (PLA) 557 
populations recovered from 1 mg/L CIP during passages (P0 to P6). Under exposure to 558 
ciprofloxacin, ΔkatA CIP-biofilm populations developed a significantly higher resistant 559 
subpopulation compared to planktonic populations at P1, P2, P3, P4, P5 and P6 (p=0.04, 0.001. 560 
0.001, 0.003, 0.002 and 0.003 respectively). The values represent the mean (SEM) for replicates for 561 
each growth condition. 562 

  563 

 on July 18, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 Evolution of resistance in P. aeruginosa ΔkatA biofilms Ahmed, M. et al. 

27 
 

Figure 2. 564 

 565 

Figure 2. The MIC of ciprofloxacin (mg/L) of resistant colonies isolated from CIP plates of the 566 
ΔkatA P. aeruginosa population analysis from the hypermutable lineage (HP) and the 567 
nonhypermutable (NHp) lineages. 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 on July 18, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 Evolution of resistance in P. aeruginosa ΔkatA biofilms Ahmed, M. et al. 

28 
 

 577 

  578 

A B

 on July 18, 2019 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 Evolution of resistance in P. aeruginosa ΔkatA biofilms Ahmed, M. et al. 

29 
 

Figure 3. The frequency (%) of each mutation (y axis) and their genomic location (x axis) in the 579 

WT PAO1 (A) and ΔkatA (B) biofilm and planktonic populations in the different conditions. Red 580 

bars represent mutations with frequencies > 50% and green bars represent mutations with 581 

frequencies < 50%. The blue circles are marking genes with mutations at the same position 582 

occurring in several lineages with similar frequencies. 583 
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