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ABSTRACT

Quinolone antibiotics constitute a clinically successful and widely used class of broad 

spectrum antibiotics,  however,  the  emergence and spread of  resistance increasingly 

limits  the  use  of  fluoroquinolones  in  the  treatment  and  management  of  microbial 

disease.  In  this  study we  evaluated the  quantitative  contribution  of  quinolone target 

alteration as well  as the expression of efflux pumps to fluoroquinolone resistance in 

Pseudomonas  aeruginosa. We  generated  isogenic  mutations  in  hot  spots  of  the 

quinolone  resistance  determining  regions  (QRDR)  of  gyrA,  gyrB  and parC, and 

inactivated  the  efflux  regulator-genes  to  overexpress  the  corresponding  MDR efflux 

pump.  We  then  introduced  the  respective  mutations  in  the  PA14  reference  strain 

singularly and in various combinations. Whereas the combined inactivation of two efflux-

regulator-encoding genes did not lead to higher resistance levels as compared to the 

inactivation of only one efflux-regulator-encoding gene; the combination of mutations 

leading to an increased efflux and target alteration clearly exhibited an additive effect. 

This combination of target alteration and overexpression of efflux pumps was commonly 

observed  in  clinical  P.  aeruginosa isolates;  however,  these  two  mechanisms  were 

frequently found not to be sufficient to explain the level of fluoroquinolone resistance. 

Our  results  implicate  that  there  are  additional  mechanisms to  increase ciprofloxacin 

resistance  in  isolates  with  mutations  in  the  QRDRs,  which  are  independent  of  the 

expression of the MexAB-OprM, MexCD-OprJ, MexEF-OprN and/or MexXY-OprM efflux 

pumps.
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INTRODUCTION

Fluoroquinolones  are  very  potent  antimicrobial  agents  with  an  excellent  oral 

bioavailability  reaching  serum  drug  concentrations  equivalent  to  intravenous 

administrations. They are broad-spectrum antibiotics with an antibacterial activity against 

Gram-positive  as  well  as  Gram-negative  bacteria  (1,  2).  As  a  consequence 

fluoroquinolones  are  widely  and  increasingly  used  for  the  treatment  of  bacterial  

infections not only in the hospital setting but also for the treatment of outpatients. The  

broad,  frequent  and world-wide  use of  the  fluoroquinolones  and  also  the  frequently 

inappropriate application of the antibiotics are important factors that drive resistance,  

which has reached clinically relevant levels in the last decade (3, 4, 5).

The fluoroquinolones act by directly inhibiting DNA replication via an interaction of the 

drug with complexes composed of DNA and either of the two target enzymes, DNA-

gyrase and topoisomerase IV (1,  6).  The molecular mechanisms of fluoroquinolones 

resistance include two dominant mechanistic categories for all bacterial species studied 

so far (7,  8). The activity of multidrug resistance (MDR) efflux pumps act to decrease 

intracellular  fluoroquinolone  concentrations  (9)  and  alterations  of  the  drug  target  by 

mutations at key sites in the so called quinolone resistance determining regions (QRDR) 

in genes encoding the DNA-gyrase (gyrA and gyrB) and/or topoisomerase IV (parC and 

parE)  lead to a decreased binding affinity of  the quinolones to their  respective drug 

target  (10,  11).  More  recently  mobile  genetic  elements  have  also  been  described, 

carrying the  qnr (12),  qepA (13) or the  aac(6’)-Ib-cr gene (14), which confer reduced 

susceptibility to quinolones in members of the Enterobacteriaceae family.

3

40

45

50

55

60

5



In this study we analyzed a panel of 100 clinical  Pseudomonas aeruginosa isolates in 

respect to the presence of mutations in the QRDRs and the expression of four major 

efflux  pumps  in  a  subset  of  these.  We  furthermore  introduced  the  most  dominant  

mutations in the QRDR into the susceptible  P. aeruginosa reference strain PA14 and 

inactivated the efflux regulator-encoding genes  nfxB, mexR  and  mexZ as well as the 

oxidoreductase  mexS with the aim to generate mutants that overexpress the MexCD-

OprJ, MexAB-OprM, MexXY and MexEF-OprN efflux pump, respectively. The results of 

this study implicate that there are additional yet unknown mechanisms that contribute to 

increased  ciprofloxacin  MIC  levels  in  clinical  P.  aeruginosa isolates  that  go  beyond 

mutations  in  the  QRDRs  and  overexpression  of  the  MexAB-OprM,  MexCD-OprJ, 

MexEF-OprN and/or MexXY-OprM efflux pumps. 
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MATERIALS AND METHODS

Bacterial  isolates and antibiotic  resistance profile.  A collection of  100 clinical  P. 

aeruginosa isolates collected at Hannover Medical School (MHH) between 2005 and 

2007 was used in this study. These isolates were obtained from clinical infections at 

various sites (Table S1), from overall  90 individuals, 24 of whom were cystic fibrosis 

patients. A maximum of two isolates per patient were analyzed in this study only when 

both isolates clearly differed in their  antibiotic resistance profile.  Antibiotic resistance 

profiles (Table S1) were determined using a VITEK 2 system (bioMérieux). 

Pyrosequencing.  To extract DNA for pyrosequencing, 500 µl of an overnight culture 

were harvested and lysed for 15 min at 95 °C in 100 µl lysis buffer (0,25 % (m/v) SDS, 

50 mM NaOH). After addition of 900 µl dH2O, 2 µl was used as a PCR template.

To identify mutations at amino acid position 83 and 87 in gyrA and position 87 in parC a 

pyrosequencing assay was established. Amplification was performed as described by 

Doostzadeh et al. (15) using a 24-mer universal biotinylated primer (UBP) adopted from 

Royo  et al.  (16).  All  primers used in  this  study are shown in  Table S2.  Sequencing 

primers  were  designed  with  Primer3  (17)  to  anneal  3  bp  upstream (gyrA)  or  5  bp 

upstream  (parC)  from  the  SNP.  Pyrosequencing  was  performed  on  a  PSQ  96MA 

pyrosequencer  (Pyrosequencing  AB)  with  PyroMark  gold  chemistry  (Qiagen)  as 

described in Royo et al. (16).

Sanger sequencing. To identify mutations in gyrB and parE the QRDRs of both genes 

were amplified with primers gyrBfp4, gyrBrp4, parEfp3 and parErp3 (Table S2). PCR 
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products were sequenced by the Sanger method using the same sets of primers on a 

3730xl DNA Analyzer (Applied Biosystems).

Quantitative real time RT-PCR. The expression levels of,  mexA,  mexC,  mexE, mexX 

and the housekeeping gene  rpoD were determined by quantitative real-time reverse 

transcription polymerase chain reaction (qRT-PCR). RNA was isolated at late logarithmic 

growth (OD600 1.5 – 2.0) from 3 ml Mueller-Hinton liquid culture using the RNeasy kit  

(Qiagen), as described by the manufacturer. RNA was eluted from the RNeasy columns 

in  a  volume  of  50  µl  water  and  treated  with  DNA-free kit  (Ambion).  cDNA was 

synthesized  using  random  hexamer  primers  (Invitrogen)  and  SuperScript  II  reverse 

transcriptase (Invitrogen) according to the manufactures instructions. qRT-PCRs were 

performed in duplicates in a 20 µl volume with 25 ng cDNA and a primer concentration 

of 500 nmol/l on a LightCycler 480 (Roche) using SYBR Green I Mastermix (Roche).  

The primers were adopted from Tomás  et al. (18), sequences are listed in Table S2. 

Gene  expression  was  calculated  using  the  ∆∆  Ct  method  and  a  standard  curve  to 

measure the PCR efficiency. All results were normalized to the expression of the house-

keeping gene rpoD of the same clinical isolate and calibrated relative to P. aeruginosa 

PA14. According to Cabot  et al. (19) isolates with a  mexA expression of ≥3-fold were 

regarded  as  positive,  whereas  values  between  2-  and  3-fold  were  regarded  as 

borderline expression. An overexpression of  mexC,  mexE and  mexX of ≥10-fold was 

regarded as positive, an overexpression of 5- to 10-fold as borderline expression.
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Genetic manipulations. To generate mutations of gyrA, gyrB and parC as well as gene 

knockouts of nfxB, mexR, mexS and mexZ in an isogenic background, the P. aeruginosa 

strain PA14 was used. Mutagenesis was carried out by homologous recombination using 

the  pEX18Ap  plasmid  (20)  and  approximately  1000  bp  long  mutagenic  fragments 

created by overlap extension PCR as described previously (21). To generate knockout 

mutants the 500 bp upstream and downstream regions of the gene of interest were 

amplified  using  overlapping  primers.  All  primers  are  listed  in  Table  S2.  Mutant 

candidates were identified by replica plating on LB agar plates with appropriate antibiotic 

concentrations  and  further  analyzed  by  PCR  and  Sanger  sequencing  to  verify  the 

mutation.  The antibiotic  resistance profile  of  all  mutants  was determined in  Mueller-

Hinton broth as described previously (22).

Cloning  of  gyrA and  complementation  of  clinical  isolates.  To  complement  gyrA 

mutations in clinical isolates with the wildtype gene, gyrA was amplified from the PA14 

chromosome  with  primers  gyrAFPSacI  and  gyrARPSacI  and  cloned  into  the  SacI 

restriction  site  of  plasmid  pME6032  (23)  yielding  plasmid  pME::gyrA.  The  correct 

insertion and sequence was verified by Sanger sequencing using primers gyrAseqF, 

gyrAseqR, pMEseqF and pMEseqR. Complementation was performed as follows: Each 

isolate was grown over night at 37 °C and 180 rpm in 4 ml LB broth. 1.5 ml of these 

cultures  were  centrifuged,  washed  three  times  with  1  ml  0.3  M  sucrose  and 

resuspended in 100 µl 0.3 M sucrose. 500 ng of the plasmid pME::gyrA and 50 µl of the  

cell suspension were used for electroporation. The cells were plated on LB agar plates 

supplemented with 100 µg/ml tetracycline. Ciprofloxacin minimal inhibitory concentration 
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(MIC) of isolates containing pME::gyrA with and without the addition of 1mM IPTG was 

determined using Etest stripes (bioMérieux) on LB agar plates supplemented with 100 

µg/ml tetracycline. Results were recorded after 24 h of growth at 37 °C. 

815



RESULTS AND DISCUSSION

Frequency  and  nature  of  mutations  in  the  quinolone  resistance  determining 

regions (QRDR) of gyrA, gyrB, parC and parE in clinical P. aeruginosa isolates. In 

this study we used Sanger sequencing and pyrosequencing to determine the nature and 

frequency  of  hot  spot  SNP mutations  in  the  QRDRs  of  the  genes  gyrA and  gyrB 

encoding the DNA-gyrase as well as parC and parE encoding the topoisomerase IV. A 

panel  of  100  clinical  P.  aeruginosa isolates  isolated  from patients  of  the  Hannover 

Medical School over a time period of two years (2005 - 2007) was analyzed in this study. 

The  isolates  were  recovered from various clinical  sites  and most  of  them exhibited 

resistance  not  only  towards  fluoroquinolones  but  also  towards  various  other 

antimicrobial compounds (Table S1). The pyrosequencing technology has been proven 

to be time and cost competitive and to allow efficient  detection of SNPs in localized 

regions where the nucleotide variants are known (24). We have designed two different 

pyrosequencing  assays  for  sequencing  analysis  of the  most  prominent  mutation 

hotspots in the QRDR of the A-subunit of the DNA-gyrase encoded by gyrA that spans 

amino acid position 83 to 87 and of the A–subunit of the topoisomerase IV encoded by 

parC that spans amino acid position 82 to 84. The QRDR of the B-subunits of the DNA-

Gyrase encoded by  gyrB and the  topoisomerase IV (parE)  are larger  as they span 

amino acid position 429 to 585 in  gyrB and 357 to  503 in  parE.  Therefore,  Sanger 

sequencing was performed for the identification of relevant mutations in the QRDRs of 

gyrB and parE. 

Sequencing confirmed the presence of mutations in the QRDR in most of the clinical  

isolates.  The  relative  frequency of  the  specific  mutations  is  depicted  in  Fig.  1A.  In 
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accordance  with  several  previous  studies  (25,  26,  27,  28,  29,  30,  31),  the  most 

frequently observed mutation was within the QRDR of  gyrA,  with the T83I being the 

dominant mutation, whereas mutations in gyrB were less frequent (30, 32, 33). Here, the 

majority of mutations were found at amino acid positions 466 to 468, however we also 

found  two  isolates  with  an  I529V  mutation  which  to  our  knowledge  has  not  been 

described previously.  Two mutations within  the QRDR of  parC were detected in our 

panel of 100 clinical  isolates (S87W and S87L) and overall only three mutations were 

present in parE (one M437I and two A473V). The majority of clinical  isolates harbored 

either a singular mutation in gyrA or gyrB or the combination of mutations in gyrA and 

parC (Fig. 1B). Fewer isolates exhibited mutations in gyrB in combination with parE and 

in gyrA in combination with gyrB with and without additional mutations in the QRDR of 

parC. Single  parC mutations  were  not  found  in  our  panel  of  clinical  P.  aeruginosa 

isolates - as also observed in previous studies (28, 33), two of the isolates harbored a 

single mutation in parE and in 14 isolates no mutation in the QRDRs were detected. 

It  has been observed before that  highly resistant  P. aeruginosa isolates harboring a 

double gyrA and parC mutation are almost exclusively isolated from non-cystic fibrosis 

(CF) patients, whereas in isolates from CF patients single mutations within the QRDRs 

dominate (34, 35, 36). Interestingly, in accordance with the previous reports 27 of 29 

gyrA/parC mutants  of  this  study  were  isolated  from  non-CF  patients.  It  has  been 

suggested that higher drug levels of ciprofloxacin in non-CF patients might account for 

this phenomenon, since drug levels in CF-sputum were found to be significantly lower 

than  in  blood  (37).  Although  the  lower  drug  concentration  levels  might  select  for 

intermediate resistant strains in distinct niches, it might also indicate that there is a co-
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selection of  single mutations in QRDRs with  other  phenotypic  traits  that  provide the 

strains with  a selective advantage.  Thereby,  the unique environment of  the CF lung 

might  play  a  significant  role  and  therefore  influences  the  process  of  mutation  and 

selection (35).

Correlation of the presence of SNPs within the QRDR of  gyrA, gyrB, parC  and 

parE with the ciprofloxacin resistance phenotype in clinical P. aeruginosa isolates. 

The presence of SNPs within the QRDR of  gyrA, gyrB, parC and parE was correlated 

with phenotypic resistance to fluoroquinolones in the clinical  P. aeruginosa isolates. In 

Fig.  2  the  relationship  of  ciprofloxacin  MIC values  of  all  100  clinical  P.  aeruginosa 

isolates and the presence of mutations in the QRDR is depicted. The majority of clinical  

isolates harbored single mutations in parE, gyrA or gyrB, however, those mutations did 

not  necessarily  lead  to  a  ciprofloxacin  MIC  values  exceeding  2µg/ml  (noteworthy, 

resistance  according  to  the  Clinical  Laboratory  and  Standards  Institute  (CLSI) 

breakpoints is categorized by MIC values exceeding 2 µg/ml). In contrast, combinations 

of mutations in the QRDR of gyrA and parC always resulted in a ciprofloxacin resistant 

phenotype exhibiting MIC values of ≥8 µg/ml. The two isolates that harbored a singular 

parE mutation and the 14  isolates without mutations within the QRDRs exhibited MIC 

values  that  did  not  exceed  2  µg/ml  and  thus  were  categorized  as  susceptible  or 

intermediate according to CLSI breakpoints. 
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Introduction of dominant SNPs within the QRDR of gyrA, gyrB and parC into the 

susceptible  P.  aeruginosa reference  strain  PA14.  With  the  aim  to  pin-point  the 

contribution of the most frequent mutations within the QRDR of gyrA, gyrB and parC to 

fluoroquinolone resistance, we introduced the respective SNPs into the fluoroquinolone 

susceptible  reference  strain  PA14  and  measured  the  resistance  profile.  Plasmid 

constructs for allelic exchange were generated for the two SNPs T83I and D87N in gyrA, 

the three SNPs S466F, S466Y and E468D in  gyrB and two SNPs S87L and S87W in 

parC. Those SNPs were introduced into the reference strain singularly and in various 

combinations. As shown in Table 1, the introduction of  parC mutations alone did not 

have an impact on the ciprofloxacin susceptibility, whereas mutations in the QRDR of 

gyrB or gyrA increased the MIC of ciprofloxacin 8- to 16-fold. Similarly, the introduction 

of a single parC mutation did not alter the fluoroquinolone susceptibility in E. coli  (38). 

The simultaneous introduction of two SNPs within the QRDR of gyrA (T83I and D87N) 

did not further contribute to ciprofloxacin resistance as compared to the introduction of 

T83I alone. However, the simultaneous introduction of SNPs in  gyrA (T83I) and  parC 

(either S87L or S87W) increased the MIC of ciprofloxacin of the reference strain 256-

fold. None of the mutations within the QRDR had an impact on the resistance profile of 

the parental strain against beta-lactam antibiotics, carbapenems and aminoglycosides 

(data not shown). 

Most clinical P. aeruginosa isolates harboring mutations in the QRDR additionally 

express efflux pumps.  Mutations in genes encoding the two subunits of DNA-gyrase 

raised the MIC of ciprofloxacin already 8- to 16-fold in the P. aeruginosa reference strain. 
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Those  gyrA  mutants as well as the majority of the clinical isolates harboring relevant 

mutations in the QRDR of gyrA and/or gyrB exhibited MIC values of ≤2 µg/ml. However, 

we identified clinical  isolates with a singular mutation within  gyrA that  exhibited MIC 

values reaching up to  8 µg/ml.  The broad MIC range in  clinical  P. aeruginosa gyrA 

mutants has been observed in several studies before (34, 39) and although it is tempting 

to speculate that this can be explained by a differential expression of efflux pumps (32, 

40), no clear association of increased MICs against the gyrA mutants and an increased 

expression of efflux pumps could be demonstrated in previous studies (39,  41,  42). In 

the  same  line,  it  has  been  demonstrated  for  some  individual  clinical  P.  aeruginosa 

isolates that elevated MIC levels of meropenem could not be explained by decreased 

levels of OprD and/or expression of the MexAB-OprM and MexEF-OprN efflux pumps 

(43,  44) and it was speculated that other resistance mechanisms yet to be identified 

might account for the resistance phenotype. We therefore tested whether a differential 

expression of efflux pumps in those isolates could account for the high MIC values and 

monitored the  expression  of  four  efflux  pumps MexAB-OprM,  MexCD-OprJ,  MexEF-

OprN and MexXY-OprM in 29 selected clinical isolates. Nine of these isolates did not 

harbor  any  mutation  in  one  of  the  QRDRs,  ten  isolates  harbored  a  singular  gyrA 

mutation and ten isolates had mutations in  gyrA  and parC.  The quantification of the 

transcription of the genes encoding the membrane fusion proteins of the pumps (mexA, 

mexC, mexE and mexX) using qRT-PCR is shown in Table 2. According to work done by 

Cabot et al (19) overexpression of mexA of ≥3-fold was regarded as positive, whereas 

values  between  2-  and  3-fold  were  regarded  as  borderline  expression.  An 

overexpression of  mexC,  mexE and  mexX of  ≥10-fold  was regarded as positive,  an 
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overexpression of 5- to 10-fold as borderline expression. The majority of clinical isolates 

exhibited an increased expression of at least one efflux pump, with MexXY-OprM being 

the one expressed the most. This finding has been observed before (36). However, no 

clear association between the expression of efflux pumps and increased fluoroquinolone 

MIC  values  against  the  isolates  harboring  mutations  within  the  QRDRs  could  be 

observed (Fig. 3). 

Inactivation of the efflux regulator-encoding genes mexR, nfxB, mexS and mexZ in 

susceptible P. aeruginosa reference strain. With the aim to pin-point the contribution 

of overexpression of the MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM 

efflux  pumps  to  fluoroquinolone  resistance,  we  inactivated  the  respective  efflux 

regulator-encoding genes in the fluoroquinolone susceptible reference strain PA14 and 

measured the resistance profile. Deletion of the efflux regulator-encoding genes mexR, 

nfxB  and mexZ as well as the oxidoreductase  mexS lead to an overexpression of the 

efflux pump MexAB-OprM by 1.6-fold, the MexCD-OprJ pump by 16-fold, the MexXY-

OprM pump by 6-fold and the MexEF-OprN pump by 320-fold, respectively (Table 2). 

We also inactivated the efflux regulator-encoding genes in a PA14 strain background in 

various  combinations  (∆nfxB-mexZ;  ∆mexR-mexS;  ∆mexR-mexZ and  ∆mexS-mexZ) 

and  also  combined  the  deletion  of  the  four  efflux  regulator-encoding  genes  with 

mutations  in  the  QRDRs  (gyrA,  gyrB and  gyrA/parC).  As  shown  in  Table  1, 

overexpression of the efflux pumps clearly increased the ciprofloxacin MIC values in the 

susceptible P. aeruginosa reference strain by 2- to 16-fold. Thereby, inactivation of nfxB 

and mexS had the most pronounced phenotype. The combined inactivation of various 
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efflux regulator-encoding genes (∆nfxB-mexZ; ∆mexR-mexS; ∆mexR-mexZ and ∆mexS-

mexZ)  did  not  lead  to  further  increased  MIC  levels.  This  absence  of  an  additive 

effectmight be explained by antagonistic interactions of efflux pumps during planctonic 

growth, which was found to occur in  nfxB mutants (45). However,  the inactivation of 

efflux  regulator-encoding  genes  in  the  PA14  gyrA, gyrB  and gyrA/parC mutant 

background clearly further enhanced the fluoroquinolone resistance level in an additive 

manner.  In  accordance  to  our  results  the  deletion  of  efflux  pumps  in  resistant  P. 

aeruginosa strains with multiple target alterations has previously been demonstrated to 

lead to a reduced fluoroquinolone MIC (46). It might thus be surprising that we did not 

find a clear correlation of an increased fluoroquinolone MIC value in clinical  isolates 

harboring a particular QRDR genotype with the expression of major efflux pumps.

Mutation within the QRDR of gyrA adds to preexisting isolate specific resistance 

levels.  Although  overexpression  of  efflux  pumps  further  enhanced  fluoroquinolone 

resistance in a QRDR mutant background, we did not find a clear association between 

expression  of  efflux pumps and increased fluoroquinolone MIC values in  our  set  of  

clinical isolates harboring mutations within the QRDRs. We therefore wondered; whether 

the contribution of a  gyrA mutation to the fluoroquinolone resistance level could vary 

between different isolates. To address this question we cloned the wild-type gyrA gene 

into the pME6032 vector resulting in vector pME::gyrA and introduced the gene into 

various clinical isolates in  trans. All of those clinical isolates exhibited a  gyrA mutation 

but  the  MIC  values  varied  from  0.125  -  2  µg/ml  (Table  3).  We  found  that  the 

complementation  with  the  wild-type  gyrA gene led  to  a  reduction  in  fluoroquinolone 
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resistance by 2-  to  8-fold  irrespective  of  the  original  resistance level.  These results 

indicate that mutations within the QRDR of  gyrA adds to  preexisting isolate specific 

resistance levels of unknown origin. Two comprehensive screenings of a P. aeruginosa 

PA14 mutant library showed that approximately 100 to 200 genes are involved in the 

ciprofloxacin  resistome (47,  48).  It  thus  will  be  an  interesting  task  for  the  future  to 

determine  whether  and  which  of  the  identified  gene  inactivations  play  a  role  for  

fluoroquinolone resistance in clinical settings.

53 of the 100 clinical P. aeruginosa isolates harbored a single mutation within only one 

of the QRDR and 40 of them expressed MIC values of 2 µg/ml or less. Although these P. 

aeruginosa isolates are categorized as susceptible it remains to be shown that it is safe 

to treat them with fluoroquinolones (49).  The stepwise enrichment of fluoroquinolone 

resistant mutations has been described previously in several in vitro studies (50, 51, 52). 

Mutants at each step are enriched when drug concentrations fall within a specific range 

called the mutant selection window (53,  54). Even antibiotic concentrations below the 

MIC might select for resistance conferring mutations, as in a recent study, it could be 

demonstrated that ciprofloxacin concentrations at 1/10 the MIC was sufficient to select 

de novo fluoroquinolone resistant mutants in E. coli (55).

Although low level resistance conferred by first-step SNPs within the QRDR does not 

prevent bacterial eradication in the presence of sufficient levels of a quinolone, they may 

substantially enhance the number of (secondary) resistant mutants that can be selected 

from this population. In line with this, it has been demonstrated that deletion of efflux 

pumps significantly reduces the frequency of  emergence of fluoroquinolone resistant 

mutant isolates (46, 52). A key to preventing fluoroquinolone resistance in P. aeruginosa 
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may therefore be to strictly avoid low dose use of fluoroquinolones and thus to prevent 

the raise of P. aeruginosa first-step mutations that confer resistance to fluoroquinolones.

17



ACKNOWLEDGEMENTS

Help from Robert Geffers (Helmholtz Centre for Infection Research) with qRT-PCR and 

pyrosequencing is gratefully acknowledged.

This work was supported by an ERC starter grant (RESISTOME 260276) and by the 

President’s  Initiative and Networking Funds of  the Helmholtz  Association of  German 

Research Centers (HGF) under contract number VH-GS-202.

18

330

35



REFERENCES

1.  Drlica  K,  Zhao  X.  1997.  DNA gyrase,  topoisomerase  IV,  and  the  4-quinolones. 
Microbiol. Mol. Biol. Rev. 61:377-392.

2.  Hooper DC, Wolfson JS. 1991. Fluoroquinolone antimicrobial  agents.  N. Engl. J. 
Med. 324:384-394.

3.  Shorr  AF. 2009.  Review  of  studies  of  the  impact  on  Gram-negative  bacterial 
resistance on outcomes in the intensive care unit. Crit. Care Med. 37:1463-1469.

4.  Gasink LB, Fishman NO, Weiner MG, Nachamkin I, Bilker WB, Lautenbach E. 
2006.  Fluoroquinolone-resistant  Pseudomonas aeruginosa:  assessment  of  risk 
factors and clinical impact. Am. J. Med. 119:526 e519-525.

5.  Obritsch MD, Fish DN, MacLaren R, Jung R. 2005.  Nosocomial infections due to 
multidrug-resistant  Pseudomonas aeruginosa:  epidemiology  and  treatment 
options. Pharmacotherapy 25:1353-1364.

6. Drlica K, Hiasa H, Kerns R, Malik M, Mustaev A, Zhao X. 2009. Quinolones: action 
and resistance updated. Curr. Top. Med. Chem. 9:981-998.

7. Ruiz, J. 2003. Mechanisms of resistance to quinolones: target alterations, decreased 
accumulation  and DNA gyrase protection.  J.  Antimicrob.  Chemother.  51:1109-
1117.

8.  Hooper DC, Wolfson JS. 1989. Bacterial resistance to the quinolone antimicrobial 
agents. Am. J. Med. 87:17S-23S.

9.  Poole K. 2005. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 
56:20-51.

10.  Yoshida H, Bogaki M, Nakamura M, Nakamura S.  1990. Quinolone resistance-
determining region in the DNA gyrase gyrA gene of Escherichia coli. Antimicrob. 
Agents Chemother. 34:1271-1272.

11.  Barnard FM, Maxwell A. 2001. Interaction between DNA gyrase and quinolones: 
effects  of  alanine  mutations  at  GyrA subunit  residues  Ser(83)  and  Asp(87). 
Antimicrob. Agents Chemother. 45:1994-2000.

12. Tran JH, Jacoby GA. 2002. Mechanism of plasmid-mediated quinolone resistance. 
Proc. Natl. Acad. Sci. U. S. A. 99: 5638-5642.

13.  Perichon  B,  Courvalin  P,  Galimand  M. 2007.  Transferable  resistance  to 
aminoglycosides  by  methylation  of  G1405  in  16S  rRNA and  to  hydrophilic 
fluoroquinolones by QepA-mediated efflux in Escherichia coli. Antimicrob. Agents 
Chemother. 51: 2464-2469.

14. Robicsek A, Strahilevitz J, Jacoby GA, Macielag M, Abbanat D, Park CH, Bush 
K, Hooper DC. 2006. Fluoroquinolone-modifying enzyme: a new adaptation of a 
common aminoglycoside acetyltransferase. Nat. Med. 12:83-88.

15.  Doostzadeh J, Shokralla S, Absalan F, Jalili R, Mohandessi S, Langston JW, 
Davis RW, Ronaghi M, Gharizadeh B. 2008. High throughput automated allele 
frequency estimation by pyrosequencing. PloS one 3:e2693.

16.  Royo JL, Hidalgo M, Ruiz A. 2007. Pyrosequencing protocol  using a universal 
biotinylated  primer  for  mutation  detection  and  SNP  genotyping.  Nat.  Protoc. 
2:1734-1739.

17.  Rozen S.  Skaletsky H. 2000.  Primer3 on the WWW for  general  users  and for 
biologist programmers. Methods Mol. Biol. 132:365-386.

19

335

340

345

350

355

360

365

370

375



18. Tomás M, Doumith M, Warner M, Turton JF, Beceiro A, Bou G, Livermore DM, 
Woodford  N.  2010.  Efflux  pumps,  OprD  porin,  AmpC  beta-lactamase,  and 
multiresistance in Pseudomonas aeruginosa isolates from cystic fibrosis patients. 
Antimicrob. Agents Chemother. 54:2219-2224.

19.  Cabot  G,  Ocampo-Sosa  AA,  Tubau  F,  Macia  MD,  Rodriguez  C,  Moya  B, 
Zamorano  L,  Suarez  C,  Pena  C,  Martinez-Martinez  L,  Oliver  A.  2011. 
Overexpression of AmpC and efflux pumps in Pseudomonas aeruginosa isolates 
from bloodstream infections: prevalence and impact on resistance in a Spanish 
multicenter study. Antimicrob. Agents Chemother. 55:1906-1911.

20. Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP. 1998. A broad-
host-range  Flp-FRT  recombination  system  for  site-specific  excision  of 
chromosomally-located  DNA sequences:  application  for  isolation  of  unmarked 
Pseudomonas aeruginosa mutants. Gene 212:77-86.

21.  Ho  SN,  Hunt  HD,  Horton  RM,  Pullen  JK,  Pease  LR. 1989.  Site-directed 
mutagenesis by overlap extension using the polymerase chain reaction. Gene 
77:51-59.

22.  Wiegand I,  Hilpert  K.,  Hancock RE. 2008.  Agar  and broth dilution methods to 
determine the minimal inhibitory concentration (MIC) of antimicrobial substances. 
Nat. Protoc. 3:163-175.

23. Heeb S, Itoh Y, Nishijyo T, Schnider U, Keel C, Wade J, Walsh U, O'Gara F, Haas 
D. 2000. Small, stable shuttle vectors based on the minimal pVS1 replicon for use 
in Gram-negative, plant-associated bacteria. Mol. Plant Microbe Interact. 13:232-
237.

24.  Gorgani  N,  Ahlbrand  S,  Patterson A,  Pourmand N. 2009.  Detection  of  point 
mutations associated with antibiotic resistance in Pseudomonas aeruginosa. Int. 
J. Antimicrob. Agents 34:414-418.

25. Yoshida H, Nakamura M, Bogaki M, Nakamura S. 1990. Proportion of DNA gyrase 
mutants  among  quinolone-resistant  strains  of  Pseudomonas aeruginosa. 
Antimicrob. Agents Chemother. 34:1273-1275.

26. Nakano M, Deguchi T, Kawamura T, Yasuda M, Kimura M, Okano Y, Kawada Y. 
1997. Mutations in the gyrA and parC genes in fluoroquinolone-resistant clinical 
isolates of  Pseudomonas aeruginosa. Antimicrob. Agents Chemother.  41:2289-
2291.

27. Jalal S, Wretlind B. 1998. Mechanisms of quinolone resistance in clinical strains of 
Pseudomonas aeruginosa. Microb. Drug Resist. 4:257-261.

28.  Mouneimne  H,  Robert  J,  Jarlier  V,  Cambau  E. 1999.  Type  II  topoisomerase 
mutations  in  ciprofloxacin-resistant  strains  of  Pseudomonas aeruginosa. 
Antimicrob. Agents Chemother. 43:62-66.

29.  Takenouchi  T,  Sakagawa  E,  Sugawara  M. 1999.  Detection  of  gyrA mutations 
among  335  Pseudomonas aeruginosa strains  isolated  in  Japan  and  their 
susceptibilities to fluoroquinolones. Antimicrob. Agents Chemother. 43:406-409.

30. Lee JK, Lee YS, Park YK, Kim BS. 2005. Alterations in the GyrA and GyrB subunits 
of  topoisomerase II  and the  ParC and ParE subunits  of  topoisomerase IV in 
ciprofloxacin-resistant  clinical  isolates  of  Pseudomonas aeruginosa.  Int.  J. 
Antimicrob. Agents 25:290-295.

20

380

385

390

395

400

405

410

415

420

40



31. Cambau E, Perani E, Dib C, Petinon C, Trias J, Jarlier V. 1995. Role of mutations 
in  DNA gyrase genes in  ciprofloxacin resistance of  Pseudomonas aeruginosa 
susceptible or resistant  to imipenem. Antimicrob.  Agents Chemother.  39:2248-
2252.

32. Oh H, Stenhoff J, Jalal S, Wretlind B. 2003. Role of efflux pumps and mutations in 
genes for  topoisomerases II  and IV in  fluoroquinolone-resistant  Pseudomonas 
aeruginosa strains. Microb. Drug Resist. 9:323-328.

33.  Akasaka  T,  Tanaka  M,  Yamaguchi  A,  Sato  K. 2001.  Type  II  topoisomerase 
mutations  in  fluoroquinolone-resistant  clinical  strains  of  Pseudomonas 
aeruginosa isolated in 1998 and 1999: role of target enzyme in mechanism of 
fluoroquinolone resistance. Antimicrob. Agents Chemother. 45:2263-2268.

34. Jalal S, Ciofu O, Hoiby N, Gotoh N, Wretlind B. 2000. Molecular mechanisms of 
fluoroquinolone  resistance  in  Pseudomonas aeruginosa isolates  from  cystic 
fibrosis patients. Antimicrob. Agents Chemother. 44:710-712.

35.  Wong A, Kassen R. 2011. Parallel evolution and local differentiation in quinolone 
resistance in Pseudomonas aeruginosa. Microbiology 157:937-944.

36.  Henrichfreise  B,  Wiegand  I,  Pfister  W,  Wiedemann  B. 2007.  Resistance 
mechanisms of multiresistant  Pseudomonas aeruginosa strains from Germany 
and  correlation  with  hypermutation.  Antimicrob.  Agents  Chemother.  51:4062-
4070.

37.  Pedersen SS, Jensen T,  Hvidberg EF. 1987.  Comparative pharmacokinetics of 
ciprofloxacin and ofloxacin in cystic fibrosis patients. J. Antimicrob. Chemother. 
20:575-583.

38.  Bagel  S,  Hullen  V,  Wiedemann B,  Heisig  P. 1999.  Impact  of  gyrA and  parC 
mutations on quinolone resistance,  doubling  time,  and supercoiling  degree of 
Escherichia coli. Antimicrob. Agents Chemother. 43:868-875.

39.  Higgins PG, Fluit AC, Milatovic D, Verhoef J, Schmitz FJ. 2003. Mutations in 
GyrA, ParC, MexR and NfxB in clinical isolates of Pseudomonas aeruginosa. Int. 
J. Antimicrob. Agents 21:409-413.

40.  Wang  DD,  Sun  TY,  Hu  YJ. 2007.  Contributions  of  efflux  pumps  to  high  level 
resistance of Pseudomonas aeruginosa to ciprofloxacin. Chin. Med. J. 120:68-70.

41. Rejiba S, Aubry A, Petitfrere S, Jarlier V, Cambau E. 2008. Contribution of ParE 
mutation  and  efflux  to  ciprofloxacin  resistance  in  Pseudomonas aeruginosa 
clinical isolates. J. Chemother. 20:749-752.

42.  Dunham SA, McPherson CJ, Miller AA. 2010. The relative contribution of efflux 
and target gene mutations to fluoroquinolone resistance in recent clinical isolates 
of Pseudomonas aeruginosa. Eur. J. Clin. Microbiol. Infect. Dis. 29:279-288.

43.  El  Amin  N,  Giske  CG,  Jalal  S,  Keijser  B,  Kronvall  G,  Wretlind  B.  2005. 
Carbapenem resistance mechanisms in Pseudomonas aeruginosa: alterations of 
porin OprD and efflux proteins do not fully explain resistance patterns observed in 
clinical isolates. APMIS 113:187-196.

44.  Pai  H,  Kim  J,  Lee  JH,  Choe  KW,  Gotoh  N. 2001.  Carbapenem  resistance 
mechanisms in  Pseudomonas aeruginosa clinical  isolates.  Antimicrob.  Agents 
Chemother. 45:480-484.

45.  Mulet  X, Moya B, Juan C, Macia MD, Perez JL, Blazquez J, Oliver  A.  2011. 
Antagonistic  interactions  of  Pseudomonas aeruginosa antibiotic  resistance 

21

425

430

435

440

445

450

455

460

465



mechanisms in planktonic but not biofilm growth. Antimicrob. Agents Chemother. 
55:4560-4568.

46.  Lomovskaya O, Lee A,  Hoshino K, Ishida H, Mistry A,  Warren MS, Boyer E, 
Chamberland  S,  Lee  VJ. 1999.  Use  of  a  genetic  approach  to  evaluate  the 
consequences  of  inhibition  of  efflux  pumps  in  Pseudomonas aeruginosa. 
Antimicrob. Agents Chemother. 43:1340-1346.

47.  Breidenstein  EB,  Khaira  BK,  Wiegand  I,  Overhage  J,  Hancock  RE. 2008. 
Complex  ciprofloxacin  resistome  revealed  by  screening  a  Pseudomonas 
aeruginosa mutant  library  for  altered  susceptibility.  Antimicrob.  Agents 
Chemother. 52:4486-4491.

48.  Dötsch A,  Becker T,  Pommerenke C, Magnowska Z,  Jänsch L,  Häussler  S. 
2009.  Genomewide identification of  genetic  determinants of  antimicrobial  drug 
resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 53:2522-
2531.

49. Robicsek A, Jacoby GA, Hooper DC. 2006. The worldwide emergence of plasmid-
mediated quinolone resistance. Lancet Infect. Dis. 6:629-640.

50.  Li  X,  Mariano  N,  Rahal  JJ,  Urban  CM,  Drlica  K. 2004.  Quinolone-resistant 
Haemophilus influenzae:  determination  of  mutant  selection  window  for 
ciprofloxacin,  garenoxacin,  levofloxacin,  and  moxifloxacin.  Antimicrob.  Agents 
Chemother. 48:4460-4462.

51. Heisig P, Tschorny R. 1994. Characterization of fluoroquinolone-resistant mutants 
of  Escherichia coli selected  in  vitro.  Antimicrob.  Agents  Chemother.  38:1284-
1291.

52. Singh R, Swick MC, Ledesma KR, Yang Z, Hu M, Zechiedrich L, Tam VH. 2012. 
Temporal interplay between efflux pumps and target mutations in development of 
antibiotic resistance in Escherichia coli. Antimicrob. Agents Chemother. 56:1680-
1685.

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

54.  Drlica  K,  Zhao X.  1997.  DNA gyrase,  topoisomerase IV,  and the 4-quinolones. 
Microbiol. Mol. Biol. Rev. 61:377-392.

55. Gullberg E, Cao S, Berg OG, Ilback C, Sandegren L, Hughes D, Andersson DI. 
2011. Selection of resistant bacteria at very low antibiotic concentrations. PLoS 
Pathog. 7:e1002158.

22

470

475

480

485

490

495

500



TABLE 1. MICs of in vitro generated PA14 mutants. 

 PA14 mutant
CIP MIC 
in µg/ml

wild type PA14 0.125
 gyrA T83I 2
 gyrA D87N 1
 gyrA T83I-D87N 2
mutations gyrB S466F 1
in QRDR gyrB S466Y 1
 gyrB E468D 1
 parC S87L 0.125
 parC S87W 0.125
 ∆nfxB 2
 ∆mexR 0.5
 ∆mexS 2
efflux ∆mexZ 0.25
mutations ∆(nfxB-mexZ) 2
 ∆(mexR-mexS) 2
 ∆(mexR-mexZ) 0.5
 ∆(mexS-mexZ) 2
 gyrA T83I + ∆nfxB 32
 gyrA T83I + ∆mexR 8
 gyrA T83I + ∆mexS 32
 gyrA T83I + ∆mexZ 2
 gyrB E468D + ∆nfxB 8
combination gyrB E468D + ∆mexR 2
of efflux gyrB E468D + ∆mexS 8
and QRDR gyrB E468D + ∆mexZ 1
mutations gyrA T83I + parC S87L 32
 gyrA T83I + parC S87W 32
 gyrA T83I + parC S87L + ∆nfxB 256
 gyrA T83I + parC S87L + ∆mexR 64
 gyrA T83I + parC S87L + ∆mexS 256
 gyrA T83I + parC S87L + ∆mexZ 32
CIP, ciprofloxacin
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TABLE 2. Expression of mexA, mexC, mexE and mexX in 29 clinical isolates and in four 

in vitro generated PA14 knock-out mutants compared to PA14 wildtype strain. 

Isolate fold change CIP MIC mutation
 mexA mexC mexE mexX in µg/ml  
10049 0.99 11.60 n.d. 50.57 0.5 wt
12178 1.72 3.22 3.50 11.87 0.5 wt
7624 0.93 2.10 1.88 17.25 1 wt
9229 1.19 18.24 1.82 6.45 1 wt
9639 0.22 8.52 3.18 93.65 1 wt
10047 2.48 3.01 5.63 21.86 1 wt
11935 2.01 5.43 13.05 21.27 1 wt
9748 0.95 1.24 43.69 4.47 2 wt
9830 2.87 10.60 33.72 76.38 2 wt
7508 0.38 3.03 10.75 7.16 1 gyrA D87N
7807 1.18 1.42 4.94 45.14 1 gyrA D87Y
7091 0.87 0.80 1.58 63.14 1 gyrA T83I
11445 1.47 2.00 3.87 110.02 1 gyrA T83I
7252 1.16 1.93 2.39 6.34 2 gyrA T83I
14088 0.62 14.94 2.83 74.33 2 gyrA T83I
7313 1.31 3.04 5.66 15.72 4 gyrA T83I
11148 0.73 0.67 0.74 27.32 4 gyrA T83I
12274 0.85 1.25 1.92 55.25 4 gyrA T83I
7055 4.38 1.88 2.69 38.43 8 gyrA T83I
6964 0.87 1.13 4.02 42.34 8 gyrA T83I + parC S87L
6829 1.01 0.90 13.53 6.71 >8 gyrA T83I + parC S87L
6870 0.92 1.27 5.55 53.41 >8 gyrA T83I + parC S87L
7176 1.11 1.39 5.36 54.14 >8 gyrA T83I + parC S87L
7823 0.95 0.73 3.23 37.57 >8 gyrA T83I + parC S87L
7863 1.17 0.75 4.92 31.39 >8 gyrA T83I + parC S87L
8349 1.22 1.25 4.46 45.60 >8 gyrA T83I + parC S87L
8478 1.13 1.83 6.00 56.84 >8 gyrA T83I + parC S87L
8614 1.00 1.69 6.13 49.78 >8 gyrA T83I + parC S87L
9652 1.19 1.08 4.43 41.37 >8 gyrA T83I + parC S87L
∆nfxB 0.59 16.08 0.70 0.58 2 knockout of nfxB in PA14
∆mex
R 1.58 0.64 0.81 0.73 0.5 knockout of mexR in PA14
∆mexS 0.65 0.33 318.2 0.67 2 knockout of mexS in PA14
∆mexZ 0.81 0.75 2.30 6.17 0.25 knockout of mexZ in PA14
CIP, ciprofloxacin; nd, not determined
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Overexpression is shown as bold digits and borderline expression values are underlined 

and in italics according to Cabot et al. (19) 

TABLE 3. Complementation of clinical isolates with plasmid pME::gyrA

Isolate CIP MIC in µg/ml Dif 
log2

Mutation 
in gyrA -IPTG +IPTG

7252 2 0.5 2 T83I
7444 4 0.5 3 T83I
7807 0.25 0.25 0 D87Y
8044 1 0.25 2 T83A
8931 1 0.25 2 D87N
9481 1 0.25 2 T83I
9674 8 2 2 D87Y
12207 1 0.5 1 T83I
13224 1 0.5 1 D87N
13428 0.5 0.125 2 D87N
14088 0.5 0.125 2 T83I
PA14 gyrA T83I 1 0.125 3 T83I
PA14 wt 0.125 0.125 0 wt
Dif, difference
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 FIG. 1. Mutations identified in gyrA, gyrB, parC and parE in 100 clinical isolates. 

(A) Frequency and nature of the mutations found in the QRDRs of gyrA, gyrB, parC and 

parE in 100 clinical Pseudomonas aeruginosa isolates. Labels indicate the mutations 

with wild type allele, amino acid position and mutant allele and the number of isolates 

harboring this mutation. ‘Δ’ indicates a deletion at the specified position. ‘wt’ indicates 

wild type allele or a silent mutation. (B) Co-occurence of mutations in the QRDRs of 

gyrA, gyrB, parC, parE in the individual clinical P. aeruginosa isolates. The fraction of 

isolates with a single mutation is depicted in light gray, with a double mutation in dark 

gray and with a triple mutation in black. The fraction of isolates without any identified 

QRDR mutation is shown in white.

 FIG. 2. Correlation of the minimal inhibitory concentration (MIC) values for 

ciprofloxacin with the presence of mutations in the QRDRs of gyrA, gyrB, parC 

and parE (and combinations thereof) of 100 P. aeruginosa clinical isolates. The 

number written inside a circle displays the amount of isolates with the same combination 

of MIC and genotype. The color of the circles represent the clinical breakpoints 

according to CLSI standards with light gray, gray and dark gray representing sensitive, 

intermediate and resistant, respectively.

 FIG. 3. Influence of multidrug efflux (MEX) pump overexpression and QRDR 

mutation on ciprofloxacin MIC. The variations of MIC values for a particular genotype 
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cannot be explained by the additional expression of MEX pumps. The figure shows the 

expression of four MEX pumps in 29 selected clinical P. aeruginosa isolates. Each circle 

represents one clinical isolate while each quarter represents one efflux pump (top left: 

MexAB-OprM, top right: MexCD-OprJ, bottom left: MexEF-OprN and bottom right: 

MexXY-OprM) with black quarters representing an overexpression of a pump, gray 

quarters representing borderline expression and white quarter representing wild -type 

expression levels (according to Cabot et al. 2011). The isolates were arranged according 

to their QRDR genotype (wild type, single mutation in gyrA or simultaneous mutation in 

gyrA and parC) and their ciprofloxacin MIC.
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