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Introduction

K. pneumoniae is an important nosocomial pathogen that has become increasingly fluoroquinolone (FQ) resistant [START_REF] Bryan | Ciprofloxacin-not invincible[END_REF][START_REF] Gootz | The forgotten Gram-negative bacilli: What genetic determinants are telling us about the spread of antibiotic resistance[END_REF]. The main resistance mechanism is mutations in the Quinolone Resistance-Determining Region (QRDR) of the gyrA and parC genes which result in FQ target site alterations [START_REF] Hooper | Mechanisms of quinolone resistance[END_REF][START_REF] Jacoby | Mechanisms of resistance to quinolones[END_REF]. Active extrusion of FQs by efflux pump mechanisms also contribute to FQ resistance [START_REF] Giraud | Evidence for active efflux as the primary mechanism of resistance to ciprofloxacin in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Hooper | Mode of action of fluoroquinolones[END_REF][START_REF] Hooper | Mechanisms of action of antimicrobials: focus on fluoroquinolones[END_REF][START_REF] Kohler | Bacterial Resistance to quinolones: mechanisms and clinical implications[END_REF][START_REF] Kumar | Bacterial resistance to antibiotics: Active efflux and reduced uptake[END_REF][START_REF] Li | Efflux-mediated drug resistance in bacteria[END_REF][START_REF] Lomovskaya | Waltzing transporters and 'the dance macabre' between humans and bacteria[END_REF][START_REF] Oethinger | Ineffectiveness of topoisomerase mutations in mediating clinically significant fluoroquinolone resistance in Escherichia coli in the absence of the AcrAB efflux pump[END_REF][START_REF] Piddock | Multidrug-resistance efflux pumps-not just for resistance[END_REF][START_REF] Piddock | Mechanisms of fluoroquinolone resistance: an update 1994-1998[END_REF][START_REF] Poole | Efflux-mediated antimicrobial resistance[END_REF]. In addition, the entry of FQs into the cell may be impeded by alterations in porins, leading to the so-called low-level outer membrane-associated resistance (OMAR, as referred in this article) [START_REF] Domenech-Sanchez | Role of Klebsiella pneumoniae OmpK35 porin in antimicrobial resistance[END_REF][START_REF] Nikaido | Penetration of lipophilic agents with multiple protonation sites into bacterial cells: tetracyclines and fluoroquinolones as examples[END_REF][START_REF] Piddock | The effect of altered porin expression in Escherichia coli upon susceptibility to 4-quinolones[END_REF].

Efflux pump-mediated quinolone resistance has been reported in a wide range of Gram-positive and Gram-negative bacteria, including E. coli, Klebsiella spp. and other members of the Enterobacteriacae [START_REF] Jonas | Characterization of EmeA, a NorA homolog and multidrug resistance efflux pump, in Enterococcus faecalis[END_REF][START_REF] Li | Role of efflux pump(s) in intrinsic resistance of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol, and norfloxacin[END_REF][START_REF] Poole | Efflux-mediated antimicrobial resistance[END_REF][START_REF] Poole | Multiple antibiotic resistance in Pseudomonas aeruginosa: evidence for involvement of an efflux operon[END_REF][START_REF] Poole | Efflux-mediated resistance to fluoroquinolones in Gram-negative bacteria[END_REF]. These pumps actively extrude FQs from the cytoplasm and can be inhibited in vitro studies by inhibitors such as carbonyl cyanide 3chlorophenylhydrazone (CCCP) [23, 24, 25, 26, 27-30, 12, 22].

We investigated distinct clinical isolates of K. pneumoniae with a wide range of ciprofloxacin MICs, known gyrA and parC mutations and qnrA genotype [START_REF] Aathithan | a) Topoisomerase alterations and ciprofloxacin resistance in clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Aathithan | Prevalence of efflux pump activity and its role in ciprofloxacin resistance in clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Aathithan | Mechanisms and genetics of ciprofloxacin resistance in Klebsiella pneumoniae[END_REF] to determine the prevalence and role of efflux and OMAR in ciprofloxacin resistance. We measured efflux pump activity and influx resistance in the same experiment by following the accumulation kinetics of [ 14 C]ciprofloxacin in the presence and absence of CCCP [START_REF] Giraud | Evidence for active efflux as the primary mechanism of resistance to ciprofloxacin in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Hooper | Mechanisms of quinolone resistance in Escherichia coli: characterization of nfxB and cfxB, two mutant resistance loci decreasing norfloxacin accumulation[END_REF][START_REF] Li | Role of efflux pump(s) in intrinsic resistance of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol, and norfloxacin[END_REF][START_REF] Mortimer | A comparison of methods used for measuring the accumulation of quinolones by Enterobacteriaceae, Pseudomonas aeruginosa and Staphylococcus aureus[END_REF][START_REF] Nikaido | Multidrug efflux pumps of Gram-negative bacteria[END_REF].

We believe this is the first time [ 14 C]ciprofloxacin has been used in such studies and that the results are more accurate than those using spectrophotometric measurements [START_REF] Hasdemir | Detection and prevalence of active drug efflux mechanism in various multidrug resistant Klebsiella pneumoniae strains from Turkey[END_REF][START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF][START_REF] Mortimer | A comparison of methods used for measuring the accumulation of quinolones by Enterobacteriaceae, Pseudomonas aeruginosa and Staphylococcus aureus[END_REF].

Materials and Methods

Bacterial isolates

Twenty-six distinct K. pneumoniae isolates from clinical specimen at Guy's and St. Thomas' Hospital Trust collected between 1998 and 2002 (Table 1) were studied.

Chemicals and reagents

Ciprofloxacin powder was from Bayer (Newbury, UK). Glucose, magnesium chloride and phosphate buffered saline (for PBS-MgCl 2 ), molecular biological grade water and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were from Sigma-Aldrich (Dorset, UK). Optiscint Hisafe Scintillant was from Perkin Elmer (Beaconsfield, UK). Bacterial culture media were from Oxoid (Basingstoke, UK). [ 14 C]ciprofloxacin was a generous gift from Bayer Healthcare (Leverkusen, Germany) and used at a working strength of 1280 µg/ml and a specific activity of 0.557 MBq/mg.

Radiolabeled ciprofloxacin accumulation assay

Bacterial cells were obtained at mid-log phase (OD 530 = 0.5) by transferring fresh overnight culture in Luria-Bertani (LB) broth to 20ml fresh LB broth and incubating at 35°C with shaking at 50rpm for 3.5 -4.5 hours until cell turbidity reached an optical density (OD 530 ) of about 0.5. Cells were harvested by centrifugation at 3,000g for 5 minutes at room temperature, washed in PBS-MgCl 2 buffer containing 1 mM magnesium chloride and 1 mM glucose, and resuspended in 3.5ml of buffer. This cell suspension contained about 10 9 cfu/ml, and 2484µl were transferred to a 3 ml well of a 24-well tissue-culture plate maintained at 35±1°C and gently stirred with a mini magnetic flea. (From the remaining cell suspension, 1ml was transferred to 9ml PBS buffer and kept on ice for total viable count (TVC) determination, using standard methods).

15.63µl of [ 14 C]ciprofloxacin working-strength solution (with a specific activity of 557KBq/mg, and an assay ciprofloxacin concentration of 8µg/ml) was added to the well and a total of ten aliquots of 100µl of cell suspension were withdrawn at two-minute intervals. CCCP, at a final concentration of 100µM [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF], was added immediately after withdrawal of the 10 th minute sample and sampling continued at two-minute intervals for a further 10 minutes. Each 100µl sample was immediately chilled by withdrawing through a cold pipette tip and then ejecting it along the wall of 2ml Eppendorf tube which had been stored at -20°C. This was then centrifuged at 12,000 x g for 20-30 seconds at room temperature in an Eppendorf centrifuge. The supernatant was aspirated and the cell pellet washed twice in 100 µl ice-cold PBS buffer.

Washing and recovery of cells containing cell-associated ciprofloxacin were completed within 45 seconds. The final cell pellet was re-suspended in 120µl of PBS buffer; 1.9ml of scintillant was added and radioactivity was measured in a β counter (MicroBeta Trilux, Wallac, Finland) by counting each sample for 30 minutes. The controls were (1) two tubes each containing 100ul of radiolabeled total bacterial suspension; (2) an Eppendorf tube containing 100µl cell free [ 14 C]ciprofloxacin solution of the same strength and specific activity and treated in the same way as the cell suspensions (for determining the non-specific binding of the [ 14 C]ciprofloxacin); and (3) a tube containing 1.9ml scintillant and 120µl of buffer (for background radiation determination).

Measurement of cell associated ciprofloxacin

The time course of bacterial cell drug accumulation depends on the balance between influx and extrusion. A steady state concentration of ciprofloxacin is reached within 1-3 minutes in the absence of outer membrane resistance mechanism [START_REF] Giraud | Evidence for active efflux as the primary mechanism of resistance to ciprofloxacin in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Li | Role of efflux pump(s) in intrinsic resistance of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol, and norfloxacin[END_REF][START_REF] Mortimer | A comparison of methods used for measuring the accumulation of quinolones by Enterobacteriaceae, Pseudomonas aeruginosa and Staphylococcus aureus[END_REF][START_REF] Nikaido | Multidrug efflux pumps of Gram-negative bacteria[END_REF][START_REF] Nikaido | Outer membrane barrier as a mechanism of antimicrobial resistance[END_REF]. In the presence of an outer-membrane resistance mechanism, [START_REF] Nikaido | Multidrug efflux pumps of Gram-negative bacteria[END_REF], the drug reaches steady state much later and with a higher intracellular drug concentration. By measuring the amount of drug accumulation over time in the presence and absence of a proton pump inhibitor (CCCP), the relative contributions of these two mechanisms to resistance can be determined [START_REF] Nikaido | Multidrug efflux pumps of Gram-negative bacteria[END_REF]. In the present study, ciprofloxacin accumulation was investigated by using [ 14 C]ciprofloxacin.

The amount of cell associated [ 14 C]ciprofloxacin at different times was expressed as cpm/10 8 cfu and designated the drug accumulation (DA). DA was plotted graphically and linear regression performed separately by the method of least squares for samples taken at 2 -10 minutes and 12 -20 minutes. DA values were calculated at 4, 10, 12 and 18 minutes. Each isolate was tested at least twice and results were averaged.

Basal-level DA (DA 4 ) is the amount of drug accumulated at steady state at the 4 th minute in the absence of CCCP (assuming that drug influx resistance, OMAR, was negligible during the short exposure time); this is a measure of total drug accumulation resulting from the action of both influx resistance (if any) and efflux mechanisms. DA at the 18 th minute in the presence of CCCP (DA 18 ) is a measure of drug accumulation in the absence of active efflux pump activity (and assuming that the role of OMAR was insignificant). The Efflux Pump Index (EPI) was calculated by dividing DA 18 by DA 4 . The higher the EPI, the greater the efflux activity. An EPI of ≥1.5 was taken to indicate that an isolate had efflux pump activity; isolates with EPI values below this were presumed to have no efflux pump activity [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF].

The effectiveness of the efflux pump activity, expressed as the percent of drug extruded, was calculated as [(DA 18 -DA 4 )/ DA 18 ]100.

The outer membrane associated resistance mechanism (OMAR) was defined arbitrarily for those isolates lacking efflux activity as the ratio of drug accumulation at the 10 th and 4 th minutes (DA 10 ⁄DA 4 ), and for those with efflux activity, as the ratio of drug accumulation at the 18 th and 12 th minutes (DA 18 /DA 12 ) after the abolition of efflux pump activity. Ratios of ≥1.5 were designated OMAR positive.

Correlation between ciprofloxacin MICs and efflux pump activity and basal-level ciprofloxacin accumulation

The associations between ciprofloxacin MICs, basal-level ciprofloxacin accumulation and efflux pump activity were determined by correlation analysis.

Viability testing of ciprofloxacin susceptible and low-level resistance isolates after exposure to 8µg/ml ciprofloxacin for 20 minutes

Ciprofloxacin was used at a concentration of 8µg/ml in the efflux studies.

Fourteen of the 26 isolates had ciprofloxacin MICs <8 µg/ml. Experiments were therefore done to investigate whether there was a reduction in TVCs of these isolates after 20 minutes exposure to 8µg/ml ciprofloxacin.

Results

A summary of the results of the [ 14 C]ciprofloxacin accumulation assays are given in Table 1, which shows for each isolate the average amount of drug accumulation at 4, 10 and 18 minutes, the EPI and OMAR values, efflux mediated reduction in drug accumulation (%), the ciprofloxacin MICs and the previously identified alterations in the GyrA and ParC FQ target sites and their corresponding mutations. [START_REF] Aathithan | a) Topoisomerase alterations and ciprofloxacin resistance in clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Aathithan | Mechanisms and genetics of ciprofloxacin resistance in Klebsiella pneumoniae[END_REF] Graphical outputs of drug accumulation kinetics for two isolates are shown in Figures 1 and2. The association between ciprofloxacin MICs, efflux pump activity and basal-level drug accumulation are illustrated in Figures 3 and4, respectively.

Contribution of efflux pump activity to ciprofloxacin resistance phenotype

Two isolates had efflux pump indices (EPIs) of less than 1.5, indicating an absence of significant efflux activity. The remaining 24 isolates had EPIs ranging more than five-fold, from 1.8 to 9.7, and basal-level (4 minute) drug accumulation values ranging 12-fold from 52.2 to 632.7 pg [ 14 C]ciprofloxacin /10 8 cfu. Figure 3 shows that there was a moderate overall positive association between efflux pump activity and ciprofloxacin MIC. However, there was often a range of EPI values at a given MIC and increasing MIC was also associated with increasing numbers of target site alterations. Figure 4 shows the same phenomenon, with a moderate negative association between basal-level ciprofloxacin concentration and MIC. Thus, there was a wide range of efflux pump activity and target site alteration in this organism collection and the ciprofloxacin MIC was affected by the contribution of these two mechanisms and probably also other mechanisms not specifically assessed in this study (see later).

Isolates with no target site alterations

Isolates 80, 57, 104, 38, 14 and 32 had no FQ target site alterations (Table 1).

Isolates 80, 57 and 104 were fully ciprofloxacin susceptible with MICs of ≤ 0.064 µg/ml (European Committee on Antibacterial Susceptibility Testing 2, 2007). Isolates 80 and 57 had weak efflux pump activities and high basal-level (DA 4 ) ciprofloxacin accumulation; isolate 104, which had the highest MIC of these three (0.064 µg/ml), had a stronger pump and a lower DA 4. Isolate 32 had a similar EPI and DA 4 values to isolate 104 but a much higher ciprofloxacin MIC (0.5 µg/ml); this was presumably due to the presence of other, unidentified, resistance mechanisms. Isolates 38 and 14 had similar raised ciprofloxacin MICs of 0.25 µg/ml and 0.5 µg/ml, respectively, but had a very weak or no efflux activity (EPIs of 1.8 and 1.2, respectively), indicating the presence of other ciprofloxacin resistance mechanisms in these strains also.

Isolates with an identical Ser83Tyr GyrA alteration

Five isolates, 96, 16, 9, 67 and 7, had an identical single target site alteration (Ser83Tyr) and their ciprofloxacin MICs ranged from 0.125 to 8 µg/ml (Table1). Isolates 16, 9 and 67 had similar EPIs of 4 .0 -4.7 and similar MICs of 2 -4 µg/ml.

Isolates with an identical single Ser83Phe GyrA alteration

Four isolates, 12, 1, 59 and 21, had an identical single Ser83Phe alteration and ciprofloxacin MICs of 1 -4 µg/ml. They generally had moderate or high efflux pump activity but the efflux activity and basal-level drug accumulation was not clearly related to the variations in MIC between 1 and 4 µg/ml.

Isolate with a single Asp87Gly alteration in GyrA

Isolate 56 was the only one with an Asp87Gly alteration without alteration in Ser83. It had an MIC of 8 µg/ml and a very high efflux pump activity (EPI 9.3), which was reflected in its very low basal-level ciprofloxacin accumulation of 58.19 pg [ 14 C]ciprofloxacin/10 8 cfu.

Isolates with Ser83 and Asp87 double alterations in GyrA

Isolates 107, 98 and 82 had double alterations at positions Ser83 and Asp87 in GyrA and no alteration in ParC. The amino acid alterations were identical in only two of these three isolates, but they all had high efflux pump activity, low basal-level ciprofloxacin accumulations and very high ciprofloxacin MICs of 128-256 µg/ml. The pump activity was similar to that seen in isolate 56, which had only an Asp87 alteration and a ciprofloxacin MIC of 8µg/ml. It is likely, therefore, that the double GyrA alterations were responsible for the very high ciprofloxacin MICs in these isolates.

Isolates with double FQ target alterations in GyrA and single ParC alteration

Isolates 6, 43, 2, 54, 4, 5 and 3 had complex target alterations in five different combinations, including Ser83Phe, Ser83Tyr, Asp87Ala, Asp87Asn or Asp87Tyr in GyrA, and Ser80Ile or Glu84Lys in ParC. They had varying efflux pump activity, basal-level ciprofloxacin accumulation and steady state drug accumulation following CCCP treatment. Their ciprofloxacin MICs varied from 16 to >512 µg/ml and they included the most resistant isolates in this collection.

Discussion

We investigated the role of efflux pump activity in FQ resistance in a collection of K. pneumoniae isolates with known QRDR mutations and no qnrA mediated topoisomerase protection [START_REF] Aathithan | a) Topoisomerase alterations and ciprofloxacin resistance in clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Aathithan | Prevalence of efflux pump activity and its role in ciprofloxacin resistance in clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Aathithan | Mechanisms and genetics of ciprofloxacin resistance in Klebsiella pneumoniae[END_REF]. We employed arbitrarily defined indices for outer membrane associated resistance (OMAR) and efflux mediated resistance (efflux pump index, EPI), to enable us to assess the role of efflux pump activity in ciprofloxacin susceptibility. For clarity of analysis, the isolates are grouped into similar classes, based on QRDR genotype.

Isolates with an identical Ser83Tyr GyrA alteration

Isolate 96 had no efflux pump activity (EPI 1.3), a very high basal-level ciprofloxacin accumulation (414.3pg [ 14 C]ciprofloxacin/10 8 cfu) and an MIC of 0.125 µg/ml. This suggests that a single Ser83Tyr GyrA alteration raises the ciprofloxacin MIC only to 0.125 µg/ml and that further increases to 2-4 µg/ml are most likely achieved by efflux. Thus, efflux pump activity appears to be needed to raise the MIC to a clinically significant level in isolates with this important gyrA QRDR mutation. Isolate 7 did not fit this pattern, since it had a low pump activity (EPI 2.0), a high basal-level ciprofloxacin, but an MIC of 8.0µg/ml; there were presumably other resistance mechanisms active in this strain. Moreover, K. pneumoniae isolates with this single alteration have been reported to have ciprofloxacin MICs of 0.39 to <16 µg/ml [START_REF] Brisse | Comparative in vitro activities of ciprofloxacin, clinafloxacin, gatifloxacin, levofloxacin, moxifloxacin, and trovafloxacin against Klebsiella pneumoniae, Klebsiella oxytoca, Enterobacter cloacae, and Enterobacter aerogenes clinical isolates with alterations in GyrA and ParC Proteins[END_REF][START_REF] Deguchi | Alterations in the GyrA subunit of DNA Gyrase and the ParC subunit of Topoisomerase IV in quinolone-resistant clinical isolates of Klebsiella pneumoniae[END_REF][START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF][START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF][START_REF] Schneiders | Role of AcrR and RamA in fluoroquinolone resistance in clinical Klebsiella pneumoniae isolates from Singapore[END_REF].

Isolate with a single Asp87Gly alteration in GyrA

Isolate 56 was the only isolate with this QRDR genotype. However, two K. pneumoniae isolates have been reported in the literature with this GyrA alteration (strains 356 and 377 of Deguchi et al. [START_REF] Deguchi | Alterations in the GyrA subunit of DNA Gyrase and the ParC subunit of Topoisomerase IV in quinolone-resistant clinical isolates of Klebsiella pneumoniae[END_REF]), which had ciprofloxacin MICs of 0.1 and 3.13 µg/ml, respectively, but with no information on efflux activity. It is likely that efflux was the main cause of the high ciprofloxacin MIC seen in isolate 56 since it had one of the lowest basal-level [ 14 C]ciprofloxacin accumulations in this study (Table 1).

Isolates with double FQ target alterations in GyrA and single ParC alteration

Amongst these seven isolates (Table 1), multiple target site alterations appeared to be associated with high-level ciprofloxacin resistance and the relative contribution of efflux activity was unclear. Nevertheless, isolate 6 had a relatively low ciprofloxacin MIC (16 µg/ml) for an organism with triple FQ target alterations and had the lowest efflux pump activity and the highest basal-level ciprofloxacin accumulation amongst these isolates; this underlines the potential importance of efflux in some isolates with multiple QRDR mutations. Isolates 4 and 5 had low efflux activity but low basal-level ciprofloxacin accumulation and also low ciprofloxacin accumulation after CCCP treatment, suggesting the presence of other, proton motive force (PMF) independent, efflux pumps [START_REF] Kuete | Efflux Pumps Are Involved in the Defense of Gram-Negative Bacteria against the Natural Products Isobavachalcone and Diospyrone[END_REF][START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF][START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF][START_REF] Rosen | Energetics of active transport[END_REF].

The level of protection against ciprofloxacin provided by efflux pumps

A comparison between the amount of ciprofloxacin accumulated at steady state before and after CCCP treatment is an indirect measure of the contribution made by efflux pumps to the protection of the bacterial cell against ciprofloxacin. This is expressed in Table 1 as the percentage reduction in drug accumulation. In our isolates, efflux pump activity could reduce the drug accumulation up to a maximum of 90%. Yang et al. [START_REF] Yang | Relative contributions of the AcrAB, MdfA and NorE efflux pumps to quinolone resistance in Escherichia coli[END_REF] reported that in Escherichia coli, efflux pumps could raise quinolone MICs by a maximum of about 10-fold and believed that efflux mechanisms make only a limited contribution to FQ resistance. In a study involving abolition of the AcrAB-TolC efflux pump by gene deletion, Chen et al. [START_REF] Chen | Contribution of target gene mutations and efflux to decreased susceptibility of Salmonella enterica serovar Typhimurium to fluoroquinolones and other antimicrobials[END_REF] reported a 4 -6-fold reduction in FQ MICs in three ciprofloxacin resistant (MIC = 16 µg/ml) strains of Salmonella enterica serovar Typhimurium, all of which had double GyrA alterations and one ParC alteration. However, in our study, comparison of isolate 96 (with a single Ser83Tyr alteration in GyrA but no efflux activity) with isolates 16, 9, 67, and 7 (with the same target alteration plus efflux activity), suggests that efflux can increase ciprofloxacin MICs at least 16-fold in these K. pneumoniae strains.

During pilot experiments of our [ 14 C]ciprofloxacin accumulation studies involving 30 second sampling intervals (data not shown), we found that some radio-labelled ciprofloxacin bound to the cells as soon as the drug was added and long before accumulation had reached steady state. For some isolates, this accounted for a minimum of 10% of the drug that accumulated at steady state after the abolition of pump activity with CCCP. This suggests that putative surface-bound drug molecules are not accessible for removal by the efflux system. If this is taken into account, it is clear that the efflux system extrudes more efficiently than is shown by the calculated values and in many isolates with very high efflux pump activity the efficiency may approach 100%. We disagree, therefore, with the view that the efflux pump system is constrained and has only a limited role in drug susceptibility [START_REF] Yang | Relative contributions of the AcrAB, MdfA and NorE efflux pumps to quinolone resistance in Escherichia coli[END_REF].

There have been only two previous studies that have investigated the role of efflux pump mediated quinolone resistance in K. pneumoniae in detail [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF][START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF]. Martinez-Martinez et al. [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF] studied energy-dependent accumulation of norfloxacin and porin expression in 14 strains of K. pneumoniae and five pairs of clonally related strains with different quinolone resistance mechanisms.

They concluded that decreased intracellular accumulation of norfloxacin was due to energy dependent efflux pump activity and that outer-membrane porins played an insignificant role in quinolone resistance. Mazzariol et al. [START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF] investigated the role of the AcrAB efflux system in K. pneumoniae and found a significant correlation between AcrA expression and ciprofloxacin accumulation. In some strains, normal AcrA expression but reduced ciprofloxacin uptake suggested the involvement of efflux systems other than AcrAB [START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF]. We also found evidence in some of our isolates for the presence of efflux pump mechanisms other than those abolished by CCCP.

Martinez-Martinez et al. [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF] thought that efflux made an insignificant contribution to FQ resistance in the absence of topoisomerase alterations. However, one of Mazzariol et al.'s [START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF] isolates had no topoisomerase alteration but a ciprofloxacin MIC of 4µg/ml. They related this resistance phenotype to over expression of the AcrA efflux pump protein. This was the first study to suggest that ciprofloxacin resistance can be caused by efflux pump activity alone. In the present study we also identified isolates that expressed reduced ciprofloxacin MICs without topoisomerase alteration.

We found a very high prevalence (92%) of efflux pump activity in our K. pneumoniae isolates, whereas Martinez-Martinez et al. [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF] reported a prevalence of 21%. This difference may be due to our use of a very sensitive [ 14 C]ciprofloxacin method to measure efflux; indeed, Martinez-Martinez et al. [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF] suggested the possibility of under-detection of efflux pump activity with the methods they used. Although there were variations between duplicate experiments with some of our isolates, this did not alter the final conclusion.

Role of outer membrane influx resistance (OMAR) in FQ susceptibility

There were varying degrees of low-level ciprofloxacin OMAR amongst our isolates but this mechanism did not appear to have a significant impact on ciprofloxacin MICs. Domenech-Sanchez et al. [START_REF] Domenech-Sanchez | Role of Klebsiella pneumoniae OmpK35 porin in antimicrobial resistance[END_REF] found that loss of OmpK36 porin moderately increased resistance to quinolones in strains with topoisomerase alterations and/or active efflux of quinolones, but Martinez-Martinez et al. [START_REF] Martinez-Martinez | Energy-dependent accumulation of norfloxacin and porin expression in clinical isolates of Klebsiella pneumoniae and relationship to extended-spectrum β-lactamase production[END_REF] observed that entry of quinolones into K. pneumoniae was not affected by the porin content of the outer membrane. This absence of influx resistance, even in porin deficient isolates, may be attributable to the simultaneous existence of different molecular forms of ciprofloxacin [START_REF] Nikaido | Penetration of lipophilic agents with multiple protonation sites into bacterial cells: tetracyclines and fluoroquinolones as examples[END_REF].

Thus, OMAR may have a minor effect on the ciprofloxacin MICs of some Klebsiella strains but this was not an important mechanism of quinolone resistance in our isolates.

The present study used a highly sensitive method to investigate efflux pump activity, which measured the cellular accumulation of [ 14 C]ciprofloxacin over time. Efflux activity was detected in 24 of the 26 isolates (92%). Quantitative analysis showed that an efficient efflux pump system could eliminate about 90% of the cell-associated ciprofloxacin but influx resistance (OMAR) was not significant in these isolates. All the ciprofloxacin resistant isolates (MICs ≥ 1 µg/ml) had medium to high level efflux activity, and seven of the nine strains with ciprofloxacin MICs >16 µg/ml had high to very high-level efflux activity.

The most resistant isolates had multiple target site alterations and variable, but usually high-level, efflux activity. High-level efflux pump activity appeared to be the main or only fluoroquinolone resistance mechanism in some isolates without target alterations. These results show that efflux plays a major role in determining the ciprofloxacin resistance phenotype in many strains of K. pneumoniae. Finally, our study confirms other findings that some isolates had other, unidentified, ciprofloxacin resistance mechanisms, possibly including non-PMF-dependent pumps as reported by others [START_REF] Kuete | Efflux Pumps Are Involved in the Defense of Gram-Negative Bacteria against the Natural Products Isobavachalcone and Diospyrone[END_REF][START_REF] Mazzariol | AcrAB efflux system: expression and contribution to fluoroquinoloneresistance in Klebsiella spp[END_REF]. red circle = isolates with no mutation in QRDR; blue triangle = single gyrA mutation resulting in Ser83Phe, Ser83Tyr or Ser83Ile changes; red square = single gyrA mutation at codon Asp87 resulting in Asp87Gly; inverted red triangle = gyrA double mutations at codons 83 and 87 leading to any one of the following four combinations of changes; Ser83Tyr and Asp87Tyr, Ser83Phe and Asp87Tyr, Ser83Tyr and Asp87Asn and Ser83Phe and Asp87Asn; green square = gyrA double mutations at codons 83 and 87 and parC single mutation at codon 80 leading to any one of the following six combinations of changes: Ser83Phe, Asp87Ala and Ser80Ile; Ser83Phe, Asp87Tyr and Ser80Ile; Ser83Tyr, Asp87Asn and Ser80Ile; Ser83Tyr, Asp87Tyr and Ser80Ile; Ser83Tyr, Asp87Ala and Ser80Ile or Ser83Tyr, Asp87Gly and Ser80Ile. Following the same notation the black circle = Ser83Phe and Asp87Asn in GyrA and Glu84Lys in ParC Fig. [START_REF] Jacoby | Mechanisms of resistance to quinolones[END_REF] This shows the association between basal-level ciprofloxacin concentration of the 26 isolates and their ciprofloxacin MICs. Symbols are as for Fig. 3 
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