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The aim of this study was to compare the in vitro antimicrobial activity of the veterinary fluoroquinolones against a panel of recently isolated porcine and bovine bacterial pathogens. The study used enrofloxacin as a benchmark against which other agents were compared, being the most common fluoroquinolone used in treatment of bovine and porcine infections. The activity of ciprofloxacin was also assessed as it is the main metabolite of enrofloxacin in cattle.

Enrofloxacin and ciprofloxacin generally showed higher antibacterial activity, in terms of MIC 50 values, for most pathogen species when compared with marbofloxacin, difloxacin, danofloxacin and norfloxacin. Ciprofloxacin showed significantly greater in vitro antibacterial activity than enrofloxacin against M. haemolytica, P. multocida and E. coli, whereas enrofloxacin showed greater activity than ciprofloxacin against S. aureus. Marbofloxacin was significantly more active than enrofloxacin against M. haemolytica, E. coli and B. bronchiseptica but less active against P. multocida, S. aureus, coagulase negative Staphylococci, S. dysgalactiae, S. uberis, A. pleuropneumoniae and S. suis. Danofloxacin was significantly less active than enrofloxacin against P. multocida, E. coli, S. uberis, A. pleuropneumoniae and S. suis. Enrofloxacin and its metabolite ciprofloxacin showed the highest in vitro activities against most bovine pathogens tested and the porcine pathogens also showed a high degree of sensitivity to enrofloxacin. These data facilitate further pharmacokinetic/pharmacodynamic comparison of fluoroquinolones currently used in veterinary medicine.

Introduction

The use of pharmacokinetic/pharmacodynamic (PK/PD) analyses is of increasing importance during the development of new antimicrobial agents, to optimise treatment strategies (McKellar et al., 2004) and reduce the development of antibiotic resistant bacterial strains [START_REF] Lathers | Clinical pharmacology of antimicrobial use in humans and animals[END_REF].

PK characterisation involves defining parameters such as the area under the concentration timecurve (AUC) and the maximum plasma concentration (C max ) [START_REF] Coulet | In vitro and in vivo pharmacodynamic properties of the fluoroquinolone ibafloxacin[END_REF]. The most commonly used PD parameter is minimum inhibitory concentration (MIC), which is key to the derivation of therapeutic AUC/MIC and C max /MIC ratios. PK and PD components can be combined experimentally either by integration or by modelling [START_REF] Kietzmann | Antimicrobial susceptibility testing of bacteria isolated from animals: Considerations concerning the determination of breakpoints-clinical pharmacological view[END_REF]McKellar et al., 2004;[START_REF] Toutain | Integration and modelling of pharmacokinetic and pharmacodynamic data to optimize dosage regimens in veterinary medicine[END_REF].

Fluoroquinolones are important therapeutic agents in veterinary medicine, having a broad range of antimicrobial activity [START_REF] Brown | Fluoroquinolones in animal health[END_REF]. They act by inhibiting the action of the topoisomerase gene products thereby disrupting DNA replication [START_REF] Hawkey | Mechanisms of quinolone action and microbial response[END_REF]. Many studies assess the MICs of fluoroquinolones against veterinary pathogen collections, to compare the efficacy of the different agents. However, such studies have a number of limitations: (1) Most do not consider the full panel of veterinary fluoroquinolones [START_REF] Cruz | Comparative in vitro study on the susceptibility and emergence of mutants resistant to danofloxacin and ciprofloxacin among Staphylococcus aureus isolated from bovine mastitis[END_REF]de Oliviera et al., 2000;[START_REF] Yoshimura | Antimicrobial susceptibility of Pasteurella multocida isolated from cattle and pigs[END_REF]Yoshimura et al., 2002a and2002b;[START_REF] Zhao | Antimicrobial susceptibility and molecular characterization of avian pathogenic Escherichia coli isolates[END_REF]. (2) Studies often use differing methodologies, introducing variability into the absolute MIC values attained [START_REF] Gombert | Comparison of agar dilution, microtitre broth dilution and tube macrodilution susceptibility testing of ciprofloxacin against several pathogens at two different inocula[END_REF][START_REF] Koeth | Comparison of cation-adjusted Mueller-Hinton broth with Iso-Sensitest broth for the NCCLS broth microdilution method[END_REF][START_REF] Wallmann | Results of an interlaboratory test on antimicrobial susceptibility testing of bacteria from animals by broth microdilution[END_REF] even when using procedures standardised according to the Clinical and Laboratory Standards Institute ([CLSI] NCCLS, 2002). (3) A number of fluoroquinolone resistance monitoring studies do not accurately determined true in vitro potencies, as antibiotic concentrations at the lower end of the sensitivity range were not used [START_REF] Watts | In vitro activity of premafloxacin, a new extended-spectrum fluoroquinolone, against pathogens of veterinary importance[END_REF][START_REF] Mevius | In vitro activity of 12 antibiotics used in veterinary medicine against Mannheimia haemolytica and Pasteurella multocida isolated from calves in the Netherlands[END_REF][START_REF] Yoshimura | Antimicrobial susceptibility of Pasteurella multocida isolated from cattle and pigs[END_REF]. ( 4) minimising the impact of any variation between isolates [START_REF] Lees | Principles of pharmacodynamics and their applications in veterinary pharmacology[END_REF][START_REF] Toutain | Integration and modelling of pharmacokinetic and pharmacodynamic data to optimize dosage regimens in veterinary medicine[END_REF]. To overcome these limitations in the background data we assessed the in vitro antimicrobial activities of a range of fluoroquinolones relevant to veterinary practice, comprising enrofloxacin and the comparators ciprofloxacin, danofloxacin, difloxacin, marbofloxacin and norfloxacin. Though not licensed for use in veterinary medicine the inclusion of ciprofloxacin was considered important, as it is the main enrofloxacin metabolite in cattle.

Materials and methods

Minimum inhibitory concentration testing

MIC values were determined using the microbroth dilution method in accordance with the CLSI guidelines [START_REF] Nccls | Performance standards for antimicrobial disk and dilution susceptibility tests for bacteria isolated from animals; Approved standard[END_REF]2002).

Sensititre microtitre plates (MCS Diagnostics, Swalmen, Netherlands) were coated with 11 or 12 two-fold dilutions of the fluoroquinolones: enrofloxacin (0.002-4µg/mL), ciprofloxacin (0.002-4µg/mL), danofloxacin (0.002-4µg/mL), difloxacin (0.002-4µg/mL), norfloxacin (0.004-4µg/mL) and marbofloxacin (0.002-4µg/mL).

Bacterial strains

Ten bovine and porcine pathogen species, comprising 422 isolates were tested. Streptococcus suis isolates from porcine septicaemia and associated conditions. As the study was not designed to assess the incidence of resistance to fluoroquinolones, any isolate that was not sensitive to an antibiotic in the concentration range tested was deemed resistant and excluded from the analyses. Control strains E. coli ATCC 25922 and S. aureus ATCC 29213 were tested concomitantly as part of each antibiotic sensitivity assay.

Data analysis

Statistical analyses were carried out using the SAS software (release 8.2). Pairwise comparisons of in vitro MIC activities were made for enrofloxacin versus the comparator fluoroquinolones.

The mean differences (log 2 ) between the MICs of veterinary fluoroquinolones were considered for each of the 10 bacterial test species. The mean log 2 difference was determined for each bacterial species, in terms of how many two-fold dilution steps difference there was between MIC values for the fluoroquinolones being considered. The number of isolates was multiplied by each log 2 difference, and the sum of these was divided by the total number of isolates. Wilcoxon Signed Rank tests were used to determine whether the mean differences between fluoroquinolone MICs were statistically different from zero.

Results

The in vitro sensitivity of 422 bacterial isolates, covering important porcine and bovine pathogens, to six fluoroquinolones was determined. The MIC data from individual isolates were pooled, for each pathogen species, and used to determine their MIC 50 values. It was considered appropriate to pool MIC data for porcine and bovine P. multocida isolates and mammary and intestinal E. coli isolates, as previous studies indicate that the intrinsic antibiotic susceptibility is 1998; [START_REF] Carbone | Activity and postantibiotic effect of marbofloxacin, enrofloxacin, difloxacin and ciprofloxacin against feline Bordetella bronchiseptica isolates[END_REF][START_REF] Yoshimura | Antimicrobial susceptibility of Pasteurella multocida isolated from cattle and pigs[END_REF][START_REF] Fera | Potency and postantibiotic effect of four fluoroquinolones against feline Pasteurella multocida isolates[END_REF]. The MIC values for each pathogen species are presented in Table 1. It should be noted that, as ciprofloxacin is a metabolite of enrofloxacin that does not achieve clinically relevant concentrations in porcine subjects, the MIC 50 data for A. pleuropneumoniae, B. bronchiseptica and S. suis are included solely for the sake of completion. However, further analyses considering the susceptibility of these organisms to ciprofloxacin have been omitted. MIC 90 values are not reported for this study as they were not considered representative of the fluoroquinolone susceptibility of the native bacterial population, as subpopulations with reduced sensitivity may have emerged as a result of increased exposure over recent years. Any shift in fluoroquinolone susceptibility is likely to impact on MIC 90 but not MIC 50 values and so the former were not considered pertinent to this comparative assessment of fluoroquinolone potency in native pathogen populations.

For most pathogen species tested the distribution of MIC values was restricted to a range of three to five doubling dilutions; only with E. coli was there a broader range (seven doubling dilutions).

Certain isolates of M. haemolytica (one isolate), A. pleuropneumoniae (one isolate) and S. aureus (two isolates) had MIC values notably higher than the mean MIC 50 for most test fluoroquinolones. In general enrofloxacin and ciprofloxacin showed highest antibacterial activity for most pathogen species tested.

Susceptibility of individual isolates

The comparative sensitivity profile of all isolates of a particular pathogen species was assessed.

The MIC values for all isolates of each bacterial species were depicted graphically as checkerboard plots, assessing enrofloxacin versus each comparator fluoroquinolone. This suis. Danofloxacin was significantly less active than enrofloxain against P. multocida, E. coli, S.

uberis, A. pleuropneumoniae and S. suis and showed comparable activity against the remaining pathogen species. Difloxacin showed significantly less antibacterial activity than enrofloxacin for all pathogen species. Norfloxacin showed significantly less antibacterial activity than enrofloxacin for all pathogen species apart from M. haemolytica and A. pleuropneumoniae.

Discussion

This study assessed the in vitro activity of all currently relevant veterinary fluoroquinolones used to target a range of bovine and porcine pathogens. This study used enrofloxacin as a benchmark against which other agents were compared, as enrofloxacin represents the most common fluoroquinolone used in the treatment of bovine and porcine infections and is also currently used as the reference fluoroquinolone in commercially available veterinary antibiotic disc sensitivity assays. Comparison of the mean fluoroquinolone MIC 50 values for the different pathogen species showed that, in general, enrofloxacin and ciprofloxacin had greatest antibacterial activity.

Ranking of the in vitro susceptibility to the different fluoroquinolones is presented and allows estimation of the possible PK/PD relevance of the data, to help guide veterinary practitioners as to the most efficacious fluoroquinolone to use when targeting particular pathogen species.

The study determined the MIC values for each isolate of each pathogen species and the findings, in general, resulted in comparable MIC 50 estimates to those published in the substantive literature [START_REF] Barry | Antibacterial activities of ciprofloxacin, norfloxacin, oxolinic acid, cinoxacin, and nalidixic acid[END_REF][START_REF] Stamm | In vitro evaluation of A-56619 (difloxacin) and A-56620: new aryl-fluoroquinolones[END_REF][START_REF] Jones | Multicenter in vitro evaluation of lomefloxacin (NY-198, SC-47111), including tests against nearly 7,000 bacterial isolates and preliminary recommendations for susceptibility testing[END_REF][START_REF] Phillips | Comparative activity of the 4-quinolones[END_REF][START_REF] Prescott | In vitro susceptibility of selected veterinary bacterial pathogens to ciprofloxacin, enrofloxacin and norfloxacin[END_REF][START_REF] Cruz | Comparative in vitro study on the susceptibility and emergence of mutants resistant to danofloxacin and ciprofloxacin among Staphylococcus aureus isolated from bovine mastitis[END_REF][START_REF] Watts | In vitro activity of premafloxacin, a new extended-spectrum fluoroquinolone, against pathogens of veterinary importance[END_REF]Jones et al., 1998;[START_REF] Oliveira | Antimicrobial susceptibility of Staphylococcus aureus isolated from bovine mastitis in Europe and the United States[END_REF][START_REF] Mevius | In vitro activity of 12 antibiotics used in veterinary medicine against Mannheimia haemolytica and Pasteurella multocida isolated from calves in the Netherlands[END_REF][START_REF] Carbone | Activity and postantibiotic effect of marbofloxacin, enrofloxacin, difloxacin and ciprofloxacin against feline Bordetella bronchiseptica isolates[END_REF][START_REF] Orden | Quinolone resistance in potentially pathogenic and non-pathogenic Escherichia coli strains isolated from healthy ruminants[END_REF][START_REF] Fera | Potency and postantibiotic effect of four fluoroquinolones against feline Pasteurella multocida isolates[END_REF]Yoshimura et al., 2002a and2002b;[START_REF] Zhao | Antimicrobial susceptibility and molecular characterization of avian pathogenic Escherichia coli isolates[END_REF]. It should be noted that none of the previous studies consider either the broad range of pathogen species used in this study or comprehensively assess their susceptibility to all applicable veterinary fluoroquinolones. The use of a panel of recent pathogen isolates from various geographical locations allows the generation of population MIC 50 values for each microbial species. This is advantageous as it accounts for the distribution of MIC ciprofloxacin than enrofloxacin; conversely 33 of 47 S. aureus isolates were more sensitive to enrofloxacin than ciprofloxacin. This difference is reflected in the MIC 50 values for each agent in the case of E. coli (0.016µg/mL for ciprofloxacin and 0.03µg/mL for enrofloxacin) but not for S. aureus (0.12µg/mL for both agents). Higher sensitivity of E. coli ATCC 25922 to ciprofloxacin and of S. aureus ATCC 29213 to enrofloxacin was also noted both in our data and in other reports [START_REF] Riddle | Evaluation of ciprofloxacin as a representative of veterinary fluoroquinolones in susceptibility testing[END_REF]. Previous studies have shown limited evidence for preferential activity for ciprofloxacin against E. coli [START_REF] Zhao | Antimicrobial susceptibility and molecular characterization of avian pathogenic Escherichia coli isolates[END_REF] but a more consistent body of evidence indicates that S. aureus is more susceptible to enrofloxacin [START_REF] Watts | In vitro activity of premafloxacin, a new extended-spectrum fluoroquinolone, against pathogens of veterinary importance[END_REF]Jones et al., 1998).

Of note is the observation that certain of our bovine and porcine pathogen species showed comparable fluoroquinolone sensitivities to those reported for the test organisms isolated from other hosts. In particular, for human and avian E. coli (Jones et al., 1998), feline B.

bronchiseptica [START_REF] Carbone | Activity and postantibiotic effect of marbofloxacin, enrofloxacin, difloxacin and ciprofloxacin against feline Bordetella bronchiseptica isolates[END_REF] and P. multocida [START_REF] Fera | Potency and postantibiotic effect of four fluoroquinolones against feline Pasteurella multocida isolates[END_REF] strains the mean and range MIC 50 values for enrofloxacin and ciprofloxacin were very similar to those seen with our isolates. Further, analysis of our data shows bovine and porcine P. multocida isolates to have similar antibiotic sensitivity profiles (data not shown).

The clinical relevance of our data to improving treatment efficacy assumes that appropriate fluoroquinolone concentrations are achieved in the in vivo setting. As such, to further increase our understanding of the comparative activity of the fluoroquinolones, MIC data needs to be considered from a PK/PD perspective. These parameters are both fluoroquinolone and animalspecies specific, and accurate assessment requires detailed understanding of the PK profile of 12 each test fluoroquinolone in bovine and porcine subjects. For example, in a number of animal species, including cattle, enrofloxacin is metabolised to produce clinically relevant levels of ciprofloxacin. Following subcutaneous administration in calves [START_REF] Mckellar | Pharmacokinetics of enrofloxacin and danofloxacin in plasma, inflammatory exudate, and bronchial secretions of calves following subcutaneous administration[END_REF][START_REF] De Lucas | Pharmacokinetic and pharmacodynamic comparison of Baytril 5% and 10% in cattle[END_REF] showed the proportion of enrofloxacin converted to ciprofloxacin in plasma, when considered in terms of the AUC, to be approximately 50%:50% and 54%:46% respectively.

This is an important consideration as our in vitro data show ciprofloxacin to have greatest potency against M. haemolytica. When treating respiratory tract infections in cattle with enrofloxacin M. haemolytica is likely to be exposed to therapeutically relevant levels of the enrofloxacin/ciprofloxacin combination. An additional consideration during treatment of bovine respiratory disease is that in a substantial number of cases there is concurrent infection with P. multocida and M. haemolytica [START_REF] Mosier | Bacterial pneumonia[END_REF]. In such cases our in vitro fluoroquinolone activity data suggest that treatment with enrofloxacin is preferential to use of any other fluoroquinolone, as enrofloxacin and ciprofloxacin have the highest in vitro activity against P. multocida.

Conclusions

This is the first study to directly compare the in vitro sensitivities of a large panel of clinically relevant bovine and porcine pathogen isolates, against all veterinary fluoroquinolones and under identical laboratory conditions. The study overcomes the limitations associated with previous in vitro susceptibility studies by: (a) considering the entire spectrum of relevant fluoroquinolones, (b) using a consistent standardised methodology as recommended by the CLSI and (c) testing an appropriate range of antibiotic dilutions for all pathogen species. The data showed enrofloxacin and/or its metabolite ciprofloxacin to have a high level of in vitro activity against all bovine pathogens tested. The porcine pathogens tested also showed a high degree of sensitivity to enrofloxacin. However, this detailed comparative study of population MIC 50 values for a range A c c e p t e d M a n u s c r i p t 13 of veterinary pathogen isolates needs to be interpreted in terms of achievable bovine and porcine tissue concentrations for each drug, to facilitate treatment selection [START_REF] Coulet | In vitro and in vivo pharmacodynamic properties of the fluoroquinolone ibafloxacin[END_REF]. 0.12 0.06-1.0 0.12 0.03-1.0 0.25 0.12-1.0 0.12 0.06-1.0 0.25 0.12-2.0 0.5 0.12-2.0 0.25 0.06-0.5 0.25 0.12-0.5 0.25 0.12-0.5 0.5 0.12-0.5 2.0 1.0-4.0 2.0 0.5-4.0 S. suis (n=40) 0.25 0.12-2.0 0.5 0.12-4.0 0.5 0.25-2.0 0.5 0.25-1.0 1.0 0.5-4.0 2.0 1.0-8.0 * 

S. dysgalactiae

A c c e

  p t e d M a n u s c r i p t 5 pleuropneumoniae isolates; 29 porcine respiratory Bordetella bronchiseptica isolates; and 40

  A c c e p t e d M a n u s c r i p t 7 allowed the number of isolates that were more or less sensitive to enrofloxacin or the comparator fluoroquinolone to be identified. These plots indicated full cross-sensitivity between the different fluoroquinolones within each bacterial species, which was apparent as corresponding increases or decreases in MIC values with the different fluoroquinolones for the individual isolates.

Table 2

 2 summarises the number of isolates of each of the pathogen species that showed lower, comparable or higher MIC values than enrofloxacin for each of the test fluoroquinolones.General trends when considering the comparative fluoroquinolone sensitivity indicated that ciprofloxacin was more active against a notable proportion of isolates than enrofloxacin for M.Pairwise comparisons of the in vitro MIC activities were performed for each bacterial isolate, by determining of the number of two-fold dilution steps (log 2 steps) between the MIC value for enrofloxacin and each comparator fluoroquinolone. These were used to determine the mean log 2 difference in sensitivity of each pathogen species to enrofloxacin compared with each comparator. Differences in the mean log 2 sensitivities comparing each antibiotic pair for the different pathogen species are presented and ranked according to in vitro activity in Table3. As inter-laboratory variations can be excluded in this study a mean log 2 difference of 0.6 was considered relevant for ranking purposes, as a decrease of this magnitude would have a notable impact on PK/PD assessment criteria lowering AUC/MIC and C max /MIC by 25%.

	Enrofloxacin showed greater activity than difloxacin for all isolates of E. coli, B. bronchiseptica
	and coagulase negative Staphylococci, and against at least 85% of isolates for the other pathogen
	species. Enrofloxacin showed greater activity than norfloxacin for all isolates of B.
	bronchiseptica, S. uberis, S. suis, coagulase negative Staphylococci and S. dysgalactiae and
	against most isolates of E. coli (60 isolates of 70), S. aureus (46 of 47) and P. multocida (74 of
	75).

haemolytica (49 isolates of 49) and E. coli (54 of 70). However, enrofloxacin showed greater activity than ciprofloxacin against a notable proportion of isolates of S. aureus (33 isolates of 47).

Enrofloxacin showed greater activity than marbofloxacin against a notable proportion of isolates of coagulase negative Staphylococci (21 isolates of 24), S. aureus (40 of 47), S. suis (31 of 40), S. uberis (18 of 24), S. dysgalactiae (15 of 25) and P. multocida (45 of 75). In contrast marbofloxacin was more active than enrofloxacin against M. haemolytica (37 isolates of 49) and B. bronchiseptica (17 of 29). Enrofloxacin showed greater activity than danofloxacin against a high proportion of A. pleuropneumoniae (32 isolates of 39) and P. multocida (53 of 75) isolates.

Ciprofloxacin showed significantly greater in vitro antibacterial activity than enrofloxacin against M. haemolytica, P. multocida and E. coli. In contrast enrofloxacin showed significantly greater activity than ciprofloxacin against S. aureus. Marbofloxacin was more active than enrofloxacin against M. haemolytica, E. coli and B. bronchiseptica but less active against P. multocida, S. aureus, coagulase negative Staphylococci, S. dysgalactiae, S. uberis, A. pleuropneumoniae and S.

Table 1 Distribution of minimum inhibitory concentration (µg/mL) values Table 2 Number of pathogen isolates with test fluoroquinolone MIC values higher (>), equal (=) to or lower (<) than those for enrofloxacin Table 3 Mean log 2 differences and activity ranking of antibiotic sensitivities for test fluoroquinolones compared with enrofloxacin

 1 

		Enrofloxacin	Ciprofloxacin	Marbofloxacin	Danofloxacin	Difloxacin	Norfloxacin
	Organism	MIC 50	Range	MIC 50	Range	MIC 50	Range	MIC 50	Range	MIC 50	Range	MIC 50	Range
	M. haemolytica	0.03	0.016-0.25	0.008	0.008-0.06	0.03	0.016-0.12	0.03	0.03-0.25	0.12	0.06-0.25	0.03	0.03-0.25
	(n=49)												
	P. multocida												
		0.008	0.004-0.03	0.008 0.002-0.016 0.016	0.004-0.03	0.016	0.008-0.06	0.016	0.008-0.06	0.03	0.016-0.12
	(n=75)												
	E. coli (n=70)	0.03	0.008-0.5	0.016	0.004-0.25	0.016	0.008-0.25	0.03	0.016-0.5	0.12	0.03-2.0	0.06	0.016-0.5
	S. aureus (n=47)	0.12	0.016-2.0	0.12	0.03-4.0	0.25	0.03-8.0 *	0.12	0.016-4.0	0.25	0.03-8.0 *	0.5	0.06-8.0 *
	Coag -ve Staphy-												
	lococci (n=24)												

difference in sensitivity vs. enrofloxacin: mean ± standard error

  

	Table 2		
	Organism M. haemolytica P. multocida E. coli S. aureus Coag -ve Staphylococci Difference Log 2 Ranking CIP > Difference -2.00±0.07 *** -0.78±0.07 *** MAR Ranking CIP, ENR Difference -0.43±0.07 *** -Ranking CIP > MAR, Difference -0.91±0.08 *** -0.39±0.08 *** Ranking ENR, DAN Difference -0.21±0.08 Ranking ENR, DAN, -0.21±0.08 Ranking CIP, ENR, S. dysgalactiae Difference -0.12±0.07 -A c c e p t e d M a n u s c r i p t > NOR, ENR, DAN -0.06±0.08 -0.10±0.05 > MAR, DAN, DIF 0.63±0.07 *** 0.72±0.06 *** 1.16±0.06 *** ENR, DAN > NOR -0.31±0.06 *** 1.16±0.08 *** > CIP, MAR, DIF 0.72±0.09 *** 1.00±0.08 *** 1.02±0.08 *** CIP > MAR > DIF 0.29±0.14 1.08±0.12 *** 1.33±0.10 *** DAN > MAR, DIF 0.12±0.09 0.60±0.10 *** 1.04±0.09 *** Ranking ENR, CIP, DAN > MAR > DIF S. uberis Difference -0.17±0.17 0.33±0.10 * 0.75±0.09 *** 1.67±0.13 ***	> > > > > > >	DIF 1.17±0.07 *** NOR 1.91±0.07 *** DIF 2.16±0.07 *** NOR 2.00±13 *** NOR 1.87±0.17 *** NOR 1.88±0.11 *** NOR 2.37±0.17 ***

Table 3

 3 Abbreviations: ENR -enrofloxacin, CIP -ciprofloxacin, MAR -marbofloxacin, DAN -danofloxacin, DIF -difloxacin, NOR -norfloxacin. p≤0.01, ** p≤0.001, *** p≤0.0001 difference compared with enrofloxacin. A negative value indicates that the comparator has greater activity than enrofloxacin; a positive value indicates that enrofloxacin has greater activity than the comparator agent. For ranking purposes a mean log 2 difference of 0.6 was considered relevant.

	A. pleuro-	Ranking	ENR,	NOR,		MAR,	>	DAN	>	DIF
	pneumoniae	Difference	-	0.33±0.22		0.49±0.12 **		0.92±0.08 ***		1.69±0.11 ***
	B.	Ranking	MAR,	ENR,		DAN	>	NOR	>	DIF
	bronchiseptica Difference	-0.52±0.14 *	-		0.34±0.12		2.90±0.82 ***		3.03±0.14 ***
	S. suis	Ranking Difference	ENR, -	DAN 0.35±0.09 **	>	MAR 0.82±0.11 ***	>	DIF 1.78±0.08 ***	>	NOR 2.82±0.12 ***

*
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A c c e p t e d M a n u s c r i p t 10 values encountered in native microbial populations and avoids the potential errors associated with analyses based on single values [START_REF] Toutain | Integration and modelling of pharmacokinetic and pharmacodynamic data to optimize dosage regimens in veterinary medicine[END_REF].

The MIC ranges seen in some previous studies extended to considerably higher antimicrobial concentrations than those in this study [START_REF] Watts | In vitro activity of premafloxacin, a new extended-spectrum fluoroquinolone, against pathogens of veterinary importance[END_REF]de Oliviera et al., 2000;[START_REF] Mevius | In vitro activity of 12 antibiotics used in veterinary medicine against Mannheimia haemolytica and Pasteurella multocida isolated from calves in the Netherlands[END_REF][START_REF] Orden | Quinolone resistance in potentially pathogenic and non-pathogenic Escherichia coli strains isolated from healthy ruminants[END_REF], which is likely to reflect the inclusion of microbial strains with reduced fluoroquinolone susceptibility that have been isolated when sampling previously treated animals. This study did not aim to address the question of the prevalence of fluoroquinolone resistance, and pathogen isolates with MIC values outside of the expected range in all antibiotics tested were deemed resistant and excluded from the analyses. Rather, we aimed to consider fluoroquinolone susceptibility in terms of native pathogen populations and preferentially reported MIC 50 values, to ensure the validity of the data for use in PK/PD analyses.

The rationale for not using MIC 90 values was that these have been subject to a gradual increase following the introduction of fluoroquinolones into veterinary medicine. In the late 1980s, before common use of fluoroquinolones, MIC 50 and MIC 90 values in pathogen populations were very close [START_REF] Barry | Antibacterial activities of ciprofloxacin, norfloxacin, oxolinic acid, cinoxacin, and nalidixic acid[END_REF][START_REF] Nix | Ciprofloxacin and norfloxacin, two fluoroquinolone antimicrobials[END_REF], usually within one doubling dilution. However, the exposure of veterinary microorganisms to fluoroquinolones has meant that MIC 90 values have subsequently diverged from MIC 50 levels. The inclusion of antibiotic resistant pathogen isolates and/or the preferential use of MIC 90 data could have considerable impact on PK/PD parameters [START_REF] Bhavnani | Pharmacodynamics in the evaluation of drug regimens[END_REF].

Comparison of the sensitivities of individual pathogen isolates to enrofloxacin and ciprofloxacin highlighted notable differences in the MIC 50 profiles, in particular when considering E. coli and