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ABSTRACT 

 

This study was undertaken to compare the MIC (minimum inhibitory concentration) and MPC (mutant prevention 

concentration) values for oxytetracycline and florfenicol against strains of Pasteurella multocida isolated from 

cattle and pigs, and for enrofloxacin against strains of Salmonella Typhimurium isolated from horses.  

 

Isolates of P. multocida from cattle and pigs, and S. Typhimurium from horses were obtained from specimens or 

isolates from contributing laboratories. All the equine isolates and 50% of the cattle and pig isolates were from 

clinically sick animals. All isolates were tested in duplicate with both the MIC and the MPC methods.  The MIC 

method used was the standardized microdilution method performed in microtitre plates. The MPC method used 

was according to the method described by Blondeau. This method was modified, to make use of smaller plates 

and lower volumes of antimicrobials, but retaining a final bacterial concentration of 109 colony-forming units per 

ml.  

 

The antimicrobials were dissolved as described in the certificates of analyses. Enrofloxacin and oxytetracycline 

were dissolved in water, and florfenicol was dissolved in alcohol. For the MPC method, an additional control was 

added to one quadrant of a four-quadrant 90mm plate/petri dish. The antimicrobials were tested as individual 

antimicrobials and not as combinations. Both the MIC and MPC methods included ATCC (American Type 

Culture Collection) strains as control organisms and were evaluated according to the guidelines of the CLSI 

(Clinical and Laboratory Standards Institute).  

 

The MIC50 values for enrofloxacin against Salmonella Typhimurium isolates from horses was 0.25 µg/ml and the 

MPC50 values 0.5 µg/ml. A comparative reference range was not available as enrofloxacin is not registered in 

South Africa for use in horses, and is used extra-labelly. The results for florfenicol against P. multocida yielded 

an MIC50 value of 0.5 µg/ml and an MPC50 value of <2 µg/ml. The close relationship of these two concentrations 

is an indication of the effectiveness of florfenicol when used against P. multocida. The PD/PK data with a value 

of 141.78 for AUC/MIC provided additional support for the efficacy of florfenicol against P. multocida. The PD/PK 

value of >125, is an effective parameter for treatment of Gram-negative bacteria.  The corresponding results for 

oxytetracycline were above the MIC value but fell within the mutant selection window. The results point to the 

fact that the use of oxytetracycline against P. multocida may not be effective in preventing the appearance of 

first step mutant strains when used at current recommended dosages. The PK/PD data, using AUC/MIC, yielded 

a value of 56.  Some of the isolates (55.17%) had an MPC value of 16 µg/ml. 

 

Whereas the MIC method is used routinely in diagnostic laboratories, the MPC method can be employed to 

generate data that can be applied where antimicrobial treatment of certain bacteria is problematic and standard 
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treatment may lead to the development of resistance. Data obtained from such studies will enable manufacturers 

of antimicrobial drugs to adapt antimicrobial therapy where practical and feasible to prevent the development of 

first step mutants. 
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LIST OF ABBREVIATIONS 

  

ATCC American type culture collection 

CLSI Clinical Laboratory Standards Institute 

MIC Minimum inhibitory concentration 

MIC50 

The concentration of an antimicrobial agent which will 

inhibit 50% (half) of the isolates tested against the 

antimicrobial drug  

MIC90 

The concentration of an antimicrobial agent which will 

inhibit 90% of the isolates tested against the 

antimicrobial drug 

MH media/agar Mueller Hinton media/agar 

FFC 
Florfenical, a fluorinated chloramphenicol derivative, 

only used in veterinary medicine  

MPC Mutant prevention concentration 

PK Pharmacokinetics 

PD Pharmacodynamics 

AUC Area under the curve 

BRD Bovine respiratory disease 

 
 
 



 

CHAPTER 1 

1. INTRODUCTION 

 

1.1  Motivation for the Research Project 

Resistance of bacteria to antimicrobial drugs is a global problem that also influences the veterinary profession. It 

influences the dosing regimens and effective dosing volumes of antimicrobial drugs administered to animals. 

Current laboratory methods for determination of the susceptibility of bacteria to antimicrobial drugs have 

shortcomings with respect to detection of bacteria that may have reduced susceptibilities. Such bacteria may 

survive treatment and develop into resistant strains.  

 

The mutant prevention concentration (MPC) is a relatively new method to test the susceptibility of organisms to 

antimicrobial drugs and has been proposed as an alternative to the MIC as a measure of antimicrobial activity. 

The MPC method is performed on plates with different concentrations of antimicrobial drugs added, thus being 

able to test various antimicrobial concentrations in the same time frame. In addition, the MPC is determined at a 

bacterial concentration of 109 colony forming units (CFU)/ml. 

 

Maintaining the antimicrobial concentrations above the MPC will theoretically prevent the selection of resistant 

organisms.  Concentrations that are maintained in the range between the MIC and MPC [the mutant selection 

window (MSW)] are thought to promote the selection of resistant subpopulations. When MPCs exceed MICs, it 

does not imply that therapeutic doses should automatically be increased. Several outcomes will have to be 

evaluated and include inter alia the increased withdrawal period for meat products, the implications for safety of 

food products for consumers, the ability to achieve the MPC values in target tissues, and the possibility of tissue 

toxicity in the recipient animals.  

 

Theoretically, the MPC when validated for treatment will enable the practitioner to reduce the chances of 

unknowingly selecting for antimicrobial resistance, since the MPC prevents first steps mutants, while the MIC is 

the concentration that inhibits the wild strain of an organism.  

 

Combined MIC and MPC values have so far been determined for only a few bacterial pathogens isolated from 

animals, and similar studies have not been conducted in South Africa. The information obtained from this study 

will make veterinary practitioners and the pharmaceutical industry aware of new approaches to address the 

development of resistance to antimicrobials and encourage the prudent use of these valuable drugs.   
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Currently most laboratories make use only of the disk diffusion (Kirby Bauer method) that provides results to 

practitioners as sensitive, intermediate or resistant.  The Kirby Bauer method utilizes impregnated disks that limit 

each antimicrobial drug included in the test to a single concentration per disk.  

 

An alternative method is the agar dilution method that provides a specific minimum inhibitory concentration 

(MIC) of an antimicrobial drug. The antimicrobial drug is added at a known concentration into the agar contained 

in a plate. A standard concentration of the pathogen is inoculated onto the surface of this medium. The agar 

plates are incubated and examined for bacterial growth. No growth of the test organism indicates that it is 

susceptible to the known antimicrobial concentration incorporated into the medium.  

 

The MIC broth dilution method is performed in 96-well microtitre plates and is a quantitative method that makes 

use of breakpoint values to place an organism in either a sensitive or a resistant category. Each plate is set up 

according to the CLSI (Clinical Laboratory Standards Institute) guidelines, and plates can be designed for use for 

a specific species or for testing specific bacterial organisms. 

 

The aims of this study were: 

• To determine the MIC and MPC values of selected antimicrobial drugs against strains of Salmonella 

Typhimurium isolated from horses and of Pasteurella multocida strains isolated from cattle and pigs in 

South Africa; 

• To generate data on MIC and MPC values that could be used by researchers and pharmaceutical 

companies to determine optimal doses for treatment of food-producing animals. 
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CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1 Background 

The need for the effective antimicrobial treatment of bacterial diseases in animals, and use of antimicrobial drugs 

in agriculture, food production and veterinary science has been identified (Blondeau, 2009a, Caprioli, Busani, 

Martel & Helmuth, 2000). The efficacy of treatment is hampered by bacterial resistance and effective testing 

procedures, as well as the lack of control measures for the use of antimicrobials in agriculture (Zhao & Drlica, 

2001). The resistance of bacterial organisms to available antimicrobial drugs is of increasing concern in both 

veterinary and human medicine (Blondeau, 2009a). The resistance of food-borne pathogens such as Salmonella 

spp. holds a great risk for the future, since the same active ingredients are used in the treatment of animal and 

human infections. Resistant bacteria may be transferred to humans by contact or food contamination (Schwarz, 

Kehrenberg & Walsh, 2001; Byarugaba, 2004). This leads to an economic and medical problem, as more than 

half of all antimicrobials used globally are used in the food animal industry (Aarestrup, 1999; Teuber, 2001).  

 

The WHO (World Health Organization) and OIE (World Organisation for Animal Health) compiled a list of 

antimicrobials that are seen as critically important, highly important and important. Aminoglycosides, 

cephalosporins, macrolides, penicillins, phenicols (florfenicol), quinolones (enrofloxacin), sulfonamides and 

tetracyclines (oxytetracycline) are all critically important. Rifamycins, fosfomycin, lincosamide, pleuromutilins and 

polypeptides are classed as highly important. Bicyclomycins, fusidic acids, novobiocins, orthosomycins, 

quinoxalines and streptogramins are classed as important (Food and Agriculture Organization, WHO and OIE; 

2008). The compilation of such a list underpins the importance that international organizations attach to 

antimicrobial drugs and the threat of resistance to these drugs.  

 

The value of the MPC method lies in the fact that it will help to increase the therapeutic efficacy of antimicrobials 

used in clinically sick animals. It will contribute to a reduction in the development of resistance of micro-

organisms and prevent development of first-step mutants of the organism. MPC methods will therefore improve 

treatment regimens (Blondeau, Xilin, Hansen & Drlica, 2001; Burch, 2007; Blondeau, 2009a; Zhao & Drilca, 

2008).  In a study conducted during 2003, the antimicrobial drug based on MPC values killed the wild strains of 

organisms and prevented development of any further resistant mutant organisms, e.g. enrofloxacin against 

Escherichia coli infections in pigs (Drlica, 2003).  

 

Blondeau (2009b) foresees that the MPC values will lead to the use of higher concentrations of antimicrobials, 

but over a shorter period. In practice, this will lead to the use of single injection, short acting antimicrobial drugs. 

On the other hand, when using the MIC values, lower concentrations of antimicrobials are used for longer 

 
 
 



 4 

periods.  An example of the application of this concept for the treatment of animals is the use of high dose 

marbofloxacin for the treatment of bovine respiratory disease (BRD).  

 

The MPC method is described in Figure 1. This method is more labour intensive and needs additional 

preparation before the test can be run. At least three agar plates are used per organism. After overnight 

incubation, the growth is transferred to new media to enhance the growth of the organisms. This is followed by a 

centrifugal step to concentrate the organisms. The samples are then resuspended and added to agar plates with 

different concentrations of antimicrobials. An important feature of the method is the final testing concentration of 

the isolate of 109 CFU/ml as seen in step 4 of Figure 1. 

 

Figure 1: MPC method according to Blondeau, 2009a 

 

The MPC method has been used mostly for fluoroquinolones, although later beta-lactams were also included in 

testsing (Smith, Nichol, Hoban, & Zhanel, 2003). However, some researchers feel that the use of MPC method 

should be limited to fluoroquinolones only. In one study all the different antimicrobial classes were tested and 

inaccuracies or discrepancies were found when the MPC testing was used to determine primary mechanisms of 

resistance (Smith et al., 2003). Other disadvantages are that MPC method results will be less valuable for 

patients with normal intact immune systems, since for animals with normal functioning immunity, both 

susceptible and resistance bacteria are likely eliminated.  It will also not yield optimal results when used in 

immuno-compromised patients that have had prior infections or prior exposure to an antimicrobial, or in which 

therapy for acute infections failed, since resistant subpopulations may continue to proliferate and heighten the 

possibility of second step mutants occurring (Blondeau, 2012). 
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The MPC value is estimated as the drug concentration that blocks bacterial growth at a concentration of 109-1010 

colony forming units (CFU) per ml, when applied to agar or tested in liquid medium.  Concentrated inocula 

ensure the presence of mutant subpopulations; consequently, the MPC estimates resistant subpopulation 

susceptibility. The MPC can also be defined as the MIC required to block the growth of the most resistant first-

step mutation(s) in a heterogeneous bacterial population (Metzler, Hansen, Hedlin, Harding, Drlica & Blondeau, 

2004; Smith et al., 2003).  

  

The difference between the MIC value and the MPC value of an isolate is explained in Figure 2. The figure 

depicts the basic differences between the two methods by means of the mutant selection window.  The MIC is 

reflected as a concentration of 4 µg/ml and the MPC a concentration of 16 µg/ml.  The area between the MIC 

and MPC values is known as the mutant selection window. This is the area where mutant fractions of bacterial 

populations are enriched.  

 

Figure 2: Illustration of the difference between MIC and MPC concentrations and the role of the mutant 

selection window (Booth, 2006). 

 

The first MIC method was introduced in the 1960’s by the company Eli Lily. The MIC is defined as the lowest 

concentration of an antimicrobial that will inhibit the visible growth of a micro-organism after 24 hours incubation 

in comparision to the control wells. The MIC determination makes use of a concentration of 104–105 bacteria per 

well in the microtitre plates (Metzler et al., 2004; Smith et al., 2003). The advantages of MIC testing are that the 

method is relatively straightforward, easy to prepare and the test results are repeatable. The method uses only a 

limited volume of antimicrobials and is fairly cheap. If prepared plates are used little or no preparation is needed 

and tests can be completed within a short turnaround time. The disadvantages are that the test results can differ 
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with a small variation in  the inoculum size (lower inoculation will make an MIC result lower) and also with 

variation in incubation time (longer incubation will make the MIC higher).  

 

The practitioner can only use an antimicrobial against an organism if they know the mechanism of action for the 

chosen antimicrobial and if it works as a bactericidal (the antimicrobial’s ability to kill) or a bacteriostatic (the 

inhibition of microbial growth) drug (Booth, 2006). The bacterial action and mechanism of action play an 

important role as pharmacodynamic parameters of an antimicrobial. In terms of pharmacokinetic parameters, the 

activity can be either time dependent; (the antimicrobial has antibacterial activity in the time that the drug 

concentration is above the MIC value) or concentration dependent (linked to the drug concentration above the 

MIC value).  

 

In terms of the antimicrobial drugs used in this project, enrofloxacin is a fluoroquinolone antimicrobial. It has 

good tissue penetration attributes and can be used against Gram-positive and Gram-negative organisms. Even 

though it is not registered for use in horses, practitioners do use it (Langston, Sedrish & Booth, 1996). The 

mechanisms of resistance of bacteria against enrofloxacin are target site mutation, decreased permeability, 

efflux and target site protection with a bacteriostatic as well as bactericidal activity (CLSI, 2008). The bactericidal 

effect of enrofloxacin is concentration-dependent and the pharmacodynamic (PD) parameter used to evaluate 

the activity is AUC (area under the curve)/MIC. Enrofloxacin has both concentration- and time-dependant 

activities (Martinez & Silley, 2010). 

 

Florfenicol is a fluorinated chloramphenicol derivative used in veterinary medicine. It is predominantly used in 

large animals. The main organisms targeted by this antimicrobial are the BRD group of organisms (Priebe & 

Schwarz, 2003). Florfenicol is a broad-spectrum synthetic antibiotic from the family of phenicols active against 

most Gram-positive and Gram-negative bacteria isolated from domestic animals. Florfenicol acts by inhibiting 

protein synthesis in the ribosome and is bacteriostatic. However, bactericidal activity has been demonstrated in 

vitro against Actinobacillus pleuropneumoniae and Pasteurella multocida when it is present at concentrations 

above the MIC for 4 to 12 hours. The phenicol group of antimicrobials to which florfenicol belongs binds to the 

peptidyl transferase region of the ribosomal RNA of the 50S ribosomal subunit. This interaction is limited to 

ribosomal RNA and does not involve ribosomal proteins. Bacterial resistance to florfenicol includes mechanisms 

of action such as decreased permeability, and antimicrobial efflux pumps. The antibacterial action of florfenicol is 

time-dependent and is characterized by T>MIC (the time the drug concentration remains in excess of the MIC) 

(Martinez et al., 2010).  

 

Oxytetracycline is used for the treatment of respiratory infections in animals. This broad-spectrum antimicrobial 

drug is also used for the treatment of Chlamydophyla infections, eye infections and genital infections. 

Mechanisms of resistance against oxytetracyclines include efflux pumps, ribosomal protection during 

detoxification and target site mutation. The activity of oxytetracycline is bacteriostatic and time-dependent 

(Martinez et al., 2010). 
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A number of guidelines can be implemented to improve the optimum use of antimicrobial drugs available in 

veterinary medicine. These include proper surveillance or monitoring systems as well as new methods for the 

detection of antimicrobial susceptibility of organisms (Byarugaba, 2004). The WHO recommends that 

antimicrobials used in animals should be regulated and that surveillance for the presence of resistance and the 

use of antimicrobials must be maintained. They also recommend the banning or phasing out of growth 

promoters and increasing and promoting the education of farmers and veterinary practitioners with regard to 

antimicrobial use (Okeke, Klugman, Bhutto, Duse, Jenkins, O’Brien, Pablos-Mendez & Lazminarayan, 2005).  

Lovemore (2005) stated that besides the prudent use of antimicrobials and the pressures associated with the 

emergence of more resistant organisms, pharmaceutical companies need to re-invest in the production of new 

antimicrobials.  

 

European Union countries started programmes to monitor antimicrobial resistance (Gnanou & Sanders, 2000). 

Different countries decided on different methods, resulting in several reference systems. These include: National 

Committee of Clinical and Laboratory Standards (NCCLS), Comite de l’antibiogramme-Societe de microbiologie 

(CA-SFM), the British Society for Antimicrobial Chemotherapy (BSAC), the Swedish Reference Group for 

Antimicrobials (SRGA) and lastly the Deutsche Institute fur Normung (DIN). This created different breakpoints 

and reference systems, but most of the systems are based on the disk diffusion method, with reference ranges 

being similar (Gnanou & Sanders, 2000). Breakpoints refer to the critical drug concentrations that characterize 

specific antibacterial activities (Denis, et al., 2009). 

 

2.2 Applicable antimicrobial resistance research   

 

Many studies compared MIC and Kirby Bauer method results. The Kirby Bauer method was used in numerous 

studies in comparison with the MIC method to prove the efficacy and sensitivity of the MIC method. By 

comparing the agar disk diffusion and microdilution methods, the results revealed a 90% or higher correlation for 

streptococci and staphylococci, and a correlation percentage of 95.8% for Pasteurella (Rerat, Albini, Jaquier & 

Hussy, 2012). Priebe and Schwarz (2003) also compared the disk diffusion and microdilution methods for P. 

multocida isolates from both bovine (122) and porcine (212) samples against florfenicol. The results showed that 

the MIC90 was 0.5 µg/ml with a disk range of 30-47 mm in cattle, while the MIC90 for porcine samples was 0.5 

µg/ml with a disk range of 28-43 mm, indicating that the MIC and zones of inhibition are similar and that no 

resistance existed during the study. 

 

Some of the published studies on MIC methods applicable to this project include a 4-year-survey of isolates of 

BRD in North America (Watts, Yancey, Salmon and Case, 1994). They determined the MIC of isolates of 

Pasteurella haemolytica, Pasteurella multocida and Histophilus somni to various antimicrobial agents. The 

results showed that P. haemolytica (461 isolates) had a 100% susceptibility to ceftiofur and only a 5.4 % 

susceptibility to erythromycin.  P. multocida (318 isolates) had a 100% susceptibility to ceftiofur and the lowest 
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susceptibility of 16% to erythromycin. H. somni (109 isolates) had the best overall susceptibility to all the 

antimicrobial agents, with a 100% susceptibility to ceftiofur and a susceptibility of 35.8% to sulfamethazine. The 

study achieved the objective to indicate the susceptibility of bovine respiratory pathogens to antimicrobials by 

means of MIC values.  

 

Rerat et al, (2012) conducted a specific study on the treatment and antimicrobial resistance of members of the 

Pasteurellaceae. The study was done on 60 veal calves with respiratory problems purchased from 22 different 

farms. The complete treatment histories for all the animals were available and none were vaccinated against 

BRD. Trans-tracheal lavage samples were collected and tested.  The researchers also enriched the Mueller 

Hinton broth used in the microtitre plates with lysed horse blood. The Pasteurellaceae showed no resistance 

against both florfenicol (MIC ≤2 µg/mL) and gentamycin. 

 

In a European study, 6 countries participated over a 3 year period and each country tested between 109 and 

504 isolates of P. multocida. A decrease in resistance was found against ampicillin, tetracyclines and 

sulphonamides in the Netherlands, England, Wales, France and Denmark (Hendriksen, Mevius, Schroeter, 

Teale, Meunier, Butaye, Franco, Utinane, Amando, Moreno, Greko, Stark, Berghold, Myllyniemi, Wasyl, Sunde 

& Aarestrup, 2008).   

 

Giguere and Tessman (2011) pointed out that MIC measures only the inhibition of bacterial growth for the 

specific organism and not the killing of the pathogen as an endpoint value. They also mentioned that there is a 

lack of species-specific data between MIC and in vivo infections. Some of the veterinary organisms do not have 

any references or CLSI guidelines, therefore the human guidelines are used for the interpretation of veterinary 

organisms (Hesje, Tillotson & Blondeau, 2007). As an alternative small animal references are used for large 

animal veterinary organisms (Giguere et al., 2011).  

 

During a study in 2007, MPC methods were compared to molecular-based methods such as PCR (polymerase 

chain reaction) methods or used in conjunction with PCR.  The bacterial concentration at the MPC value was 

analysed with quantitative PCR methods, specifically PCR mapping and sequencing. The PCR methods showed 

that the S. Typhimurium isolates had mutations on the gene codons 81, 83 and 87 against fluoroquinolones 

(Pasquali & Manfreda, 2007).   

 

Blondeau and various other researchers did numerous studies comparing MIC and MPC methods (Blondeau, 

Borsos, Blondeau, Blondeau & Hesje, 2007a). In 2007 a correlation study was done between MIC and MPC of 

enrofloxacin, florfenicol, tilimicosin and tulathromycin against M. haemolytica collected from cattle with BRD 

(Blondeau, Borsos, Blondeau, Blondeau & Hesje, 2007a). Not only did the study rank and measure the MIC and 

MPC values but also calculated the pharmocodynamics(PD)/pharmocokinetics(PK), ranking enrofloxacin as the 
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most potent and tulathromycin as the least potent, according to their MIC values. This study concluded that 

treatment administered above MPC values would reduce the amplification of resistant bacteria. 

 

The same researchers did a concentration-dependent kill study with enrofloxacin with the use of MIC, MPC, 

maximum serum and tissue drug concentrations. The enrofloxacin performed better at higher concentrations, 

since it is concentration-dependent, thereby reducing the risk of resistance development. The enrofloxacin had 

bactericidal activity against the inocula at a concentration of 105-109 colony forming units/milliliter (CFU/ml) 

(Blondeau, Borsos, Blondeau, Blondeau & Hesje, 2007b). 

 

Besides comparing the MIC and MPC values, some researchers also did correlation studies between the 

methods, with the objective of proving that the MPC value is either 2-fold, 4-fold or any-fold of the MIC value. 

However, this was not true for Streptococcus and Pseudomonas spp. with the aid of a quinolone study 

(Blondeau, 2009a, Zhao & Drlica, 2008). According to Drlica, Zhao, Blondeau and Hesje (2006), a low 

correlation between the MIC and MPC will have a negative influence on treatment of individual patients, but it 

can be expected with clinical studies, due to specific inclusion criteria. 
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CHAPTER 3 

MATERIALS AND METHODS  

 

3.1 Sampling 

 

Strains of S. Typhimurium and P. multocida isolated from specimens submitted by state and private veterinary 

practitioners were obtained from Idexx Laboratories, Dept. of Veterinary Tropical Diseases, University of 

Pretoria, Disease Control Africa, Pathcare Veterinary Laboratories, Vetdiagnostix and Stellenbosch Provincial 

Veterinary Laboratory. These organisms were stored frozen at -70 ºC.  

 

A total of twenty seven Salmonella Typhimurium and twenty nine Pasteurella multocida strains were included for 

testing.  

 

Table 1:  Number of samples, source and species from which the isolates were obtained 

Pasteurella multocida Salmonella Typhimurium 

No.  

samples 

Species Source No.  

samples 

Species Source 

16 Bovine Trans-tracheal aspirate 8 Equine Joint 

9 Bovine Lung 14 Equine Faeces 

4 Porcine Lung 1 Equine Blood culture 

   3 Equine Abscess 

   1 Equine Bone 

 

3.2 Identification of Salmonella Typhimurium and Pasteurella multocida 

 

The isolates were confirmed as either P. multocida or S. Typhimurium, by means of biochemical methods, (refer 

to Tables 2 and 3) (Songer, & Post, 2005; Quinn, Carter, Markey & Carter, 1994) or the Vitek system 

(Biomerieux)(Vitek 2XL, France). Vitek is an automated microbiology system using growth-based technology 

and colorimetric reagent cards that are incubated and interpreted automatically. Various methods as listed in 

Table 2 were used to confirm the identity of the S. Typhimurium isolates, including Gram’s stain and polyvalent 

antisera for flagellar (H) and Somatic (O) antigens. (polyvalente antisera, Biorad ) 
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Table 2: Tests used to identify Salmonella Typhimurium 

Tests Result 

Growth on selective media Black colonies on XLD and red colonies on selenite broth 

Growth on McConkey agar No lactose fermentation 

Haemolysis on blood agar Negative 

Lysine decarboxylase production Positive 

Catalase production Positive 

Glucose & Dulcitol fermentation Positive 

Reaction on triple sugar iron agar                                        Red slant, yellow butt and black precipitation with some H2S 

production 

 

The identity of P. multocida isolates was confirmed with the tests listed in Table 3, including Gram’s stain.  

Additionally, the samples were enriched in Todd Hewitt broth (Oxoid, CM0189) for improved growth. 

 

Table 3: Tests used to identify Pasteurella multocida 

Test Result 

Growth on selective media Brain heart broth 

Growth on McConkey agar No growth 

Haemolysis on blood agar Negative 

Oxidase production Positive with exceptions 

Catalase production Positive 

Glucose & sucrose fermentation Positive 

Dulcitol fermentation Negative 

Indole production Positive with exceptions 

Urease production Negative 

L-arabinose fermentation Negative 

D-sorbitol fermentation Positive 

D-xylose, Maltose fermentation Variable 

Nitrate production Positive 

Odour Sweet 
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3.3 Antimicrobial Susceptibility Methods 

 

The MIC and MPC were determined for all isolates in duplicate.  

 

MIC procedure 

The isolates were first tested using the broth microdilution method as recommended by the manufacturer 

(Sensititre plates, Trek Diagnostics, United Kingdom)(CLSI Document M31-A3, 2008). Commercial BOPOF and 

EQUI Sensititre MIC plates (Trek Diagnostics) were purchased for this purpose. Table 4 shows the different 

dilution ranges of the specific Sensititre plates. Each type of plate had a different set of antimicrobials and 

dilutions. The BOPOF plates for P. multocida required the addition of lysed horse blood.  The EQUI plates were 

used for S. Typhimurium. 

 

Table 4: Antimicrobial dilution ranges used on the specific microtitre plates 

Sensititre plate Antimicrobial Dilution Range ( µg/ml) 

BOPOF  

 

Oxytetracycline 0.5 - 8 

Florfenicol 0.25-8 

EQUINE Enrofloxacin 0.25-2.0 

 

MPC procedure 

In this study two different methods were used to determine the MPC, namely the original method for MPC as 

described by Blondeau, (2009a) as well as an alternative modified method. The most important parameter for 

both methods was a final bacterial concentration of ≥109 CFU/ml for each isolate. 

 

A stock solution of the antimicrobial drugs was prepared: the type of antimicrobial determined the suspension 

solution. Both enrofloxacin and oxytetracycline dissolved easily in water, but florfenicol did not, so methanol was 

used as per certificate of analysis. Serial doubling dilutions of the stock solutions were made using the lowest 

MIC value obtained as the starting solution, e.g. 2-fold dilution, 4-fold dilution, 6-fold dilution, 8-fold dilution etc.  

Stock solution: 0.25 g of the antimicrobial was added to 100 ml of sterile water/methanol and stored in a 

refrigerator.  

Each working concentration was made up by adding different volumes of stock solution to the Mueller 

Hinton(MH) agar(Oxoid CM 0337). The three antimicrobials were purchased as powder: Sigma F1427 

(Florfenicol), Sigma 04638 (Oxytetracycline), Fluka 17849 (Enrofloxacin) (please refer to Appendix A, B, C). 
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Table 5 defines the volume of antimicrobial stock solution used per working solution added to MH agar and the 

MPC method concentration. 

Table 5: Dilutions for stock solution added to working solution added to MH agar, to perform MPC 

method 

Amount of stock solution added     (µg/ml) Concentration obtained    (µg/ml) 

50 0.25 

100 0.5 

200 1 

400 2 

800 4 

1.6 8 

3.2 16 

64 32 

 

The procedure described by Blondeau (2009a) was used as follows:  

The isolates were re-suspended and incubated for 24 hours at 37ºC. They were then plated out on 3-4 blood 

agar plates (90mm petri dishes) and incubated for 24 hours at 37 ºC, aerobically. After 24 hours the isolates 

were transferred into 100ml of Mueller Hinton broth and incubated overnight at 37ºC. The broth was centrifuged 

at 5000 rpm for 30 minutes, the supernatant discarded and the sediment re-suspended with 3 ml of fresh Mueller 

Hinton broth. One loop full of this suspension was then inoculated on previously prepared MH agar plates with 

different antimicrobial concentrations. The plates were incubated for 24 hours at 37 ºC, aerobically. The highest 

concentration, with no growth was regarded as the MPC value and expressed as µg/ml. Results were entered 

onto an EXCEL worksheet 

 

Blondeau’s method was followed for the S. Typhimurium isolates and an alternative method with the use of Todd 

Hewitt broth (Oxoid, CM 0189), instead of Mueller Hinton broth (Oxoid, 0337), for the P. multocida.  The method 

was modified as follows:  

The isolates were re-suspended and incubated for 24 hours at 37 ºC aerobically. The next day, each isolate was 

plated out on one blood agar plate and incubated 24 hours at 37ºC, aerobically. The growth was transferred to 

30ml Todd Hewitt broth and incubated overnight at 37 ºC. The suspension was centrifuged at 5000 rpm for 30 

minutes, discarding the supernatant. The sediment was re-suspended with 1 ml of Mueller Hinton broth and 

inoculated on previously prepared MH agar with different concentrations of antimicrobials.  The concentration 

was measured against McFarland No.9 standard (Biomerieux, France), additionally with a spectrophotometer 
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(Densicheck, Biomerieux), to ensure the density is 109. Results are read as optical density and a McFarland 

standard). After 24 hours of incubation at 37ºC the plates were examined. The highest concentration, with no 

growth, was regarded as the MPC value. On each plate one quarter was left uninoculated where no 

antimicrobial was added, serving as a control for each plate. Figure 3 shows a plate divided into 4 quarters with 

the working concentration written in the middle. C indicated the control (no antimicrobial added), while the other 

quarters contained different isolates tested. 

  

Figure 3: Photo of a modified Blondeau MPC method plate – to depict the numbering and concentration on the 
bottom of the plate 

 

3.4 Calculations 

Pharmacodynamic/Pharmacokinetic values were used as a measure to indicate bacterial inhibition and effective 

treatment with an antimicrobial. 

The effectiv treatment with an antimicrobial was determined using the formula AUC/MIC, with a desired ratio of 

125 to 250 h for optimal efficacy.  

Bacterial inhibition by an antimicrobial was determined using the formula of Cmax/MIC and AUC/MIC. The result 

of Cmax/MIC must be between 8-12 to inhibit the organism, while an AUC/MIC must yield a result of ≥125 to 

minimize resistance. 
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CHAPTER 4 

4. RESULTS 

 

4.1  MIC & MPC values 

 

The MIC values for enrofloxacin against 27 isolates of S. Typhimurium were all 0.25 µg/ml. The MPC values 
were all 0.5 µg/ml, except five strains with MPCs of 4 µg/ml. The MIC and MPC values for all 27 isolates are 
indicated in Appendix A. 

 

Table 6: Summary of MIC and MPC values for enrofloxacin against Salmonella Typhimurium 

MIC 

µg/ml 

No. of samples Percentage MPC 

µg/ml 

No. of samples  Percentage 

0.25 27 100% 4 5 18.51% 

    0.5 22 81.48% 

The area highlighted in green represents the accepted range of the specific reference strains as per CLSI Document M31-A, vol.19. 2008, 
and the distribution of the 27 strains tested 

 

Table 6 and Figure 4 depict the results obtained for the S. Typhimurium isolates included in the study.  All the 

isolates had MICs of 0.25 µg/ml, while twenty two of the isolates had MPCs of 0.5 µg/ml.  All the isolates had 

higher MPCs than MICs. 
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Figure 4: Bar chart indicating the MIC and MPC values for enrofloxacin against 27 isolates of Salmonella 

Typhimurium  
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Table 7: Summary of MIC and MPC values for florfenicol against Pasteurella multocida 

MIC µg/ml No. of samples Percentage Susceptibility 

Interpretation 

MPC µg/ml  No. of 

samples 

 Percentage Susceptibility 

Interpretation 

       32 3 10.34% R 

> 8     R 16 4 10.34% R 

8     R 8 4 13.79% R 

4     S 4 0  S 

2 5 17.24% S 2 2 3.45% S 

1 5 17.24% S <2 16 62.07% S 

0.5 8 27.59% S 1     S 

< 0.5 11 37.93% S <1     S 

Key: R= Resistant, S= Sensitive. The area highlighted in red represents the isolates that is resistant against the antimicrobial tested as per of 
the specific reference strains as per CLSI Document M31-A2, 2008, and the distribution of the strains tested.  

 

All the isolates of Pasteurella multocida strains yielded an MIC value that showed them to be sensitive to 

florfenicol. The MPC isolates yielded 18 isolates (65.52%) that were sensitive to florfenicol, while 11 isolates 

(34.48%) yielded MPC values that were resistant to florfenicol. All the isolates had a higher MPC than MIC 

value. Six of the isolates had an MIC/MPC ratio that was either the same or varied only by one dilution (refer to 

Table 4, Figure 3 and Appendix B). Most of these isolates were obtained from samples collected as part of a 

routine survey of cattle for resistance to antimicrobial drugs. 
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Figure 5: Comparative MIC and MPC values for florfenicol against Pasteurella multocida  
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Table 8: Summary of MIC and MPC values for oxytetracycline against Pasteurella multocida  

MIC µg/ml No. samples  Percentage Susceptibility 

Interpretation 

MPC 

µg/ml 

No. samples  Percentage Susceptibility 

Interpretation 

>8 6 20.69% I 16 16 55.17% R 

8 6 20.69% I 8 1 3.45% I 

4 1 3.45% S 4 5 17.24% S 

2 4 13.79% S 2 1 3.45% S 

1 5 17.24% S 1 5 17.24% S 

0.5 7 24.14% S ≤1 1 3.45% S 

Key: R= Resistant, S= Sensitive. The area highlighted in red represents the isolates that is resistant against the antimicrobial tested as per of 
the specific reference strains as per CLSI Document M31-A2, 2008 , and the distribution of the strains tested.  

 

Seventeen isolates (58.62%) of Pasteurella multocida yielded a susceptible MIC value and twelve isolates 

(41.38%) had an intermediate value. The MPC testing indicated that twelve isolates had a susceptible MIC 

value, while only one was intermediate. Sixteen of the isolates (55.17%) yielded an MPC value that showed 

them to be resistant to oxytetracycline (refer to Table 5, Figure 4 and Appendix C). Five of the isolates had an 

MIC/MPC ratio of 0. 
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Figure 6: MIC and MPC values for oxytetracycline against P. multocida 
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4.2 Calculation of MIC and MPC ratios and PK/PD parameters 

The calculation of the MIC and MPC ratios was performed to determine how much the MIC and MPC values 

differed for each bacterial strain tested, and both the MIC and MPC 50 and 90 ratios were calculated. The ratios in 

comparison to a value of 1 are indicated in Figures 7 and 8. The closer the MIC and MPC values, the more 

effective the antimicrobial action will be. 
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Figure 7: MIC50:MPC50 ratio for enrofloxacin against Salmonella Typhimurium yielded a value of 2 
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Figure 8: Both MIC50:MPC50 ratios for oxytetracycline and florfenicol against P. multocida yielded values 

respectively of 4 for oxytetracycline and almost 4(0.5:<2) for florfenicol. 
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Table 9 provides the summary of all the results obtained in the study for the isolated organisms against the 

applicable antimicrobial drugs. This summary indicates the differences between the MIC and MPC values. 

 

Table 9: Summary of results for all 3 organisms 

Antimicrobial  Organism No. of 
samples 
tested  

MIC50 

µg/ml  
MPC50 

µg/ml  
MIC50:MPC50 

ratio 
MIC90 

µg/ml  
 

MPC90 

µg/ml  
 

MIC90:MPC90 
ratio 

Enrofloxacin Salmonella 

Typhimurium 

27 0.25# 0.5 0.25#:0.5 0.25# 4 0.25#:4 

Florfenicol Pasteurella 

multocida 

29 0.5 <2 0.5:<2 2 >32 2:>32 

Oxytetracycline Pasteurella 

multocida 

29 2 16 2:16 >8 16* >8:16* 

*50-100% of the isolates yielded an MPC value of >16 µg/ml  

# 100% of the isolates yielded an MIC value of 0.25 µg/ml 

 

The PD/PK parameters were used in conjunction with the MIC and MPC values to determine the antimicrobial’s 

efficacy against the specific organism in terms of a favourable clinical response and minimization of antimicrobial 

resistance selection. Table 9 in conjunction with Table 10 was used to determine the efficacy of the 

antimicrobials in this study. Criteria in Table 11 were used to determine the efficacy of the antimicrobials to 

inhibit the growth of the organisms. The Cmax, T and AUC values were obtained from previous documented 

studies. 

 

Table 10: Summary of pharmacodynamic/pharmacokinetic data for the results obtained 

 

Antimicrobial Organism PD/PK parameter to determine efficacy 

Calculation Standard measure for efficacy 

  AUC/MIC AUC/MIC = 125 to 250 for optimal efficacy 

 Enrofloxacin S. Typhimurium Not done – Extra-label use 

Florfenicol P. multocida #283.56 

Oxytetracycline P. multocida *56 

^Cmax plasma concentration:  ^ Giguere et al., 2011.   # Concentration of Cmax and AUC: Schering plough, 2008.   $Hesje et al.,  2007   

 
 
 



 20

 

Table 11: Summary of pharmacodynamic/pharmacokinetic data for the results obtained 

 

Antimicrobial Organism PD/PK parameter to determine bacterial inhibition 

Calculation Standard measure 

  Cmax/MIC ratio   Cmax/
 $MIC = 8-12 to minimize resistance 

  

 

 

Florfenicol P. multocida # 9.38  

Oxytetracycline P. multocida ^2.58  

^Cmax plasma concentration:  ^ Giguere et al., 2011  # Concentration of Cmax and AUC Schering plough.2008   $Hesje et al.,2007   
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CHAPTER 5 

5. DISCUSSION, CONCLUSION AND RECOMMENDATIONS 

 

5.1 Discussion  
 

Antimicrobial resistance testing has been done for all antimicrobials and the information gained from these 

studies contributed to the successful treatment of patients. The reason for many of the flawed MIC and MPC 

clinical studies is that patients infected with resistant pathogens are often not included in the studies (Blondeau, 

Hansen, Metzler & Hedlin, 2004). The studies are limited to testing only one dose; endpoint measurements are 

incorrectly defined; and due to the high specificity of the inclusion criteria, the studies are not reflective of the 

true situation in the field. For this study, isolates from surveillance programmes (44.82%) and clinical cases 

(55.17%) were included for the testing of florfenicol and oxytetracycline against P. multocida, while all S. 

Typhimurium isolates were obtained from clinical cases. 

 

In published literature, two distinct opinions with regard to MIC and MPC testing exist. Researchers prefer either 

the one or the other method. There seems to be no documented study that recommends the use of both MPC 

and MIC testing (Blondeau et al., 2007a). Both methods have a place in susceptibility testing. However, the MIC 

can be used daily for most organisms isolated in diagnostic laboratories, while the MPC is currently used for 

infections that are difficult to treat and for research purposes. 

 

The MIC procedure used in this project was described by the CLSI and the results were read according to its 

standard M31-28 (2008). The MIC method is usually performed with a bacterial concentration of approximately 

105 CFU/ml or >100 colonies per plate. The MIC method may be influenced by the incubation period, incubation 

temperature and the media/broth used (Blondeau, 2009a).  

 

In the case of fastidious organisms such as P. multocida, it is recommended that use is made off a selective 

medium such as Todd Hewitt or Haemophilus test medium, which will enrich the growth of the organisms on the 

primary plates. Initially in this study, the MIC method did not yield satisfactory results for P. multocida when 

using the method as recommended by the manufacturer. Following a query, the manufacturer suggested the 

addition of lysed horse blood to the MH broth before adding the inoculum to the 96-well plates (Trek). This 

improvement made the reading of the results much easier, as bacterial growth was clearer. During the reading of 

MIC results, some problems may arise such as fading end-points (where end-points are not distinct) or skips (a 

well with no growth, bordered by two wells with growth). The fading end-points were limited in this study and 

methods were repeated if either skips or fading end-points were encountered. The factors that influenced the 

results most were differences with regard to the inocula size and the incubation time. It is recommended that trial 

runs are conducted before implementing commercial MIC methods in a diagnostic laboratory. 
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The clinical breakpoint of the CLSI guideline incorporates both the pharmacodynamic and pharmacokinetic 

attributes of the isolates (Boothe, 2006). The clinical breakpoint is useful as a tool for clinical infections but has 

no epidemiological significance. Results are interpreted as sensitive, intermediate or resistant (Silley, Bywater & 

Simjee, 2006). Furthermore, the MIC values are obtained from in vitro bacterial growth and within a clinical 

reference range, it will indicate a possible response in vivo.  

 

The susceptibility breakpoint of enrofloxacin for animal pathogens is ≤0.5 µg/ml and the resistant breakpoint is 

≥4 µg/ml. Therefore in this study no MIC values pointed to resistance.  The susceptibility breakpoint of florfenicol 

for animal pathogens is ≤2 µg/ml, and the resistant breakpoint is ≥8 µg/ml. No MIC values pointed to resistance 

The resistant breakpoint of oxytetracycline for animal pathogens is ≥16 µg/ml, and the susceptibility breakpoint is 

≤4 µg/ml (Booth, 2006). Twelve of the MIC values were intermediate and the rest were in the susceptible range. 

These breakpoints were used as the reference range in this study. The best MIC value that can be obtained with 

testing for treatment will be the opposite of the resistant breakpoint. The nearer the value to the resistant 

breakpoint, the higher is the chance that treatment can contribute to the development of resistance to the 

specific antimicrobial.  

 

The clinical reference range was used as an indicator of antimicrobial drug susceptibility however, because 

enrofloxacin is not registered in South Africa for use in horses, the general clinical reference range was used for 

S. Typhimirium isolates. Some animal species still lack official clinical breakpoints, and human breakpoints are 

often used as guidelines, the reason being that the antimicrobial has not been registered for animal use Or that 

the NCLLS has not yet determined species-specific breakpoints for specific antimicrobials. The clinical reference 

range of enrofloxacin is 0.5 to 4 µg/ml (CLSI, 2008). The MIC50 value of enrofloxacin for S.Typhimurium was 

0.25 µg/ml. Unfortunately there are no official values to measure it against. This indicates that treatment of 

horses with enrofloxacin was likely adequate when the drug was used by veterinarians extra-labelly. The limited 

results point to the fact that the use of enrofloxacin has thus far not been abused in the equine industry.  The 

MIC90 concentration of enrofloxacin for S.Typhimurium was also 0.25 µg/ml. 

 

The clinical reference range for florfenicol against P. multocida infections is 2 to 8 µg/ml. Eleven isolates had 

MIC values below the MIC50. The MIC of florfenicol for P. multocida was within the range when using either the 

MIC50 (0.5 µg/ml) or MIC90 (<2 µg/ml) as calculated in this study. This shows that the treatment of animals with 

standard doses of florfenicol suffering from infections with these isolates will be well within the reference range 

of the antimicrobial. During this study the mean MIC concentration of florfenicol for P. multocida was higher at 

0.5 µg/ml, while another study found the MIC values for P. multocida 0.47 µg/ml for cattle and 0.51 µg/ml for pig 

strains (Hörmansdorfer, 1998). In a study by Sweeney, Brumbaugh and Watts (2008), 10 P. multocida isolates 

had a MIC50 value of 2 µg/ml and an MIC90 of 4 µg/ml for florfenicol, while the MIC50 for oxytetracycline was 0.25 

µg/ml and the MIC90 32 µg/ml. 
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The clinical reference range of oxytetracycline for P. multocida is 4-16 µg/ml. Treatment according to the results 

of this study will therefore fall within the clinical reference range as described by the CLSI for MIC50 values. With 

an MIC50 value of 2 µg/ml it is below the clinical reference range of the antimicrobial. Sixteen isolates (55.17% of 

the samples) had MIC values below the clinical breakpoint. This indicated that in these isolates, no resistance 

was present. One of the isolates had an MIC value of 4 µg/ml, which is the lower value of the reference range. 

For 6 of the isolates tested (20.69% of the samples), the MIC90 was 8 µg/ml, while 6 isolates had an MIC >8 

µg/ml. This is not surprising when considering the fact that oxytetracycline is the most used (and abused) 

antimicrobial drug used in cattle in South Africa.  

 

Where the MIC90 is above the resistant clinical breakpoint the treatment will usually be unsuccessful. During a 

study by Giguere et al., (2011) with bovine respiratory disease-causing organisms in cattle, the MIC90 values of 

florfenicol and oxytetracycline against P. multocida, were 0.5 µg/ml and 1 µg/ml respectively. The MIC90 values 

in this study were 2 µg/ml and >8 µg/ml respectively. Both these values are much higher than the reference 

range as per CLSI. 

 

The area below the MIC value indicates that the specific organisms will be treated effectively with the prescribed 

dosages. Eleven of the P. multocida isolates fell below the MIC50 value of florfenicol for this study. Twelve 

isolates of P. multocida, fell below the MIC50 value of oxytetracycline for this study. 

 

The modified and original MPC method gave similar results for the P. multocida isolates against the 

antimicrobials florfenicol and oxytetracycline. The two methods differed only in the sense that a 90mm petri dish, 

divided into quarters was used as an alternative to the whole plate per isolate and that the volumes of reagents 

used were less. Thereby better utilization was made of the media available in the laboratory. It also saved space 

in the incubators and on reagent volumes.  

 

The S. Typhimurium isolates had a low MPC50 value for enrofloxacin. The use of enrofloxacin is common 

practice in horses, despite the fact that in South Africa it is not a registered antimicrobial drug for use in horses. 

Veterinary practitioners usually treat a horse using the same dose as for cattle (Boeckh, Buchanan, Boeckh, 

Wilkie, Davis, Buchanan & Boothe, 2001). The results obtained from the S. Typhimurium isolates confirmed the 

results of previous studies. The MPC50 values showed a four-fold increase from the MIC50.  The MPC90 

concentration for this study was 4 µg/ml, thus a 16-fold increase from the MIC90. 

 

The MPC50 results obtained for florfenicol against P. multocida were <2 µg/ml for 16 (62.07% of the tested) 

isolates. This MPC value is still below the clinical breakpoint for florfenicol. The clinical reference range 

represents an MPC50 of 2 µg/ml and an MPC90 of >32 µg/ml. The MPC90 concentrations of this study fall outside 

the clinical reference range. The MPC90 concentration represents an alternative to the MIC50 values in this study 

and using higher dosages to exceed the MPC90 will theoretically be a more effective treatment regimen to 
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minimize resistance development. However, higher concentrations of the drug for treatment must first be tested 

for safety before using it as a treatment regimen as it may be toxic for several vital organs.  

 

The results for oxytetracycline against P. multocida showed an MPC50 value of 16 µg/ml for 16 (55, 17% of the 

tested) isolates. Treating animals to reach an MPC50 value 16 µg/ml will be within the clinical reference range of 

the organism. In this study, both MPC50 and MPC90 values were 16 µg/ml. This creates the need for 

susceptibility methods such as MPC, which can determine drug concentrations that will kill first step mutants. 

However, the safety of this concentration should likewise be determined first, before using it for therapy. 

 

The mutant selection window shows the correlation between the MIC50 and MPC50 values as well as the 

effectiveness of the treatment/dosing. This is the concentration where the selective amplification of the organism 

occurs and where resistant populations can develop. Time-dependent antimicrobials that stay within the mutant 

selection window such as oxytetracycline promote the chances of resistance.  Twenty-two (81.48%) of the S. 

Typhimirium isolates treated with enrofloxacin yielded results similar to the MIC50 and MPC50 values. P. 

multocida had 2 isolates similar to the MIC50 and MPC50 values for oxytetracycline, and only one isolate had MIC 

and MPC values within the mutant selection window. None of the P. multocida isolates exposed to florfenicol fell 

between the MIC50 and MPC50 values. The isolates with concentrations at the MPC value will block first-step 

mutation. 

 

The closer the MIC:MPC ratio is to each other the higher the suitability of the antimicrobial (Zhao & Drlica, 2001). 

The MIC50 and MPC50 ratios for enrofloxacin against S. Typhimirium was 0.25:<0.50 and 0.5:<2 for florfenicol 

against P multocida, indicating that current dosages used will be suitable for treatment. However, the 

MIC50:MPC50 ratio of 2:>16 for oxytetracycline against P. multocida indicates that treatment at much higher 

dosages may be indicated but might lead to toxicity at this concentration. The MIC50:MPC50 ratio in this study is 

similar to the clinical reference range for oxytetracycline. The MPC values were higher than the MIC values as 

was expected. 

 

The MIC90:MPC90 ratio for enrofloxacin against S. Typhimirium was <0.25:4, therefore a 16-fold difference.  The 

MIC90/MPC90 ratio for florfenicol against P. multocida was 2:>32, a 16-fold difference and the MIC90:MPC90 ratio 

of >8:6 for oxytetracycline represents a 2-fold difference. 

 

MPC values above the MPC50 will block both susceptible and mutant bacterial growth however, this can be an 

indication of second step mutations. It is important to know that the MPC will block only the least susceptible 

bacteria and that it is independent of the mechanism of resistance. Among the S. Typhimurium isolates were 5 

strains with MPC values above the MPC50 value. There were no P. multocida isolates exposed to oxytetracycline 

with MPC values above the MPC50. There were eleven isolates of P. multocida exposed to florfenicol with MPC 

values above the MPC50 value. The mutant selection window can therefore be determined and indicate if a 
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positive clinical response, without selecting for resistance, is possible. The pharmacokinetic/pharmacodynamic 

parameters can be calculated with the aid of MIC and MPC values. The MPC values in the 

pharmacodynamic/pharmacokinetic parameter calculation are unknown and this still needs further research. 

 

It must be kept in mind that the PK/PD parameters such as AUC (a measure of the total amount of antimicrobial 

drug present over a defined time period), T>MIC and Cmax all depend on the dose and the infection site.  For this 

study these values were obtained from previously documented studies. It supports the results of the MIC and 

MPC test results of this study. Published literature indicates that Cmax/MIC must be 8-12, to be clinically effective 

and to reduce development of resistance. The AUC/MIC should be >125 to have a positive clinical response and 

minimization of antimicrobial resistance development. The AUC/MPC50 calculation with a result of ≥22 for Gram-

negative organisms can reduce the possibility of resistance, (Hesje et al., 2007). Unfortunately because 

enrofloxacin is not registered for use in horses, the PK/PD parameters cannot be calculated. The response of P. 

multocida isolates to florfenicol measured with the PD/PK parameters gave the following results: AUC/MIC value 

of 283.56 and an AUC/MIC90 value of 70.89 indicative that the treatment will be effective with a positive clinical 

response. The AUC/MIC value of 56 for P. multocida isolates exposed to oxytetracycline indicated that the 

treatment will be unsuccessful. The PK/PD parameter Cmax/MIC indicated that florfenicol at the MIC50 will 

minimise resistance with a value of 9.38, and oxytetracycline at the MIC50 concentration will not prevent the 

occurrence of resistance in the P. multocida organisms tested in this study with a value of 2.85. 

 

5.2 Conclusion and recommendations 

 

Distinction was made between the MIC50, MIC90 and the MPC50, MPC90 because this indicates either the value 

where the antimicrobial will be effective against 50% of the isolates or against the majority (90%) of the isolates. 

This information will be useful in treatment of highly resistant bacteria.  

 

Enrofloxacin is not registered in South Africa for use in horses. The dose of enrofloxacin for cattle is applied for 

the treatment of horses at 7.5mg/kg for Baytril 100® (IDR, 2005/6). It is advisable that the pharmaceutical 

industry obtain registration of enrofloxacin for use in horses to ensure the use of the correct dose and to prevent 

development of resistance to the drug. This will prevent off-label use and preserve the antimicrobial for the 

future.  

 

If a practitioner interprets MIC values correctly, a less toxic and cheaper dosing strategy can be used when 

treating patients as the spread of susceptible bacteria will be prevented.  MIC results can be seen as the 

reference point but when treating a patient based on MIC results, it will not prevent the growth of resistant 

mutants. The MIC value will be the best parameter for most clinical cases. Failure of treatment based on MIC 

results might reduce the occurrence of the resistant organisms, but it will also enhance the risk of failure in 

effectively treating the pathogen. 
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The MPC method is more expensive and there is a risk of toxicity and other adverse effects at the higher dosing 

strategy. By basing dosing strategies on MPC test results, the occurrence of first step mutants will be prevented 

and the growth of resistant bacteria will be inhibited. The results will indicate the usage of a dosage against 

bacterial infections at a bacterial concentration of 109 (the concentration at which the bacteria are likely to occur 

during an infection). By basing treatment on the MPC value, it will result in the use of higher concentrations of 

the antimicrobial over a shorter time period, thus spending a shorter time in the mutant selection window. This 

strategy offers clinical efficacy with a minimal exposure time to antimicrobial drugs. Mutant prevention 

concentrations are obtained in a minimum of time for the target pathogens.  

 

Even though the MPC values can be the applicable solution to the successful treatment of sick animals, the 

pharmaceutical industry should first determine the safety of the antimicrobials at higher dose rates or higher 

active ingredient concentrations as well as the safety of the patient when treated at shorter intervals, but at the 

higher concentration. Only then can practitioners start using the MPC results for the treatment of clinical cases. It 

should be borne in mind that when organisms are resistant to the MIC value, the MPC value will not be effective 

either. This was confirmed by studies where the mechanism of resistance of quinolones has been identified as 

mutations in genes that encode for DNA gyrase.  The CLSI guidelines exclude any isolate being tested for MPC, 

if resistant to MIC. 

 

MIC and MPC results should be linked to the in vivo plasma pharmacokinetic parameters for a particular 

organism. PK-PD modeling is a specific science that has been designed to optimize the dosage regimen of 

antimicrobial drugs in times of every increasing resistance. Therefore, by analyzing the PD/PK in conjunction 

with MIC/MPC test results, it will prolong the life and efficacy of an antimicrobial. No in vitro tests, such as MIC 

and MPC methods can account for the patient’s immune response and antimicrobials can only work alongside 

the patient’s immune response or natural defense mechanisms. In animals, the housing, interaction with other 

animals and climate play additional roles by creating stress factors. Preventative treatment of animals against 

diseases such as pneumonia might also be the reason for resistant mutations occurring.  

 

A dosing strategy must be effective in eradicating the microbial infection and minimize the occurrence of 

resistance. The best treatments are possible only if the practitioner has meaningful information available.  The 

decision about the optimal antimicrobial to be used and the dose can only be made if the practitioner has a full 

history of the animal as well as culture and sensitivity results from the laboratory.  

 

Another possibility of preventing the formation of mutants and resistant bacteria against antimicrobials is to use 

combination antimicrobials and not single antimicrobials.  This might be the safer option with regard to 

avoidance of toxicity in the recipient animal. However, the MIC and MPC values should be known before using 

the antimicrobials in combinations. Combinations should be carefully selected and their bacterial action should 

be considered before administration. 
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In conclusion, the goal with antibiotic susceptibility testing is to achieve two objectives. The first is to apply 

effective antimicrobial treatment, and this can be achieved by means of MIC determinations. The second is to 

minimise the occurrence of bacterial resistance. The MPC method is one more tool that can be applied to strive 

for better control of the development of resistance to antimicrobial drugs.   
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APPENDIX A.  RAW DATA: SALMONELLA TYPHIMURIUM -  ENROFLOXACIN 

 

  SOURCE Specie Clinical MIC 
(µg/ml) 

MPC 
(µg/ml) 

1 Abscess Equine x 0.25 0.5 

2 Joint Equine x 0.25 4 

3 Feaces Equine x 0.25 0.5 

4 Joint Equine x 0.25 0.5 

5 Blood culture Equine x 0.25 0.5 

6 Feaces Equine x 0.25 0.5 

7 Joint Equine x 0.25 0.5 

8 Feaces Equine x 0.25 0.5 

9 Feaces Equine x 0.25 0.5 

10 Feaces Equine x 0.25 0.5 

11 Joint Equine x 0.25 0.5 

12 Feaces Equine x 0.25 0.5 

13 Joint Equine x 0.25 0.5 

14 Bone Equine x 0.25 0.5 

15 Abscess Equine x 0.25 0.5 

16 Feaces Equine x 0.25 0.5 

17 Control        

18 Feaces Equine x 0.25 0.5 

19 Feaces Equine x 0.25 4 

20 Feaces Equine x 0.25 0.5 

21 Joint Equine x 0.25 0.5 

22 Feaces Equine x 0.25 0.5 

23 Abscess Equine x 0.25 4 

24 Joint Equine x 0.25 4 

25 Feaces Equine x 0.25 4 

26 Abscess Equine x 0.25 0.5 

27 Feaces Equine x 0.25 0.5 

28 Feaces Equine x 0.25 0.5 
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APPENDIX B.  RAW DATA: PASTEURELLA MULTOCIDA - FLORFENICOL 

SAMPLE Specie Source Clinical Survey MIC 
(µg/ml) 

MPC 
(µg/ml) 

1 Bovine Lung x   0.25 8 

2 Bovine   Trans x   <0.25 <2 

3 Bovine   Trans   x 0.5 <2 

4 Bovine   Lung x   <0.25 2 

5 Bovine   Trans x   <0.25 <2 

6 Bovine   Trans x   2 8 

7 Bovine   Trans   x 1 8 

8 Bovine  Trans   x 1 <2 

9 Bovine  Trans   x <0.25 <2 

10 Bovine  Trans   x 1 <2 

11 Bovine  Trans   x 2 <2 

12 Bovine  Trans   x 2 <2 

13 Bovine  Trans   x 1 <2 

14 Bovine  Trans   x <0.25 <2 

15 Porcine  Lung x   2 8 

16 Bovine  Trans   x 0.5 32 

17 Bovine  Lung x   0.5  16 

18 Porcine  Lung x   0.25 <2 

19 Bovine  Trans   x 0.5 <2 

20 Bovine  Trans   x 0.5 <2 

21 Bovine  Trans   x 0.5 <2 

22 Bovine  Lung x   <0.25 2 

23 Porcine  Lung x   1 <2 

24 Bovine  Lung x   0.25 32 

25 Bovine  Lung   x 0.5 <2 

26 Bovine  Lung x   0.5 16 

27 Control           

28 Bovine  Lung x   0.25 16 

29 Bovine Lung x   0.25 16 

30 Bovine Lung x   2 32 
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APPENDIX C.  RAW DATA: PASTEURELLA MULTOCIDA - OXYTETRACYCLINE 

SAMPLE Specie Source Clinical Survey MIC 
(µg/ml) 

MPC 
(µg/ml) 

1 Bovine Lung x   4 16 

2 Bovine   Trans x   <0.5 4 

3 Bovine   Trans   x >8 16 

4 Bovine   Lung x   1 <1 

5 Bovine   Trans x   >8 16 

6 Bovine   Trans x   >8 16 

7 Bovine   Trans   x >8 16 

8 Bovine  Trans   x 8 16 

9 Bovine  Trans   x <0.5 1 

10 Bovine  Trans   x <0.5 4 

11 Bovine  Trans   x 1 1 

12 Bovine  Trans   x 2 1 

13 Bovine  Trans   x >8 16 

14 Bovine  Trans   x <0.5 4 

15 Porcine  Lung x   1 16 

16 Bovine  Trans   x <0.5 16 

17 Bovine  Lung x   8 16 

18 Porcine  Lung x   2 4 

19 Bovine  Trans   x 8  2 

20 Bovine  Trans  x 0.5 1 

21 Bovine  Trans   x 8 8 

22 Bovine  Lung x   >8 16 

23 Porcine  Lung x   1 1 

24 Bovine  Lung x   2 16 

25 Bovine  Lung   x 2 16 

26 Bovine  Lung x   8 16 

27 Control           

28 Bovine  Lung x   8 16 

29 Bovine Lung x   1 16 

30 Bovine Lung x   >0.5 4 
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APPENDIX D: OXYTETRACYCLINE CERTIFICATE OF ANALYSIS 
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APPENDIX E: FLORFENICOL CERTIFICATE OF ANALYSIS 
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APPENDIX F: ENROFLOXACIN CERTIFICATE OF ANALYSIS 
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APPENDIX G: ATCC SALMONELLA 
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APPENDIX H: ATCC PASTEURELLA MULTOCIDA 
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