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SUMMARY  
 
Since they were first isolated, antibiotics have become important medicines all over the world 
as highly effective drugs used to treat bacterial infections. However, as time goes by, with 
their success has followed many problems associated with over-usage, and the increasing 
prevalence of antibiotic resistant bacteria. Fluoroquinolones are synthetic antimicrobial drugs 
of the quinolone family and are very widely used in both clinical and veterinary medicine. 
Pradofloxacin (PRA) and ciprofloxacin (CIP) are two fluoroquinolones. Ciprofloxacin has 
been in use for over 20 years and is regarded as a highly effective antimicrobial drug whereas 
pradofloxacin is a new drug in development. In order to compare the efficiency of PRA and 
CIP, I measured the minimum inhibitory concentration (MIC) and mutant prevention 
concentration (MPC) of seven E. coli strains including five isogenic strains with different 
mutant alleles (gyrA S83L; gyrA D87G) and two clinical strains with first- or second-step 
resistance mutation in gyrA compared to the wild type strain. MIC means the lowest drug 
concentration needed to inhibit the visible growth of bacteria, and MPC is the lowest 
concentration of drug used to prevent the growth of the least- susceptible single- step mutant 
in a large bacterial population. The first step mutant which was achieved from the wild type 
has lower resistance toward drugs than the second step mutants which was based on the first 
step mutant. The results showed that PRA and CIP had very similar characteristics but PRA 
was associated with a slightly lower MIC and a slightly higher MPC than CIP. Thus, the 
mutant selective window (MSW) representing the concentration range between MPC and 
MIC was slightly larger for PRA than for CIP. In addition, I made evolution experiments to 
compare the evolution of resistance to PRA and CIP, using thirteen isogenic strains carrying 
different resistance-associated mutations (wild- type; marR; acrR; gyrA) and mutator alleles 
(wild-type; mutM; mutY) having different mutation increasing strengths. The data indicated 
that the genotype of a strain with regard to pre-existing resistance mutations strongly affected 
the evolution of resistance under selection. Furthermore, they showed that even a two-fold 
increase in mutation rate caused a significant increase in the rate of resistance evolution under 
selection. Comparing the two drugs, the results showed that resistance of bacteria was slightly 
more likely to evolve in the presence of PRA than CIP. Overall, the data reflected the 
importance of defining the mutant-development potential of a new drug to provide guidelines 
for an optimized anti-mutant strategy.  
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INTRODUCTION 
 
Escherichia coli and urinary tract infections 
 
E. coli is a Gram-negative microorganism that lives in the intestine of warm-blooded animals. 
Most E. coli in the natural environment are not virulent or harmful to other organisms, 
otherwise, in some cases are helpful for the host, for example benefit the host by producing 
vitamin K2 which mainly functions as a required cofactor for the carboxylation (by CO2) of 
protein-bound glutamate residues to form y-carboxyglutamates in mammalian metabolism 
(Bentley et al., 1982, Hudault et al., 2001, Reid et al., 2001). E. coli is a widely used model 
organism in biotechnology for example in molecular cloning and protein expression. However, 
some E. coli strains are highly virulent, and can lead to many diseases, such as gastroenteritis, 
diarrhea, and urinary tract infections and neonatal meningitis, sometimes peritonitis and 
mastitis are induced (Todar, 2007). 
 

 
Figure 1: Scanning electron micrograph of Escherichia coli  
(Internet source: http://en.wikipedia.org/wiki/Image:EscherichiaColi_NIAID.jpg) 
 
Caused mostly by E. coli, urinary tract infection (UTI) is a common disease that mainly 
infects women and can infect any part of the urinary tract, commonly in the bladder (called 
cystitis), and in the most serious cases, the kidneys (called pyelonephritis). About 40-50% 
women in US were bothered by UTIs (Kunin, 1994). During the process of clinical therapy 
related to the urinary system, for example genitourinary operations and catheterization, some 
accidents or mistakes enhance the risks for UTI (Orenstein and Warner, 1999). According to a 
survey in 17 western countries which is the first international survey for the UTIs with 4734 
women, for at least 80% cases of uncomplicated UTI, E. coli is the principle original 
pathogen (Kahlmeter, 2003). More serious in chronic urinary tract infections, E. coli can 
escape the innate immune system of the host to form intracellular bacterial communities by 
attacking superficial umbrella cells (Justic et al., 2006, Ehrlich et al., 2005).  
 
Antibiotics and antibiotic resistance 
 
Many different kinds of antimicrobial drugs have been invented to treat bacterial infections in 
people and animals. Antibiotics are chemotherapeutic agents that function by inhibiting the 
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growth of, or killing, bacteria. Ideally, a good and applicable antibiotic should have no or few 
side effects on the patient, should be highly specific with regard to target activity, and should 
be convenient to use. Different drugs can be used in different forms: orally taken medicine; 
injection antibiotic; eye drops liquid or external cream. Antibiotics play a major part in UTI 
treatment and among those that have been used commonly worldwide are ampicillin, 
amdinocillin, fosfomycin, trimethoprim and several fluoroquinolones (Komp et al., 2003). 
Different classes of antibiotics have specific targets. β-lactam antibiotics works by binding to 
the active site of penicillin-binding proteins (PBPs) which is transpeptidases in peptidoglycan 
synthesis, irreversibly inhibiting the PBPs and preventing the final cross-linking of the 
peptidoglycan layer during cell wall formation (Waxman and Strominger, 1983). As the first 
invented antimicrobial drug, sulfonamides act on the metabolism of folic acid. The antibiotic 
rifampicin blocks RNA transcription by binding to RNA polymerase (Hartmann et al., 1967). 
The fluoroquinolones, the subject of this project, function on cell replication by targeting the 
activity of DNA gyrase and topoisomerase IV which are enzymes affecting regulation of 
chromosome supercoiling and introducing double-strand breaks into the chromosome, 
inhibiting both DNA replication and RNA transcription. 

 
Figure 2: Resistant mechanisms of bacteria (provided by Linda Marcusson). 
 
Effective antibiotic drugs are very important for controlling infections by bacteria. But an 
increase in the prevalence of resistant bacteria in recent decades due to over-use or misuse of 
antibiotic drugs worldwide makes previous effective treatment much more difficult to achieve. 
It has been reported that more than 40% of antibiotics in Western countries (Europe, North 
America, and Australia) are being improperly used, 20-50% unnecessary use of antibiotic for 
human and 40-80% highly unnecessary for agricultural use (Wise et al, 1998). In many 
countries, especially in developing countries, antibiotics are applied without doctor’s 
prescription (Cars and Nordberg, 2004). In addition, in order to prevent diseases, many 
antibiotics are added to animals’ feed resulting in the antibiotic resistance through food chain 
(Johnson et al., 2006). Along with using effective antibiotic drugs to treat UTIs, the number of 
bacteria resistant is rising every year, and the antibiotic selective pressure is becoming much 
more serious even in the countries having strict control of antibiotics usage (Perfeito et al., 
2007).  
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There are three different ways for bacteria to become less susceptible to antibiotics (see 
Figure 2). First, antibiotic target modification and protection by mutation can reduce effect 
from antibiotics. In some bacteria, the mechanism is production of a specific protein to protect 
the target from the antibiotic. The second way is decreasing the intracellular drug quantity by 
less influx or more efflux of antibiotics. Some bacteria have mutations in the gene encoding 
proteins which were involved in controlling ions and other small molecules diffusion, for 
example outer membrane proteins (OMPs), and avoid the entrance of an antibiotic. In another 
example, increasing expression of AcrAB-TolC (a multiprotein transmembrane complex) 
induced by mutation, functions to pump out antibiotics from E. coli and leads to drug influx 
decreasing. A third mechanism of resistance is increasing the production of enzymes that 
modify or otherwise inactivate the drug (Hughes and Andersson, 2001). 
 
Fluoroquinolones (FQ) and mechanisms of FQ in E. coli 

 
Nalidixic acid               Ciprofloxacin                Pradofloxacin 

Figure 3: Chemical structure of nalidixic acid, ciprofloxacin and pradofloxacin. 
 
The original quinolone used in medicine was nalidixic acid. All subsequent variants of this 
have a fluoro group attached to the central ring structure because this increases their 
antimicrobial activity. It’s reported that the most important class of antimicrobial drugs 
applied for UTIs treatment in Western Europe and North America is fluoroquinolone family 
(Naber, 2000). Fluoroquinolones occupy about 18% of the total market for antimicrobial drug. 
Four generations of fluoroquinolones have been perfected in attempts to change the biological 
spectra of activity, achieve different in vivo half- lives, and improve distribution in the body, 
and reduce side-effects, some of which have been prevalently applied in the clinic to treat skin 
and soft tissue infection, bone and joint infection etc., such as norfloxacin, ciprofloxacin and 
nadifloxacin of the second generation, and grepafloxacin and temafloxacin of the third 
generation of fluoroquinolones (Naber, 2000). Ciprofloxacin (CIP) is an antibiotic drug that 
belongs to the fluoroquinolones and has been widely used to treat lower respiratory infections, 
urinary tract infections and sexually transmitted disease (STDs). The drugs have been 
developed to be convenient for oral, parenteral and topical use. Because of long time and 
over-usage, bacterial CIP-resistant infections are increasing and CIP may gradually lose effect 
against some organisms. Ciprofloxacin treatment results in adverse side effect in 5.8% of all 
cases investigated in US and Europe, 3.4% gastrointestinal (GI), 1.1% central nervous system 
(CNS), 0.7% skin (Rubinstein, 2001). The side effects are rash, photosensitivity, nausea, 
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vomiting, headaches, and restlessness etc. Pradofloxacin is a new fluoroquinolone, being 
developed and just used to treat bacterial infections in dogs and cats so far (Bartel et al., 2001, 
Stephan et al., 2003).  
 
Fluoroquinolones target bacterial replication by inhibiting the functions of DNA gyrase and 
topoisomerase IV. During DNA replication, DNA gyrase is an important enzyme introducing 
negative supercoils, and paving the way for DnaA initiator protein loading to the replication 
origin and for replication forks movement. The enzyme tetramer, gyrase, is formed by two 
GyrA and two GyrB subunits encoded by gyrA and gyrB (Snyder and Champness, 2003). The 
GyrA subunits function in the DNA double strands breakage and rejoining reaction whereas 
the GyrB subunits provide the energy for GyrA through ATP hydrolysis. The other enzyme, 
topoisomerase IV acts by relaxing negative supercoils, and promoting decatenation of 
chromosomes to balance the supercoil structure of DNA during replication or transcription 
(Snyder and Champness, 2003). Topoisomerase IV is also formed by four subunits, two ParC 
and two ParE. The fluoroquinolones form a ternary complex with DNA and enzymes (DNA 
gyrase) in front of the replication fork, bind to the cut DNA and block the process of rejoining 
and further inhibit the progress of polymerase. All of these quickly stop DNA replication, 
RNA transcription, and bacterial growth. In addition, the eventual release of the cut DNA 
results in cell death.  
 
Fluoroquinolone resistance arises primarily through target gene mutation and mutations that 
increase drug efflux. Weak resistance to fluoroquinolones is usually associated with single 
resistance mutations, but the accumulation of several mutations leads to higher levels of 
resistance according to experimental evidences (Komp et al., 2005). Mutations altering the 
genes of drug targets occur mostly in the so-called quinolone resistance-determining region 
(QRDR) of gyrA and parC; mutations in gyrB and parE also increase resistance to 
fluoroquinolones. In addition, resistance is also conferred by the presence of a plasmid 
expressing a target protecting protein, Qnr (a member of the pentapeptide repeat family). 
Other mutations that could enhance resistance involve increasing expression of the 
endogenous transmembrane efflux pump, AcrAB-TolC (Alekshun et al., 1997, 
Maneewannakul et al., 1996, Okusu et al., 1996, Wang et al., 2001). A decrease in the efflux 
of the drug can be achieved by mutations that knock-out marR (multiple antibiotic resistance) 
encoding a repressor of the marA gene, a regulator of the AcrAB-TolC efflux pump, or that 
knock-out acrR, a repressor of acrA (efflux pump protein). Besides, the rates at which novel 
mutations arise have influence on the rate at which ordinary mutations arise. The bacteria with 
increased mutation rates (so-called mutators) can develop resistance faster than many natural 
and clinical isolates of bacteria that are weak mutators. Mutators may thus be an important 
factor on the development of resistance in natural populations.  
 
Minimum inhibitory concentration, mutant prevention concentration and mutant 
selection window 
 
As an important index used to representing the antibiotics, the minimum inhibitory 
concentration, MIC, is the lowest drug concentration required to prevent any visible growth of 
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bacteria in media after a standardized incubation. In clinical practice, the concentration of 
antibiotic achieved during treatment should be maintained above MIC so as to prevent the 
growth of the infecting bacterial population. However, treatment just above MIC 
concentrations would not be enough to prevent the growth and selection of pre-existing 
resistant mutants in the infecting bacterial population. The mutant prevention concentration, 
MPC, another index important for drug efficiency representation, is defined as the lowest 
concentration of drug needed to prevent the growth of the least-susceptible single-step mutant 
emerging in a large bacterial population (Dong et al., 1999, Baquero, 1997). Thus, two or 
more resistance mutations would have to occur for bacteria to grow at the MPC. The 
antibiotic concentration range between MIC and MPC is called the mutant selection window 
(MSW) (see Figure 4), a drug concentration interval within which susceptible cells are 
inhibited whereas first-step resistant mutants will grow. At drug concentrations below MIC 
resistant mutants are not selected, whereas at concentrations above MPC, all of the first-step 
resistant mutants are inhibited. In order to prevent the selection of resistant mutants it is 
necessary to maintain drug concentrations above MPC during treatment.  

 

Figure 4: Mutant selection window. MIC represents the least drug concentration to inhibit wild type bacterial 
growth; MPC is the lowest drug concentration to totally prevent the growth of first step mutants and appearance 
of further step mutants. MSW is the selection window between MIC and MPC for the single step mutations 
(kindly provide by Linda Marcusson). 

 
Evolution 
 
E. coli is an organism with an average spontaneous mutation rate of 10-9-10-10 mutations per 
base pair per generation (Andersson and Hughes, 1996, Drake et al., 1998). Upon exposure to 
antibiotics, resistant mutants will be selected, but mutations increasing the mutation rate may 
also be indirectly selected. Bacteria with increased mutation rates are more likely to generate 
the mutations resulting in resistance to the antibiotics that will be beneficial in a selective 
environment, especially if that requires a multistep mutational process. In an evolution 
experiment, each well in a cell culture plate contained a separate bacterial population, 
representing an independent lineage; different lineages created different resistance to 
antibiotics and survived until different antibiotic concentrations (Orlen and Hughes, 2006). 
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When selected for growth in media with increasing drug concentrations, these separate 
bacterial populations went extinct, or acquired mutations that allow their continued survival 
and growth. The survival lineages of each strain in 96 wells represented the evolution 
efficiency. Some studies have pointed out that fluoroquinolone resistance mutations 
accumulating in the process of evolution lead to fitness costs in vitro and vivo (Gualco et al., 
2007). Thus, the survival of resistant strains under selection depends on two evolutionary 
pathways: evolution of increased resistance, and evolution of growth fitness. 

Project aim 

The goal of this project was to compare the efficiency of two fluoroquinolone drugs, 
pradofloxacin and ciprofloxacin, using E. coli as a model organism. MIC and MPC were 
measured using seven E. coli strains to determine whether a new drug (PRA) was effective in 
comparison with an established drug (CIP) against five isogenic strains and two clinical 
strains in preventing the emergence of antibiotic resistance. In addition, the evolution of 
resistance to CIP and PRA was measured in thirteen isogenic strains carrying different 
resistance associated mutations in the presence and absence of two different weak mutator 
alleles to investigate the influence of mutators on the evolution of resistance to each drug. 
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RESULTS 

Minimal inhibitory concentration results 
 
E- test is a convenient method used to measure minimal inhibitory concentration (MIC) for 
ciprofloxacin (CIP). From the strip, MIC can be directly read out from the E-test 
concentration scale as the lowest concentration step above the intercept of bacterial growth 
with the strip. 
 

 
Figure 5: E- test plates. The CIP E-test strips were put in the middle of the plates. Around each strip is an area 
where bacterial growth is inhibited. MIC can be directly read from the strip. 

 
MIC test for CIP was performed both by E-test and by the dilution method. The MIC for 
pradofloxacin (PRA) was only tested by the dilution method (no E-test strips are available for 
PRA because it is not yet on the market). All the PRA and CIP solutions used in the MIC test 
were diluted from the same PRA and CIP 500 μg/ml stock solution. The results in the table 1 
were based on three independent experiments. MIC values were different among isogenic 
strains with different resistance-associated mutations, and clinical strains carrying different 
first and second step resistance mutations. The wild type strains, LM179 and LM1067 without 
any resistance mutations had the lowest MIC. Strains carrying single mutations had higher 
MICs than the wild types, whereas the double mutation strain LM625 had the highest MIC 
value. The strains carrying the gyrA S83L single mutation (LM1071, LM378, and C128) had 
higher MIC values than the strains with the gyrA D87G mutation. Comparing the MIC of 
PRA and CIP, the MIC values of all the strains show that the MIC of PRA was on average 
slightly lower than the MIC of CIP. PRA inhibited the growth of all the strains carrying 
different mutation at a lower concentration than CIP, predicted that it may have a higher 
efficiency than CIP. The MIC test results of CIP from the two different methods (E-test and 
broth dilution) showed no big difference. 
 
Table 1: MIC for PRA and CIP for ten isogenic strains. 

Strain (genotype) MIC (μg/ml) 

PRA                           CIP 
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LM179 (MG1655, wt) 0.012 0.012 
LM1067 (ATCC 8739, wt) 0.012 0.016 
LM1070 (gyrA D87G) 0.047 0.064 
LM1071(gyrA S83L) 0.094 0.125 
LM378 (gyrA S83L) 0.094 0.19 
C2(gyrA D87G, UTI) 0.023 0.047 
C128(gyrA S83L, UTI) 0.094 0.125 
LM202 (△marR) 0.023 0.032 
LM351 (△acrR) 0.023 0.023 
LM625 (gyrA S83L, D87N) 0.19 0.19 

 
Mutant prevention concentration results 
 
The mutant prevention concentration, MPC, represents the drug concentration that inhibits the 
growth of the least susceptible, single step mutant in a large population (1010 CFU) and was 
measured by using a large number of Mueller Hinton Agar (MHA) plates. Initially, I tested 
concentrations with a large step size, then narrowed it down to a smaller step size, and finally 
measured MPC with a concentration step-size limited to 0.1 μg/ml. A large population was 
needed to observe single step mutants, at least 1010 cells per drug concentration. From the 
results in Table 2 and 3, it is evident that the wild type strains had the lowest MPC value 
among the seven strains tested. LM1071, LM378 and C128 carrying a gyrA S83L single 
mutation had higher MPC values than the strains with gyrA D87G mutation (LM1070 and 
C2). The comparison between the MPC for PRA and CIP shows that the MPC values for CIP 
were a little higher than for PRA for gyrA S83L single mutants, whereas the MPC values for 
PRA were higher than for CIP for gyrA D87G single mutants. The MPC values of two wild 
type strains were similar to each other 
 
Table 2: The last step MPC test results for PRA for seven strains. 

Strain Concentration of PRA (μg/ml) 
LM179 0.1 (+, +, +) 0.2 (-, -, 3) 0.3 (-, -, -)    
LM1067 0.1 (+, +, +) 0.2 (1, 2, 3) 0.3 (-, -, -) 0.4 (-, -, -)   
LM1070 0.5 (7, 1, 22) 0.6 (2, 1, 2) 0.7 (1, 1, -) 0.8 (-, -, -)   
LM1071 1 (3, 7, 14) 1.1 (1, 6, 4) 1.2 (-, -, 2) 1.3 (-, -, -) 1.4 (-, -, -) 1.5 (-, -, -) 
C2 0.3 (9, 2, 14) 0.4 (-, -, 1) 0.5 (-, -, -) 0.8 (-, -, -)   
C128 0.5 (7, 5, 10) 0.6 (2, -, -) 0.7 (-, -, -) 0.8 (-, -, -)   
LM378 1.5 (+, +, +) 1.6 (13, -, 1) 1.7 (-, -, -) 1.8 (-, -, -) 1.9 (-, -, -) 2 (-, -, -) 

 
Table 3: The last step MPC test results for CIP for seven strains. 

Strain Concentration of CIP (μg/ml) 
LM179 0.05 (+, +, +) 0.1 (1, 3, +) 0.2 (-, -, 2) 0.3 (-, -, -)   
LM1067 0.02 (+, +, +) 0.05 (2, +, +) 0.1 (-, -, 1)    
LM1070 0.2 (+, +, +) 0.3 (+, +, +) 0.4 (+, 8, 9) 0.5 (-, -, -)   
LM1071 1.1 (+, +, +) 1.2 (+, +, +) 1.3 (4, 10, 9) 1.4 (-, -, -) 1.5 (-, -, -)  
C2 0.1 (+, +, +) 0.2 (11, 9, 4) 0.3 (-, -, -)    
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C128 0.7 (+, +, +) 0.8 (+, +, +) 0.9 (1, 2, 3) 1 (-, -, 1)   
LM378 0.5 (+, +, +) 

1.8 (5) 
1 (+, +, +) 
2 (-) 

1.5 (+, +, +) 
2.2 (-) 

2 (-, 2, +) 
2.5 (-) 

2.5 (-, -, -)  

Each row in tables 2 and 3 represents the last set of PRA or CIP concentrations tested for each strain.  MPC 
were measured by independent triplicate experiments for each concentration. All the PRA and CIP solutions 
were prepared from the same stock solution separately. The information in brackets showed the results of 
three independent experiments- the total number of colonies in 10 plates with the same drug concentration. “+”  
means the number of visible colony is more than 10. “-” means no colony grows at the 10 plates. The concent-
ration of drug that prevented the growth of resistant colonies in at least two tests was defined as the MPC of  
the strain. The numbers marked in bold therefore represented the MPC values. 
 
In the MPC test experiments, all the drug concentrations used were much higher than MIC 
value of each strain. On the plates with drug concentrations close to MPC, just a few colonies 
grew out after 96 h incubation, typically less than 10 colonies per plate. The mutant colonies 
that appeared on the plates with drug concentration close to MPC typically had a slower 
growth rate than the original strain. The results of triplicate experiments were not always the 
same, with different numbers of mutant colonies. This is to be expected because different 
spontaneous mutations may be present in different independent cultures. The concentration of 
drug that inhibited the growth of resistant colonies in at least two out of three experiments 
was determined as MPC. 
 
Mutant selection window (MSW) 
 
MSW is a drug concentration range between MPC and MIC, and represents the drug 
concentrations at which resistant mutants are subject to selection. The MPC depends on the 
mutant genotype of the strain, and there is no direct relationship between MIC and MPC. 
From results in table 4, it’s obvious that LM1067 (wt), C2 and LM1070 with same mutant 
allele (gyrA D87G) had a smaller MSW for PRA than for CIP. The wild type LM1067 had the 
biggest PRA/CIP ratio, whereas LM179 had the smallest ratio.  
 
Table 4: MIC, MPC, MSW values for PRA and CIP for seven isogenic strains. 

Strain  PRA (μg/ml)     CIP (μg/ml)   PRA/CIP1  

MIC MPC MSW2  MIC MPC MSW2 MIC MPC MSW2 

LM179 0.012 0.2 0.188  0.012 0.3 0.288 1 0.667 0.653 
LM1067 0.012 0.3 0.288  0.016 0.1 0.084 0.75 3 3.429 
LM1070 0.047 0.8 0.753  0.064 0.5 0.436 0.734 1.6 1.727 
LM1071 0.094 1.3 1.206  0.125 1.4 1.275 0.752 0.929 0.946 
LM378 0.094 1.7 1.606  0.19 2.2 2.01 0.495 0.773 0.799 
C2 0.023 0.4 0.377  0.047 0.3 0.253 0.489 1.333 1.49 
C128 0.094 0.7 0.606  0.125 1 0.875 0.752 0.7 0.693 

1 ratio of values for PRA and CIP 
2 MSW = MPC – MIC 
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Evolution of resistance to CIP and PRA 
 
In order to investigate the evolution of isogenic strains with different mutant alleles under 
increasing PRA and CIP concentration, I performed evolution experiments using microtiter 
dishes. First I performed evolution experiment with PRA and CIP by using five isogenic 
strains carrying the resistance associated mutations (LM179, LM202, LM351, LM378 and 
LM625) to see the evolution of resistance to PRA and CIP of each strain. Then four strains 
with the mutator mutM (CH281, LM1029, LM1030 and LM1031) and four strains with the 
mutator mutY (CH279, LM1025, LM1026 and LM1027) were tested through evolution 
experiment with the same set of PRA and CIP concentrations. The 96 cultures in each plate 
evolved as 96 independent lineages. The aim was to see how many lineages of each strain 
would succeed in creating the resistant mutations required by the selection and whether this 
differed according to the drug and the initial genotype of the strain. The mutator strains used 
in this experiment were achieved by previous work in Hughes’s lab by transferring alleles into 
the original strains by P1 transduction. Because LM625 with the alleles gyrA S83L D87G is 
already relatively resistant to PRA and CIP (and evolved efficiently to high-level resistance 
with a wild-type mutation rate), this strain was not included in the mutY and mutM part of the 
study.  
 
For the PRA evolution experiments (see Figure 6 and 7), it is clear that the relative efficiency 
of evolution to resistance to PRA of the five strains is LM202, LM179, LM351, LM378 and 
LM625, from weakest to strongest according to the final number of lineages that survived 
selection. In the process of evolution, each strain had a different trend. Thus, the LM202 and 
LM179 lineages went extinct early, whereas LM351 and LM378 survived longer, and LM625 
lineages only started to go extinct at very high PRA concentrations. When the mutator allele 
mutM, was introduced into the strains, it greatly enhanced the survival of LM1029, and 
marginally enhanced the survival of LM1031. For the other strains the effect of mutM was 
very small. The strains with mutY all gained a large increase in the number of surviving 
lineages. In particular, CH279 (LM179 with mutY) had a significant increase with about 10 
times as many lineages surviving. Similarly, for LM1025 (LM202 plus mutY) there was also a 
distinct increase in the number of lineages that survived. In the CIP evolution experiments, the 
pattern observed was similar, but not as remarkable as for PRA. Thus, LM625 also had the 
strongest ability to develop resistance, but was much weaker than in the PRA evolution 
process. LM202, LM351, LM378, and the strains with the mutM/ mutY mutator alleles 
showed a similar relative pattern under selection by CIP. However it was notable that in 
general, under selection by CIP, strains were more prone to extinction than under equivalent 
selection by PRA. The strain that showed the greatest enhancement in survival when the 
mutM/ mutY mutator alleles were added was LM378. This strain went from almost all 
lineages going extinct to more than 80 surviving in the presence of the mutator alleles. 
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A.  

   B.  

C.  

Figure 6: Comparison of results with PRA and CIP in all the strains. (A): Evolution results of 5 E. coli isogenic 
strains without antibiotics in PRA and CIP. (B): Evolution results of 4 E. coli isogenic strains with mutator mutM 
in PRA and CIP. (C): Evolution results of 4 E. coli isogenic strains with mutator mutY in PRA and CIP. The X 
axes is the drug concentration through out the evolution process, from 0 μg/ml to 32 μg/ml (see Media and 
growth condition) and the Y axes shows the number of survival lineages in each 96 well cell culture plate at the 
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last step with highest drug concentration. 

A.  

      

B.  

Figure 7: Comparison between strains without mutator and mutator strains with mutM or mutY in PRA and in 
CIP. (A): Evolution results of 13 E. coli isogenic strains in PRA. (B): Evolution results of 13 E. coli isogenic 
strains in CIP. The X axes is the drug concentration through out the evolution process, from 0 μg/ml to 32 μg/ml 
(see Media and growth condition) and the Y axes shows the number of survival lineages in each 96 well cell 
culture plate at the last step with highest drug concentration. 
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DISCUSSION 
 
MIC and MPC comparison between isogenic strains with CIP and PRA 
 
Seven E. coli stains were used in MIC and MPC experiments. According to their different 
resistant mutations, the strains appeared different on phenotypes, such as colony shape, size, 
color, growth speed etc. Strains with mutation in gyrA grew more slowly than the LM1067 
(ATCC WT), but faster than mutants △marR and △acrR, which indicated that different 
mutant had different effects on growth fitness of the strains, the gene marR and acrR played 
an important role in bacterial growth process. The results of the MIC test for CIP by the broth 
dilution method showed no big difference between the E-test and dilution method. They 
differed by just one concentration step for some strains. This indicated that the MIC values for 
PRA determined by the broth dilution method were believable. The mutant gene, gyrA S83L, 
D87N was associated with the highest MIC to CIP and PRA among the alleles tested, and the 
single mutant gene, gyrA S83L had a higher MIC than gyrA D87G, marR, or acrR, but was 
much weaker than double mutant allele. The relative order of the mutant alleles was similar 
for MPC. All the MIC values of PRA for the strains tested were lower than for CIP. This 
might mean that PRA has a higher efficiency to inhibit E. coli than CIP, and can inhibit the 
growth of wild-type bacteria at lower drug concentration. The MPC results in each step of the 
test may have some differences even with the same drug concentration (some parts in table 2 
and 3). This might be due to differences in the strain populations in each experiment, or to 
slight differences in actual drug concentrations in media prepared at different times etc. A 
practical conclusion is that it is important to make stock solutions of the drug very carefully. A 
good drug for clinical use should have a low MIC and narrow MSW for different strains. 
According to the table 4, PRA has similar or lower MIC than CIP and similar MPC with CIP, 
so a little larger MSW than CIP.  
 
For many years, ciprofloxacin has been well studied in antibiotic resistance researches. As a 
new fluoroquinolone (FQ), pradofloxacin is studied for MIC and MPC by comparing to 
well-used CIP. It has been reported by Wetzsten in 2005 that the affinity between primary 
targets is comparable because of similar MICs of all fluoroquinolones for E. coli, and PRA 
has very similar or only slightly higher MPC value than CIP which has the lowest MPC 
among many other FQ, and my results confirm the PRA efficiency. Besides, S83L and D87G 
are two mutantion genes in gyrA which can induce highest level of resistance to nalidixic acid 
(Komp et al, 2003). 
 
PRA may induce stronger resistance through evolution than CIP 
 
In order to find the resistance through evolution process, I performed 32 steps evolution 
experiment of PRA and CIP. The results of the evolution part of the project show that the rate 
of mutations to resistance of all strains increased significantly after the addition of the mutator 
alleles (mutM and mutY). From the number of surviving lineages, it can be concluded that 
mutY had a much stronger ability to enhance the development of resistance under selection 
than mutM. This was in agreement with expectations as mutY is stronger mutator than mutM 
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which creates lower mutation rate than mutY (Örlén and Hughes, 2006). Previous research 
shows that the biological cost of multiple mutations may influence the evolution of E. coli 
strains, the more multi step resistance-associated mutations the more reduction in biological 
fitness (Komp et al, 2005). The mutators influenced the evolution of each strain differently 
which may be due to the different initial genotypes of each strain. Some of genes are used in 
comparing efficiency of different drugs by transduction, such as mut gene family. In addition 
to mutations that directly affect the level of resistance it is also reported that mutator alleles 
can drive the development of fluoroquinolone resistance in E. coli, by increasing the 
emergence rate of rare new mutations (Örlén and Hughes, 2006). Comparing the results 
between PRA and CIP, it seemed that PRA might have a stronger promotion in selecting 
resistant E. coli than CIP, regardless of whether or not the original strain is a mutator.  
 
Bacterial antibiotic resistance is an important problem to address. It is becoming more serious 
and poses the medical profession and the pharmaceutical industry with a series of difficult 
challenges. Among these challenges are the improvements of dosing regimens so as to reduce 
the selection of resistant mutants during antimicrobial drug therapy. In this study I have 
evaluated a new fluorouquinolone PRA (being developed for use in animal medicine) in 
comparison with a well established one, CIP (used in human medicine). The measurements of 
MIC and MPC reveal that PRA has very similar properties compared to CIP, although the 
MSW may on average be slightly broader. This conclusion is supported by the series of 
evolution experiments made which show that on average resistance to PRA develops more 
frequently than resistance to CIP. Taken together, there results show that PRA has good 
antimicrobial properties (at least in vitro) but the use of an optimized anti-mutant dosing rule 
will be important to prevent the selection of resistant mutants. The future work can be done 
probably are: continue to do some compare between PRA and CIP using more isogenic and 
clinical strains; further test the MPC and MSW of PRA; drug dose determination for human 
use. And it would be necessary to set up a good and convenient method to test MIC and MPC 
of a new drug and determine the proper dose. 
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MATERIALS AND METHODS 

Bacterial strains 
 
Eighteen E. coli strains were used in this project, seven for minimum inhibitory concentration 
(MIC) and mutant prevention concentration (MPC) testing and the other thirteen strains were 
used in the evolution experiment. The strains are shown in Table 5 and 6. 
 
Table 5: Strains used in MIC and MPC test:  

Strain Description and Genotype Parental strain Source and reference 
LM179 MG1655, laboratory wild type strain  Hughes’s lab (Olofsson et 

al., 2007, Blattner et al., 
1997) 

LM1067 ATCC 8739, wild type control strain   American Type Culture 
Collection (Wetzstein 
2005, Bagel et al., 1999) 

LM1071 AP 4.24/2, gyrA S83L LM179 Bayer Health Care 
(Wetzstein 2005) 

LM1070 AO 4.24/1, gyrA D87G LM179 Bayer Health Care 
(Wetzstein, 2005) 

C2 (UTI) Clinical strain, gyrA D87G  AB Biodisk Culture 
Collection 

C128 (UTI) Clinical strain, gyrA S83L  AB Biodisk Culture 
Collection  

LM378 gyrA S83L LM179 (Marcusson 2007) 

LM1067 is a wild type control strain used for fluoroquinolone target identification. LM1070, LM1071, and 
LM378 are mutants derived from wild type strain LM179 with different mutation altering amino acid in gyrA. 
 
Table 6: Isogenic strains and strains with different mutator alleles used in evolution of resistance to PRA and 
CIP. 

Strain Description and Genotype Parental strain Mutator Strength Source and reference
LM179 MG1655, laboratory wild 

type strain 
  Hughes’s lab 

(Olofsson et al., 
2007, Blattner et al., 
1997) 

LM202 mar△ R LM179  Marcusson, 2007 
LM351 acr△ R LM179  Marcusson, 2007 
LM378 gyrA S83L LM179  Marcusson, 2007 
LM625 gyrA S83L, D87G  LM179  Marcusson, 2007 
CH281 mutM (mutator allele)  LM179 2× Bhagwat, 2005 
LM1029 marR, mutM LM202 2× Marcusson, 2007 
LM1030 acr△ R, mutM LM351 2× Marcusson, 2007 
LM1031 gyrA S83L, mutM LM378 2× Marcusson, 2007 
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CH279       mutY (mutator allele)  LM179 10× Miller, 1992 
LM1025 mar△ R, mutY LM202 10× Marcusson, 2007 
LM1026 
LM1027      

acr△ R, mutY 
gyrA S83L, mutY 

LM351 
LM378 

10× 
10× 

Marcusson, 2007  
Marcusson, 2007 

LM202 and LM351 are mutants derived from LM179 with deleted gene marR and acrR respectively. LM625 is 
double mutant strain (S83L, D87G) in gyrA derived from LM179. LM281, LM1029, LM1030 and LM1031 are 
mutants with mutator allele mutM derived from LM179, LM202, LM351 and LM378 respectively. LM279, 
LM1025, LM1026 and LM1027 are mutants with mutator allele mutY derived from LM179, LM202, LM351 
and LM378 respectively. 
 
The strains were streaked on LA plates and incubated in 37 °C over- night to get fresh single 
colonies on the plates. The strains were only used five days and then re-streaked only once 
before retrieving new strains from the -70 °C freezer. 
 
Media and growth condition 
 
LB liquid media: 100 g NaCl, 50 g yeast extract and 100 g tryptone were mixed with 1 L 
sterile water, pH adjusted to 7.2-7.4, then autoclaved. LA is solid LB medium with 20 g agar 
(OXOID LTD)/L. LB and LA medium were prepared by lab assistant. 
 
MHB liquid medium: Mueller Hinton Broth (MHB, Difco Laboratories, Detroit, MI, USA) 
was prepared according to instructions given by the manufacturers. 21 g MHB powder was 
suspend in 1 L sterile water, and autoclaved.  
 
Mueller Hinton Agar (MHA, Difco Laboratories) solid media were prepared according to 
instructions given by the manufacturers: 38 g MHA powder was dissolved in 1 L sterile water 
and autoclaved. MHA medium with different PRA or CIP concentration used in MPC assays 
were prepared by adding appropriate PRA or CIP stock solution to autoclaved MHA medium 
with a temperature not higher than 50 °C and stored in cold room, medium with PRA were 
protected from light. 
 
Incubation of strains in liquid LB or MHB media without any antibiotic was carried out at 
37 °C with shaking. For each strain, one colony was picked from LA plate to LB or MHB 
media and after at least 6 h growth, the bacterial concentration reached 109 CFU (colony 
forming unit)/ml, OD540~1.0 which is the proper culture used in this project (Marcusson 
personal communication). 
 
Antibiotics 
 
Ciprofloxacin and Pradofloxacin powders were provided by Bayer AG, Leverkusen, Germany. 
Pradofloxacin (PRA) was prepared by dissolving in sterile water to achieve a stock solution of 
500 μg/ml , stored at room temperature and protected from light. 
Ciprofloxacin (CIP) was prepared by dissolving in 500 ml 0.1 M NaOH to a stock 
concentration of 500 μg/ml and stored at 4 °C. 
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In antibiotic resistant evolution experiment the set of PRA and CIP solutions with different 
concentrations were prepared by diluting stock solution in LB and MIC test of PRA and CIP 
in which solutions were prepared in MHB. 
 
Minimal inhibitory concentration (MIC) 
 
All strains were tested for MIC of CIP and PRA independently in triplicate experiments by 
broth dilution or by E-test. MIC of CIP was determined by E-test (AB Biodisk, Solna, 
Sweden) according to the instruction given by the manufacturer. One colony of a strain was 
picked from an over- night incubated LA plate and completely suspended in a glass tube with 
1 ml 0.9% NaCl by vortexing. A MacFarlane = 0.5 standard tube was used as comparison to 
adjust the turbidity to that which represented 108 CFU/ml. Then the NaCl culture was spread 
evenly onto an MHA plate by a cotton swab and an E-test strip was attached to the middle of 
MHA plate, incubated at 37 °C for about 16 h. The MIC value of CIP was directly read out 
from the E-test strip on the plate after over night incubation, shown as the edge of the circle 
without growth of bacteria across the scale of the strip. MIC measurement of PRA was 
performed by dilution method. The 500 μg/ml PRA stock solution was diluted into a set of 
concentrations between 0.002 and 32 μg/ml with MHB. 180 μl PRA solution of each 
concentration was added to a well in a 96 wells cell culture plate (Beyotime Biotechnology). 
Over-night cultures of all strains containing about 109 bacterial cells per ml were diluted to 
106 CFU/ml in 0.9% NaCl, 20 μl of 106 CFU/ml MHB culture was added into the wells 
containing PRA dilutions. The plate was sealed and incubated at 37 °C in the dark for 24 h. 
The culture of each strain with the lowest concentration of the PRA solution without any 
visible growth of bacterial represented the MIC for PRA for this strain. The dilution method 
was also used to test MIC for CIP. 
 
Mutant prevention concentration (MPC) 
 
For each E. coli strain, one colony was picked from an LA plate and inoculated into certain 
volume Mueller-Hinton broth which depended on the number of tested drug concentrations 
(10 ml/ concentration) in a falcon tube and incubated over night at 37 °C with shaking. The 
over- night culture was expected to contain 109 cells/ml, so an aliquot culture was then 
centrifuged at 3200 g for 20 min and kept on ice. After pouring away the supernatant, the 
pellet was re-suspended in 1 ml MHB per 10 ml culture. The culture was mixed completely 
and divided to 10 MHA plates containing a defined concentration of PRA or CIP, 100 
μl/plate= 109 cells/plate, and spread evenly on the plates. Each strain was tested at different set 
PRA and CIP concentrations, starting from a larger range to a smaller range of PRA and CIP 
concentrations. All the plates were observed four days to record the changes on the plates, 
such as mutant colonies number, and mutant appearance time. In case no colony appeared at 
any tested concentration after 96 h incubation, the strain was continually tested on a set of 
lower concentrations at the same incubation condition. If colonies appeared at all tested 
concentrations, a set of higher concentrations would be tested. Once colonies appeared on the 
MHA plate, the following test range was minimized. The final MPC result was accurate to 0.1 
μg/ml PRA or CIP. All the drug concentrations tested in this experiment are listed in table 7. 
The MHA media with lowest concentration of PRA or CIP which inhibited the appearance of 
colony was the MPC value. The final set of concentration including MPC was determined at 
three independent experiments. 
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Table 7: Antibiotic concentration steps used to measure MPC for 7 strains. 
Strain Concentration of PRA (μg/ml)  Concentration of CIP (μg/ml) 
LM179 0.1 0.2 0.3     0.2 0.3 0.4   
        0.05 0.1 0.2   
LM1067 0.1 0.2 0.3 0.4    0.1 0.2 0.3 0.4  

        0.02 0.05 0.1   
LM1070 1 2 3 4    1 2 3 4  
 0.1 0.5 1     0.1 0.5 0.8 1  
 0.5 0.6 0.7 0.8    0.2 0.3 0.4 0.5  
LM1071 1 2 3 4 5   3 4 5 6 7 
 1 1.5 2 2.5    1.5 2 2.5 3  
 1 1.1 1.2 1.3 1.4 1.5  0.1 0.5 1   
        1.1 1.2 1.3 1.4 1.5 
C2 0.1 0.2 0.3     0.1 0.2 0.3   
 0.3 0.4 0.5 0.8         
C128 0.5 0.8 1.2 1.5    0.5 0.8 1.2 1.5  
 0.5 0.6 0.7 0.8    0.7 0.8 0.9 1  
LM378 0.5 1 1.5 2 2.5   0.5 1 1.5 2 2.5 
 1.5 1.6 1.7 1.8 1.9 2  1.8 2 2.2 2.5  
 
The first MPC test was performed in MHA media with the first row of PRA and CIP concentrations for each 
strain which were determined according to previous experiments or the MIC value of each strain. The following 
rows of PRA and CIP concentrations were the second or the third set of concentration tested in this experiment to 
get the MPC value for each strain. The concentration tested was accurate to 0.1 μg/ml and the last step was 
measured in triplicate. 
 
Evolution of fluoroquinolone resistance  
 
The PRA and CIP concentrations (μg/ml) used in this procedure are ranged from 0.002 to 32 
ug/ml in steps of approximately 1.5. For each strain, 5 ml LB culture was prepared by picking 
a colony from an LA plate to LB by over-night shaking. A fresh LB over-night culture was 
diluted to 102 cells/ml, and 200 μl was added to each well of a 96 well cell culture plate with a 
barrier pipette. The 96 well cell culture plate was sealed tightly with plastic film and set 
over-night shaking at 37 °C in a shaker with sticky surface. 5 μl LB culture from each well 
was transferred to the corresponding well in a new 96 well cell culture plate containing 200 μl 
0.002 μg/ml PRA or CIP in LB. After each 23-24 h growth cycle, 5 μl LB culture of each well 
was transferred to 200 μl LB media with higher concentration PRA or CIP. In each step the 
96 well cell culture plates were incubated over-night with shaking at 37 °C. During the course 
of the evolution experiment, the bacteria in each well were seen as an independent lineage of 
a strain. Strains with mutator mutM or mutY alleles were also tested with the same evolution 
procedure as just described.  
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