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Summary 
 
The development of fluoroquinolone resistance involves the accumulation of multiple 
mutations in several genes. A strong correlation between the number of resistance-
associate mutations and a high general rate of mutation to rifampicin resistance has been 
found previously. The aim of this project was to test experimentally if the general 
mutation rate has a measurable impact on the rate of development of fluoroquinolone 
resistance in urinary tract infection (UTI) isolates of Escherichia coli. Multiple lineages 
derived from six fluoroquinolone-susceptible isolates with known mutation rates were 
evolved by serial passage and growth in media with successively higher ciprofloxacin 
concentrations. Lineages that failed to make the mutation(s) required to support growth at 
the next ciprofloxacin concentration were expected to go extinct. Two different selection 
experiments were done, one where the ciprofloxacin concentration increased 1.5-fold and 
the other 2-fold between the steps. This was done to see if the magnitude of the increase 
in ciprofloxacin concentration at each selection step would distinguish between strains 
with different mutation rates. The mutation rates were determined in the final strains of 
the lineages to test whether a mutator phenotype had been selected during the evolution 
experiment.  
 
For each strain the relationship between lineage extinction and ciprofloxacin 
concentration was assessed. The ciprofloxacin concentration at which 50% of the 
lineages had become extinct (KE) was compared between strains with different general 
mutation rates. The wild type strain MG1655, with the spontaneous rate of mutation to 
rifampicin resistance 5 x 10-9 per cell per generation (relative mutation rate = 1), had a 
much lower KE value in both experiments than the isogenic strain CH188, with a mutS 
deletion (relative mutation rate ~500). Thus, a strong mutator phenotype greatly 
enhanced the probability that a strain could evolve to develop high-level fluoroquinolone 
resistance. Also the size of the selection step was of some importance because both 
MG1655 and CH188 had lower KE values when the selection step size was larger. 
 
Four ciprofloxacin-susceptible clinical isolates were also tested. C150 and C77 have low 
mutation rates similar to MG1655, while C124 and C142 have mutation rates 14-fold and 
10-fold higher, respectively. Intermediate mutator phenotypes such as those of C124 and 
C142 are frequently found in resistant clinical isolates. However, in these experiments 
this moderately increased mutation rate did not appear to confer a significant advantage 
in evolving high-level resistance, at least under the specific conditions tested here. For 
the clinical isolates the single factor that correlated with high KE values was the ability of 
some isolates (C77 and C124) to generate strong mutator phenotypes at a higher 
frequency than the other strains tested (MG1655, C142, and C150). More experiment will 
need to be done to test whether there are experimental conditions where a moderate 
mutator phenotype enhances the development of high-level fluoroquinolone resistance, 
and also to investigate the mechanisms underlying, and the significance of, the high 
frequency with which some strains generate strong mutators. 
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Introduction 
 
Urinary tract infection 
Acute uncomplicated urinary tract infection (UTI) is a very common bacterial infection. 
40-50% of all adult women have experienced UTI and it is often recurrent (3). The 
infection can be caused by different pathogens but is most often caused by Escherichia 
coli. In recent studies in USA and Canada 57.5% of all uncomplicated UTI’s were caused 
by E.coli (11). UTI is treated with antibiotics such as ampicillin, trimethoprim, 
fosfomycin and several different fluoroquinolones. In Western Europe and North 
America fluoroquinolones are the most common treatment for UTI infections (9). 
Fluoroquinolones were introduced in the late 1980s and have been used as treatment for 
many different infections. Since then the frequency of resistance to fluoroquinolones has 
increased. In China by the late 1990’s 50 % of E.coli isolated from the community were 
resistant to the fluoroquinolone ciprofloxacin (10). The frequency of resistance to 
fluoroquinolones is not that high all over the world. In the USA and Canada the 
frequency of ciprofloxacin resistance is only 5.5% among UTI E.coli isolates (11).  
 
Mechanism of action of Fluoroquinolones  
Fluoroquinolones exert their antimicrobial effect by is targeting DNA gyrase and DNA 
topoisomerase IV, both enzymes essential for bacterial DNA replication. DNA gyrase is 
the only enzyme that introduces negative supercoiling, while topoisomerase IV is 
required for the segregation of daughter cells. The fluoroquinolones form an enzyme-
DNA complex that prevents gyrase and topoisimerase IV from re-sealing DNA after the 
enzyme makes a double-stranded cleavage. The complex can also inhibit the movement 
of other enzymes required for replication (2). 
 
Fluoroquinolone resistance 
Resistance to fluoroquinolones can occur by chromosomal mutations in genes encoding 
DNA gyrase (gyrA, gyrB) or DNA topoisomerase IV (parC, parE) (2). Mutations in 
genes that control the expression of the endogenous transmembrane efflux pump AcrAB-
TolC also can cause resistance. Mutations that inactivate marR, a repressor of marA (a 
transcriptional activator of acrAB and tolC), or inactivate acrR, a repressor of acrAB, will 
give some resistance by up-regulating the efflux pump and decrease the level of 
antibiotics in the cytoplasm. Mutations in ompF, ompC can decrease the levels of porin 
proteins and in that way inhibit antibiotic entry to the cell, which would give some 
resistance (2, 10). Plasmid-borne resistance has been reported in Klebsiella pneumoniae 
and E. coli (8, 4).  
 
Mutation rate and accumulation of mutations 
In a study by Komp Lindgren et al (6) E. coli isolates from patients with uncomplicated 
urinary tract infections were examined for resistance-associated mutations (RAMs) in 
gyrA, gyrB, parC, parE, marR and acrR. The data showed that isolates with high level 
resistance carried to have two to five mutations in this set of genes. A strong correlation 
between the number of resistance-associated mutations and resistance above the clinical 
breakpoint, 4 µg/ml ciprofloxacin, was found. That suggested that resistance to 
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fluoroquinolones involves the accumulation of multiple mutations in several genes. The 
general rate of mutation in the UTI E. coli isolates was measured as the spontaneous rate 
of resistance to rifampicin, and a strong correlation between the number of resistance-
associated mutations and the mutation rate to rifampicin was shown. A high mutation rate 
is expected to generate more rare new mutations that can give increased resistance. This 
suggests that a high general mutation rate may have an important role in the development 
of fluoroquinolone resistance under selection. 
 
Aim  
The aim of this study was to test experimentally if the general mutation rate has any 
impact on the rate of development of fluoroquinolone resistance in UTI isolates of E.coli. 
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Results  
 
Successive selection for ciprofloxacin resistance 
Multiple independent lineages of the E. coli strains, MG1655, C77, C124, C142, C150 
and CH188 (Table 1) were evolved by serial passage and growth in successively higher 
ciprofloxacin concentrations.  
 
Table 1. Characteristics of the bacterial strains.  
Strain gyrA Relative 

mutation rate 
n3 

(S=1.5)2
n3 

(S=2)2
Mic4 KE

1 

(S=1.5)2
KE

1 

(S=2)2

MG16555 wt 1 9 11 0.008 10.2 2.2 
C1506 wt 2 10 20 0.016 1.2 3.9 
C1246 wt 14 22 11 0.016 29.4 5.7 
C776 S83L 1 15 35 0.19 545 5.7 
C1426 S83L 10 10 11 0.19 1.7 2.4 
CH1887 wt 500 10 10 0.008 n.m8 1108 
1 The antibiotic concentration in µg/ml which 50% of the lineages were extinct. 
2 The relative increase in antibiotic concentration at each step.  
3 Number of independent lineages used in the experiment. 
4 minimal inhibitory concentration of ciprofloxacin (µg/ml).  
5  Laboratory wildtype strain. 
6 Clinical isolates from urinary tract infection patients.  
7 CH188 is isogenic to MG1655, except for a mutS deletion.  
8 n.m., not measurable (no extinction events occurred) 
 
As the drug concentrations got higher more of the lineages went extinct. For a lineage to 
survive it must generate mutant variants that support growth at the next ciprofloxacin 
concentration. The number of cells transferred between the selection steps (population 
bottleneck) was limited. The size of the selection steps was varied. This was done to see 
if the difference in the size of the selection steps favoured strains with different mutation 
rates in the development of flouroquinolone resistance. For each strain the relationship 
between lineage extinction and ciprofloxacin concentration was assayed. In the first 
experiment with small selection steps (S = 1.5, ciprofloxacin concentrations increased 
1.5-fold between cultures, figure1) lineages of MG1655 started to go extinct above a 
ciprofloxacin concentration of 1.5 μg/ml. The slope of lineage extinction with increasing 
ciprofloxacin concentration was exponential. The lineages from the mutS deletion strain 
CH188 did not go extinct in this experiment, which was terminated at a concentration of 
256 μg/ml ciprofloxacin. CH188 is isogenic with MG1655, except for the mutS deletion. 
C150 lineages started to go extinct above 0.75 μg/ml ciprofloxacin while C124 lineages 
started to go extinct above 3 μg/ml ciprofloxacin. C77 and C142 are clinical UTI isolates 
that both have the gyrA mutation S83L. The relative mutation rate of C142 is 
approximately 10-fold higher than that of C77. Nevertheless, C77 (lower mutation rate) 
was the more resilient in this evolution experiment.  

 5



MG1655

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

C150

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

C77

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

C124

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

C142

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

CH188

0%

20%

40%

60%

80%

100%

0,01 0,1 1 10 100 1000
ciprofloxacin concentration (ug/ml)

 
Figure.1. Rate of extinction of lineages challenged with ciprofloxacin concentrations increased 1.5-fold 
between cultures. Percent living independent lineages at 29 successively higher ciprofloxacin 
concentrations (μg/ml), 105 cells were transferred between the selection steps. Characteristics of the strains 
are shown in Table 1 together with number of independent lineages for each strain. For the equation of the 
slope, values in the actual slope are used; from the point before extinction start to the point were no more 
extinction events occur. The equations of the regression lines were for MG1655; y = -0.2009Ln(x) + 
0.9637  R2 = 0.9129, C150;  y = -0,8197Ln(x) + 0,6162  R2 = 0,8409, C77; y = -0.1103Ln(x) + 1.195  R2 = 
0.7403, C124;  y = -0.2115Ln(x) + 1.215   R2 = 0.9807, C142; y = -0,1853Ln(x) + 0,6016  R2 = 0,7021, 
CH188; y = 1 
 
In the second experiment the selection pressure was higher (S=2, ciprofloxacin 
concentrations increased 2-fold between cultures, Figure 2). In this experiment MG1655 
lineages began to die out at 0.25 μg/ml which was earlier then in the first experiment. 
The first lineages of CH188 went extinct after the ciprofloxacin concentration reached 32 
μg/ml. Lineages from each of the four clinical strains began to die out at almost the same 
concentration as MG1655.  
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Figure 2. Rate of extinction of lineages challenged with ciprofloxacin concentrations increased 2-fold 
between cultures. Percent living independent lineages at 15 successively higher ciprofloxacin 
concentrations (μg/ml), 105 cells were transferred between selection steps. Characteristics of the strains are 
shown in Table 1 together with number of independent lineages for each strain. For the equation of the 
slope, values in the actual slope are used, from the point before the first lineage extinction to the point were 
no more extinction events occur. The equations of the regression line were for MG1655; y = -0.2107Ln(x) 
+ 0.6624 R2 = 0.961, C150; y = -0.1866Ln(x) + 0.7506  R2 = 0.9765, C77; y = -0.1632Ln(x) + 0.7843  R2 = 
0.9573, C124; y = -0.2248Ln(x) + 0.8895  R2 = 0.9644, C142  y = -0.3535Ln(x) + 0.8094  R2 = 0.9751, 
CH188; y = -0.1298Ln(x) + 1.41  R2 = 0.8526.  
 
The KE value is defined as the antibiotic concentration (µg/ml) at which 50% of the 
lineages are extinct. In the experiment with larger selection step size (S=2) the KE values 
were similar, varying from 2.2 to 5.7 between the four clinical isolates and MG1655. In 
contrast, for CH188 the KE value was much higher at 1108 (Table 1). In the selection 
experiment with the smaller step size (S=1.5) the KE values showed greater variation 
(Table 1).  
 
When selecting for ciprofloxacin resistance a selection for an increased mutation rate 
might also occur. Therefore, the general mutation rates, for all last living cultures of each 
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lineage (endpoint lineages) were determined to see if the general mutation rate had 
increased during the experimental selection. In the small step experiment (S=1.5) 
mutators arose in three out of four clinical strains at a frequency of 10 – 25% (Figure 3). 
In the large step experiment (S=2) mutators were less frequent being found to arise only 
in two strains, C77 and C150 (Figure 3). Interestingly, 10% of the C150 lineages 
generated the mutator phenotype in both experiments. 
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Figure 3. Frequency of mutator lineages (%) after concluded selection of the clinical and MG1655 strain. 
(A) results from the experiment with small selection steps (S=1.5); (B) results from the experiment with big 
selection steps (S=2).   
 
Mutations in acrR and gyrA 
To identify positively the strains in the endpoint lineages, the genes gyrA and acrR were 
fingerprinted by looking at single nucleotide polymorphisms. Differences in single 
nucleotide polymorphisms in the coding sequence of acrR permitted the specific 
identification of each of the four different clinical isolates and of MG1655 (Table 2). 
Therefore, acrR was sequenced to check the identity of strains at the end of each 
evolution experiment. This identification was complemented by the sequencing of gyrA 
in endpoint strains, providing confirmation of the strain identity and also revealing the 
emergence of gyrA mutations during the course of the experiment.  
 
Table 2. Single nucleotide polymorphisms within acrR and gyrA. 
 nucleotide1

 acrR gyrA 
Strain 105 219 294 315 363 486 255 273 300 333 408 453 
MG1655 T A A G A C C C T T C C 
C77 C C G G C C T T C C C T 
C124 C A A G A G T T C C T T 
C142 C C G G A C T T C C C C 
C150 T A A A A G T T C C C C 
1 Nucleotide 1 is the first nucleotide of the start codon in the genes acrR (1) and gyrA (1).  
 
Mutations that arose during the selections and that altered the amino acid chain were also 
found in acrR and are shown in Table 3. Most mutations found are expected to truncate 
the AcrR protein product (frameshift and nonsense mutations, insertion sequences) but 
amino acid changes were also found. Most of the mutations that arose in acrR during the 
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evolution experiments are similar to those previously identified in resistant clinical 
isolates of E. coli (5, 6, 10). 
 
Table 3. Mutations found within acrR gene in evolved strains  
Strain Mutations in acrR 
MG1655 V29G1

E74stop1  
Insertion of IS5 at aa3 90 

C77 T5N1

L34P1

21nt duplication at aa3 77-83 
Δ24nt (ATTC) at aa3 94-95 

C142 
 

Δ28nt at aa3 165-167 
5nt (TGACC) duplication at aa3 138-
140 

1 Amino acid substitutions, the letters refers to amino acids and the number to an amino acid position, 
amino acid position one is the start codon.   
2 deletions of nucleotides  
3 amino acid  
 
Mutations that altered the amino acid chain in gyrA were expected to arise during the 
selection for ciprofloxacin resistance. Sequencing of gyrA in evolved strains revealed the 
presence of the mutations shown in Table 4. Among these mutations one has not been 
described previously, D82G, Δ3nt (TCG) at amino acid 83. The most commonly found 
mutation was S83L D87G.  
 
Table 4. Mutations found within gyrA gene in evolved strains 
Mutations in gyrA Found in strain 
S83L1, D87G1 MG1655, CH188,C77,C124 
D87G1 MG1655,C124 
S83L1 MG1655, C77 
D82G1, Δ23nt(TCG) at aa3 83 MG1655 
S83L1, D87N1 C77 
D87N1 C124 
S83L1, D87H1 C124 
1 Amino acid substitutions, the letters refers to amino acids and the number to an amino acid position, 
amino acid position one is the start codon.   
2 deletions of nucleotides  
3amino acid  
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Discussion  
 
The aim of this project was to test whether differences in the general mutation rate could 
have any impact on the rate of development of fluoroquinolone resistance in UTI E. coli 
isolates. Fluoroquinolone resistance has previously been shown to involve the 
accumulation of several mutations in different genes. Higher mutation rates would be 
expected to increase the rate of generation of rare new mutations that can give increased 
resistance. Analysis of clinical isolates has shown a positive correlation between 
resistance to fluoroquinolones, the number of resistance associated mutations, and higher 
mutation rates (6). However, this correlation could be coincidental rather than causative. 
For example, the global bacterial population size might be great enough to generate 
multiply mutant resistant strains without the need for any increased mutation rate. 
Furthermore, it is not obvious that increases in mutation rates of the magnitude seen in 
most resistant clinical isolates (10-20-fold increases relative to the sensitive wild-type) 
would be large enough to account for the multiply mutant clinical strains. To test the 
hypothesis that increased mutation rates increase the ability of E. coli to develop high-
level resistance to fluoroquinolones, independent lineages of six strains with known 
mutation rates were evolved to successively higher levels of resistance to ciprofloxacin.  
 
Identification of strains 
A potential problem in evolution experiments of the kind described in this report is in 
determining whether the evolved strain, which necessarily will have developed novel 
characteristics, is in fact descended from its presumed ancestor, and is not instead the 
product of contamination. If undetected, such contamination would result in incorrect 
data and misleading interpretations of experiments. At the endpoint of each experiment 
genetic fingerprinting ensured that the evolved strains were derived from the starting 
strains. This was done using single nucleotide polymorphisms identified in acrR and 
gyrA that facilitated a clear distinction to be made between the E. coli K12 strains 
(MG1655, CH188) and each of the four clinical isolates. In initial experiments, 
contamination, involving clinical isolates, was detected as a serious problem. It appears 
likely that the clinical isolates are more ‘sticky’ than K12, and can easily contaminate 
pipette surfaces and thus get transferred inappropriately. The contamination problem was 
eliminated by using barrier tips on micropipettes. 
 
Mutations in acrR 
Mutations in acrR were observed when fingerprinting the evolved strains. These are 
mutations that have arisen during the selection for ciprofloxacin resistance. The 
mutations identified in acrR are similar to those previously identified in resistant clinical 
isolates of E. coli. The mutation T5N was found in two C77 lineages. This mutation has 
also been found in resistant clinical isolates (6, 10). Two other mutants carrying single 
amino acid substitutions were found, at amino acid 29 and 34. Single amino acid 
substitutions in this region of AcrR (at positions 16, 24, and 25) have also been identified 
in resistant clinical isolates (6). One mutant carried an insertion of IS5. 12 IS5 elements 
are found in the MG1655 genome (1). Resistant clinical isolates have been identified that 
carry IS1, IS5, or IS10, in acrR (5, 6). The PCR product amplified from acrR::IS5 was, as 
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could be expected, much larger then the normal acrR product when visualised on an 
agarose gel. A novel mutation with a 21nt duplication was also detected.  
 
Successive selection for ciprofloxacin resistance 
MG1655 is a standard laboratory wild-type strain of E. coli K12 (1). Its mutation rate to 
rifampicin resistance is 5 x 10-9 per cell and generation (6) which for convenience of 
comparison we set as 1. CH188 is isogenic with MG1655 except for deletion of mutS, 
resulting in inactivation of the methyl-directed mismatch repair system and a consequent 
increase in relative mutation rate to ~500. Both MG1655 and CH188 have the same 
minimal inhibitory concentration (MIC) for ciprofloxacin, 0.008 µg/ml. In evolution 
experiment 1 (S=1.5), MG1655 lineages began to go extinct at a ciprofloxacin 
concentration of 1.5 µg/ml and showed a KE value (50% of the lineages extinct) of 10 
µg/ml. In the same experimental series (S=1.5) no lineages of CH188 went extinct. The 
differences in lineage extinction between MG1655 and CH188 in this experiment support 
the hypothesis that a high mutation rate is advantageous in facilitating the evolution of 
high-level resistance to ciprofloxacin. In the second experimental series (S=2) lineages of 
MG1655 began to go extinct at 0.25 µg/ml and the KE value was 2.2 µg/ml. Both of these 
values are lower in than in the first experimental series. In contrast, lineages of CH188 
began to go extinct at a ciprofloxacin concentration of 32 µg/ml with a predicted KE 
value of 1108 µg/ml. Taken together, these results suggest that a high general mutation 
rate (~500-fold higher than the wild-type rate) significantly increases the probability of E. 
coli developing high-level fluoroquinolone resistance in response to selection. 
Furthermore, the results showed that when the size of the individual selection steps was 
larger (S=2 versus S=1.5) the KE values for both MG1655 and CH188 were reduced. One 
can draw the conclusion that under the conditions of this experimental set-up, when S=2, 
the rate of generation of new mutations limits the development of high-level resistance to 
ciprofloxacin, even when the underlying mutation rate is several hundred-fold greater 
than the normal wild-type rate. 
 
The clinical strains C77 and C150 both have low relative mutation rates, 1 and 2 
respectively, relative to MG1655. C150 has a MIC of 0.016 µg/ml, similar to that of 
MG1655 (0.008), whereas C77 has a higher, MIC 0.19 µg/ml, possibly due to the 
mutation gyrA S83L. No other resistance-associated mutations are known in these strains 
(6). C77 has a very high KE value (545 µg/ml) compared to that of C150 (1.2 µg/ml) at 
S=1.5. At least in part this may be accounted for by the frequency with which strains with 
very high mutation rates were generated in the C77 lineages (27% at the end-point). In 
contrast only 1 out of 10 C150 lineages had a high mutator phenotype at the end-point. A 
second contributing factor to the high KE value of C77 could be the presence of a gyrA 
mutation from the beginning. The results were very different when the size of the 
selection steps were increased (S=2) in the second experimental series. In those lineages 
the KE values of both strains were similar, 5.7 and 3.9 respectively (similar to that for 
MG1655) and the frequency of mutators at the end-point was also much lower for C77 
(3%). There is no obvious simple explanation of these results. For C150, mutators were 
generated with a 10% frequency in both experimental series and the KE value apparently 
was not reduced, when the selection step size was increased. For C77 the KE value was 
significantly decreased with the increase in selection step size, but the unexpectedly large 
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KE value at S=1.5 may be, at least in part, caused by the high frequency of mutators 
generated by this strain. Sequence analysis shows that the high frequency of mutators in 
C77 from the S=1.5 experiment cannot be due to cross-contamination because three out 
of four have different mutations in gyrA. This feature of C77 may be of general relevance 
to the evolution of high-level resistance to fluoroquinolones because it suggests that some 
strains with apparently normal mutation rates may be assisted in their evolution by the 
generation of mutators at a high frequency. 
 
C124 and C142 are clinical isolates with intermediate mutation rates (14 and 10 
respectively, relative to MG1655). C124 has a wild type gyrA while C142 has a mutant 
gyrA (S83L). No other RAMs are known in these strains. The KE values for both strains 
at S=2 were similar to that for MG1655. In contrast, at S=1.5 the KE value for C124 (29.4 
µg/ml) was much higher than that for C142 (1.7 µg/ml). When the end-point strains were 
examined it was found that 13% (3/22) of the C124 lineages had a strong mutator 
phenotype. In contrast, none of the C142 lineages generated a strong mutator phenotype. 
One conclusion that could be drawn from this set of experiments is that the presence of a 
gyrA mutation does not appear to provide an advantage (C142 has similar or lower KE 
values to MG1655). A second conclusion that can be drawn is that a relative mutation 
rate of 10-fold higher than wild-type (C142 versus MG1655) is not sufficient to increase 
the KE value under these experimental conditions. The single factor that correlates with 
an increased KE value appears to be the ability to generate strains with a strong mutator 
phenotype (C124), as noted also in the previous paragraph. 
 
Conclusions 
Several tentative conclusions can be drawn from the results of this project. A strong 
mutator phenotype, such as that associated with mutation of mutS, greatly enhances the 
probability that a strain can develop high-level fluoroquinolone resistance. The size of the 
selection step is also of some importance because both MG1655 and CH188 had lower 
KE values at S=2 compared with S=1.5. Intermediate mutator phenotypes such as those 
more typically associated with resistant clinical isolates (10-20-fold) do not appear to 
confer a significant advantage in evolving high-level resistance, at least under the specific 
conditions tested here. Also, the prior presence of a first step resistance mutation (gyrA) 
did not confer a significant evolutionary advantage over a strain with no known 
resistance mutation and a lower initial MIC value. For the clinical isolates the single 
factor that correlated with high KE values was the ability of the isolates (C77 and C124) 
to generate strong mutator phenotypes at a higher frequency than the other strains tested 
(MG1655, C142, and C150). While it is easy to understand how strong mutators would 
have a selective advantage, it is not obvious that this could have any effect on increasing 
the KE value because most of the strains in these lineages did not have the mutator 
phenotype. More experiment will need to be done to test whether there are experimental 
conditions where a moderate mutator phenotype enhances the development of high-level 
fluoroquinolone resistance, and also to investigate the mechanisms underlying, and the 
significance of, the high frequency with which some strains generate strong mutators.  
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Materials and methods  
 
Bacterial strains 
Bacterial strains used in the experiments are shown in Table 5.  
 
Table 5.Characteristics of starting strains. 

Strain MICa RAMb Relative mutation 
ratec

MG1655 0.008 None 1 
CH188 0.008 None 500 

C77 0.19 Gyr A S83L 1 
C142 0.19 Gyr A S83L 10 
C150 0.016 None 2 
C124 0.016 None 14 

a minimal inhibitory concentration of ciprofloxacin determined by Etest according to the instructions of the 
manufacturer (AB BIODISK) (6). 
b number of fluoroquinolone resistance-associated mutations 
c mutation rate relative to that of MG1655= 5*10-9  
 
Successive selection for ciprofloxacin resistance   
The six starting strains were grown overnight in Luria broth (LB: 10 g Bacto-tryptone, 5 
g Bacto-yeast extract and 10 g NaCl adjusted with sodium hydroxide to pH 7.5 in a final 
volume of 1 litre) at 37° C with shaking. The liquid cultures were diluted to 103 cells / ml 

and 100 μl was inoculated into multiple tubes containing 2 ml of LB and then grown 
overnight to full growth (~109 cell/ml). This was done to generate independent lineages 
of each strain. These lineages were then evolved by growth at successively higher 
ciprofloxacin concentrations. The ciprofloxacin concentrations (concentration steps) used 
were based on a standard MIC scale with step sizes of approximately 1.5-fold (0.016, 
0.023, 0.032, 0.047, 0.064, 0.094, 0.125, 0.19, 0.25, 0.38, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 
12, 16, 24, 32, 48, 64, 96, 128, 192, and 256µg/ml). In experiment 1 (S=1.5) these 29 
concentration steps were used. In experiment 2 (S=2) every second concentration step 
was used beginning with 0.016. After each growth cycle, 24 h at 37°C, 5 μl of each liquid 
culture was transferred to 2 ml fresh LB containing the next ciprofloxacin concentration. 
Individual lineages went extinct as the ciprofloxacin concentrations increased. The last 
living culture of each lineage, the so-called ‘endpoint’, was saved for identification by 
DNA fingerprinting and determination of mutation frequency. 
  
Polymerase chain reaction (PCR)  
The oligonucleotide primers used for amplifying acrR and gyrA genes are shown in Table 
6. One fresh colony grown overnight on an LA plate (15g of agar to 1 litre LB medium) 
was picked and suspended in sterile water, boiled for 4 min and then put on ice. This was 
used as a DNA template. Polymerase chain reaction (PCR) used the Ready-2-Go PCR 
beads kit (Amersham Bioscience, Uppsala, Sweden) according to the protocol of the 
manufacturer. The amplification volume was 25 µl, containing 1 µl DNA sample and 0.4 
µM forward and reverse primers. A PTC-200 thermocycler (SDS-diagnostic, Falkenberg, 
Sweden) was used for the amplification. The PCR program used started with 95°C for 5 
min followed by 30 cycles of 94°C for 15 sec, 53°C for 20 sec and 72°C for 1 min. The 
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PCR products were visualised by agarose gel electrophoresis and ethidium bromide 
staining. The gel was made of 1% agarose in 0.5xTBE (1xTBE: 5.4 g Tris base, 2.75 g 
boric acid and 20 ml 0.005 M EDTA (pH 8.0) in a final volume of 1 litre). Ethidium 
bromide was added to 0,5 µg/ml before the gel was poured. Agarose gels were 
electrophoresed at ∼100V for ∼30 min. The sizes of the amplification products were 
determined by comparing them to a standard size ladder (GenrulerTM, 1 kb DNA ladder, 
Fermentas, USA) loaded onto the same gel.  
 
Table 6. Oligonucleotides used for PCR and DNA sequencing. 
Gene Primer name Oligonucleotide sequence (5´ to 3´) Amplified 

region1
Sequenced 
region1

acrR 
 
 
 
 
 
gyrA 
 
 

AcrR8900F 
AcrR9934R 
 
AcrQ9021F 
AcrQ9887R 
 
GyrAF21 
GyrAR1000 
GyrAFQ322 

ACT GTT ACT ACG CCA ACG 
CTG AAC CTG AAG AAC GAC 
CTG 
GGC ATC TGC TGG CCA CCT T 
GAC GCA GTG AAC CAG AA 
 
GAA CTC ACCC TTC CAG ATC CA 
GAG CGC GGA TAT ACA CTT T 
GAG CTC CTA TCT GGA TTA T 

-275 to + 
65 
 
 
 
 
-248 to 
734 
 
 
 

 
 
 
-150to315 
135 to+28  
 
 
 
135 to 667 
 

1 Nucleotide 1 is the first nucleotide of the start codon. A minus sign refers to nucleotides upstream of the 
start codon, and a plus sign refers to nucleotides downstream of the stop codon.  
                                   
DNA purification and DNA sequencing  
The PCR products were purified with the QIAquick PCR purification kit (Qiagen, VWR 
International AB, Stockholm, Sweden) according to the protocol of the manufacturer. 
Product concentrations were measured with a Nanodrop NO-1000 spectrophotometer 
(Nanodrop, Wilmington, DE, USA). Each sequencing reaction contained 40 ng of PCR 
product and 2 pmol sequence primer (described in Table 6) and sterile water to a final 
volume of 6 µl. The sequencing was made by cycle sequencing at the DNA sequencing 
Facility (Rudbeck Laboratory, Uppsala University, Sweden) on an ABI Prism 3700 DNA 
Analyzer. 
 
Identification of strains 
Sequenced genes were aligned against the E.coli K12 complete genome (1) using BioEdit 
Sequence alignment Editor (www.mbio.ncsu.edu/BioEdit/bioedit.html). The acrR and 
gyrA genes were fingerprinted in all six strains by comparing single nucleotide 
polymorphisms.  
 
Mutation rate  
The general mutation rate of the starting strains was determined as the spontaneous rate 
of mutations to rifampicin resistance by Komp Lindgren et al (6) as mutation rate per cell 
per generation using the fluctuation test of Luria and Delbruck (7). All evolved lineages 
were tested at the endpoint of the experiment for mutation rate. Two independent cultures 
of each evolved endpoint strain were grown overnight in LB at 37ºC with shaking before 
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plating 100 µl each on LA plates containing rifampicin (100µg/ml). The number of 
spontaneous RifR colonies growing on the plates gives a rough measure of mutation rate. 
The number of colonies growing was compared to the number of RifR colonies generated 
by MG1655. If the number of RifR colonies generated by an evolved strain was ≥100-fold 
the MG1655 number then that evolved lineage was considered to have developed a 
mutator phenotype. If the two cultures from same lineage gave different results, 
additional cultures from the same lineage were tested. 
 
Calculations 
KE is defined as the antibiotic concentration at which half of the independent lineages are 
extinct. KE was determined from the slope of lineage extinction. These extinction slopes 
(from the point before the first extinction event) approximated straight lines (R2 values 
are >0.7) when the antibiotic concentration was plotted exponentially.  
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