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Summary 
 
Resistance to antibiotics is becoming an increasing problem in the whole world when 
bacterial infections no longer can be treated easily with antibiotics. The widespread use of 
antibiotics in both humans and animals can be one reason why this happens so fast. Even if 
resistance is a good thing for the bacteria it is frequently associated with a cost that can be 
measured as a reduction in fitness. However, even when bacteria suffer reduced fitness due to 
acquired resistance to antibiotics, they can usually evolve further and acquire additional 
mutations that compensate for the fitness cost without loss of the resistance.  
 
What I wanted to determine was whether selection for resistance to ciprofloxacin was 
associated with co-selection of resistance to rifampicin, and whether this combination reduced 
the fitness cost of developing ciprofloxacin resistance. I evolved independent lineages from 
drug-susceptible Escherichia coli by step-wise selection for increased resistance to 
ciprofloxacin. In parallel I assayed for the appearance of rifampicin resistant bacteria in these 
lineages. Specific lineages and mutants from within lineages were tested to determine how 
resistance to rifampicin and ciprofloxacin affected the level of drug resistance and fitness.  
 
Rifampicin-resistant cells appeared frequently within lineages selected with ciprofloxacin. 
The rifampicin-resistant cells had a slightly higher MIC for ciprofloxacin than constructed 
isogenic rifampicin-susceptible strains, and they had a significantly higher MIC for 
ciprofloxacin than rifampicin-susceptible bacteria from within the same lineage. Rifampicin-
resistant mutants grew slowly in the absence of drug selection, but they had a competitive 
advantage over susceptible strains at higher ciprofloxacin concentrations. The relative fitness 
of the rifampicin-resistant mutants over the rifampicin-susceptible strains increased as a 
function of ciprofloxacin concentration. Rifampicin resistance appears to be co-selected with 
resistance to ciprofloxacin since it gives a higher relative fitness for the bacteria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
 
Antibiotic therapy was first called antibiosis, from the Greek for “against life”. The term 
antibiosis was coined 1889 by Paul Vuillemin, a French bacteriologist, to describe how “one 
creature destroys the life of another to preserve his own” (Bordley and McGehee 1976, 
Calderon and Sabundayo 2007). The first to discover antibiosis were Louis Pasteur and 
Robert Koch in 1877. Alexander Fleming identified penicillin in 1928 and after its 
development for clinical use in 1942 Selman Waksman introduced the word antibiotics do 
describe this class of drugs (Calderon and Sabundayo 2007). Antibiotics saved the lives of 
many soldiers during World War II and during the 1940s the discovery and development of 
antibiotics accelerated (Bordley and McGehee 1976). Over the following decades up until the 
1960s new antibiotics were discovered and new versions of old ones were made. However, in 
recent decades the flow of novel antibiotics onto the market has almost stopped. 
Pharmaceutical companies have reduced their research into antibiotic discovery and 
development due to a perception that the market was satisfied and due to the high costs of 
development (Salyers and Whitt 2005). In the 1980s the fluoroquinolone drugs were being 
actively developed by different pharmaceutical companies and one of these, ciprofloxacin 
(CIP), received special attention due to its effectiveness clinically (Drlica and Zhao 1997). 
Ciprofloxacin (figure 1) is one of the most potent and commonly used fluoroquinolones to 
treat urinary tract infections (UTI), lower respiratory tract infections and infectious diarrhea. 
It is very effective against Escherichia coli, but an increase in resistance to fluoroquinolones 
is seen worldwide (Salyers and Whitt 2005).  
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Figure 1. Structure of ciprofloxacin. 
 
 
Today there are approximately 15 different classes of antibiotics that can be used to treat 
bacterial infections. Antibiotics can be classified in different ways: according to target and 
mode of action; to whether the drug is bacteriostatic (prevents cell division) or bactericidal 
(kills bacteria); to spectrum of activity (broad-spectrum or narrow-spectrum); and to their 
chemical structure (Salyers and Whitt 2002). One of the most commonly used classifications 
is by target and mode of action: (i) inhibition of cell wall synthesis; (ii) inhibition of protein 
synthesis; (iii) inhibition of DNA synthesis; (iv) inhibition of RNA synthesis; and (v) 
inhibition of folic acid synthesis. Each of these are essential functions in the bacterial cell 
(Salyers and Whitt 2002). Unfortunately antibiotic resistance has developed towards these 
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mechanisms and causes problems for the effectiveness of infection control over the whole 
world today.  

Antibiotic resistance  

In nature many microorganisms produce antibiotics, so the existence of resistance 
mechanisms towards these antibiotics is not something that has occurred only since antibiotics 
were introduced into clinical medicine (Heather et al. 2010). But resistance to antibiotics is an 
increasing problem in the whole world today since their heavy use has selected for resistance 
in pathogens that were once susceptible. As a consequence, the treatment of many serious 
bacterial infections is compromised. The antibiotics used to treat bacterial infections may 
have effects on the environment and effects that can cause selection of resistant strains. 
Already in 1947 Barber could detect resistance to penicillin in staphylococci (Alekshun and 
Levy 2007). The increase in antibiotic resistance of pathogenic bacteria seen today can be due 
to the excessive use of antibiotics over the last decades in both humans and animals (Salyers 
and Whitt 2005, Alekshun and Levy 2007). To become resistant to antibiotics the bacteria can 
use different mechanisms (Alekshun and Levy 2007). Mechanisms used are: (i) modification 
or protection of the target; (ii) decreased influx or increased efflux of antibiotics; (iii) 
modification or inactivation of the antibiotic; and (iv) uptake of genetic material carrying 
resistance genes by horizontal transfer.  
 
Mutations in the drug target can reduce antibiotic binding, but targets can also be protected 
from the drug by protecting molecules that do not affect target function. A good example is 
QnrA (Drlica and Zhao 1997, Tran and Jacoby 2002, Tran et al. 2005) a small protein that 
binds to DNA gyrase and topoisomerase IV and causes resistance to ciprofloxacin. Mutations 
in genes controlling or coding for the outer membrane porins (OMPs) in the cell can decrease 
influx of some antibiotics, and mutations in genes that regulate transmembrane efflux pumps 
can reduce drug concentrations in the bacterial cell and cause resistance by up regulating 
efflux (Cohen et al. 1989, Poole 2005). Resistance by horizontal gene transfer occurs when 
bacteria takes up genetic material from their surroundings (Thomas and Nielsen 2005). When 
a bacterium initially becomes resistant to antibiotics there is almost always a fitness cost 
involved. The biological fitness cost is seen as a reduction in growth rate, virulence or 
transmission (Andersson 2006).    

Fluoroquinolones  

Fluoroquinolones are a class of synthetic broad-spectrum antimicrobial drugs that are widely 
used to treat bacterial infections in both humans and animals (Hopkins et al. 2005). The first 
member of the class, naldixic acid, was found in 1965 (Gross et al. 1965). All 
fluoroquinolones have the same mechanism of action: they interact with two targets in the 
bacterial cell. The targets are the type II topoisomerase enzymes: DNA gyrase and 
topoisomerase IV. Fluoroquinolones inhibit religation after the enzymes have made a double-
stranded cut in the DNA and in that way DNA synthesis (and transcription) are inhibited, the 
chromosome is broken and the drugs are bactericidal (Drlica and Zhao 1997).  
 
Type II topoisomerases regulates the supercoiling of DNA by inducing double-stranded 
breaks in the DNA to pass a second double helix through the gap and then reseal the break 
(Hooper 2001). The two enzymes are structurally related to each other and their mechanism of 
action is the same but they have a distinct difference in biological function. Both are 
tetramers, with DNA gyrase composed of two GyrA and two GyrB subunits while 
topoisomerase IV consists of two ParC and two ParE subunits (Reece et al. 1991, Hooper 
2001). DNA gyrase is involved in negative supercoiling of the DNA in front of the replication 
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fork to release the tension, while the main function of topoisomerase IV is to decatenate the 
circular bacterial DNA to separate the new daughter chromosomes during replication (Hiasa 
and Marians 1996).  
 
The type II topoisomerase enzymes binds to the DNA and form a complex (figure 2) to affect 
the supercoiling of DNA. When fluoroquinolones bind to the topoisomerase-DNA complex 
they prevent the topoisomerase enzymes from leaving the DNA, and thereby stop the 
resealing of DNA strands. Fluoroquinolones restrict bacterial growth by preventing DNA 
polymerase access to DNA. This triggers the release of DNA with double-strand breaks and 
lead to cell death (Drlica and Zhao 1997, Hooper 2001).  
 

 
Figure 2. Fluoroquinolone interaction in the cell. DNA gyrase or topoisomerase IV (circles) interact with DNA 
to form an enzyme-DNA complex. Fluoroquinolones (triangles) will trap this complex and prevent DNA 
polymerase from binding and thereby stop cell growth. Cell death occurs when DNA with double-strand breaks 
are released. Mutations in DNA gyrase will prevent the fluoroquinolones from binding to the enzyme-DNA 
complex and can due to that cause resistance. Picture adapted from Drlica and Zhao 1997. 
 

Resistance to fluoroquinolones and ciprofloxacin 

Due to the similarities in mechanism of action in this class of antibiotics, resistance to one 
fluoroquinolone will cause some resistance to all fluoroquinolones, and one single genetic 
alteration can cause a low level of resistance (Yoshida et al. 1990, Salyers and Whitt 2002, 
Hopkins et al. 2005). To get a high level resistance with clinical importance, several genetic 
changes are required (Hooper 2001). Resistance to fluoroquinolones develops in a step-wise 
manner. The resistance mechanisms commonly identified include modification of the drug 
target by mutation, reduction of antibiotic concentration in the cytoplasm by mutations that 
increase efflux or reduce influx of antibiotics. Recently, plasmid-born fluoroquinolone 
resistance has been detected. The mechanisms identified here are modification of 
ciprofloxacin, plasmid-encoded efflux pumps, and expression of a protein, Qnr, that protects 
the target from the drug (Hooper 2000, Hooper 2001, Jacoby et al. 2006).  
 
Modification of target 
Modification of the drug target commonly occurs by mutations altering the genes of the type 
II topoisomerase enzymes, gyrA, gyrB, parC and parE (Drlica and Zhao 1997). The primary 
target of fluoroquinolones in E. coli is DNA gyrase and the secondary target is topoisomerase 
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IV (Hooper 2001). Mutations in the primary target alone can cause low level resistance. 
Mutations in only the secondary target will not affect resistance in E. coli, but if mutations 
develops in both drug targets a higher level of resistance can be seen (Hooper 2000, 
Marcusson and Hughes 2007, Increased bacterial fitness selected with antimicrobial drug 
resistance, manuscript). The quinolone resistance-determining region (QRDR) is located in 
the N-terminus of the GyrA and GyrB proteins, and most resistance mutations are found in 
this region (Hopkins et al. 2005).  
 
Efflux and influx 
Mutations in genes regulating efflux pumps such as AcrAB-TolC in E. coli can decrease the 
drug concentration in the bacterial cell. With the increase of efflux pump expression the cell 
can actively remove antibiotic from the cytoplasm and this causes a small increase in 
resistance (Poole 2005). 
 
Mutations in genes controlling or coding for the outer membrane porins (OmpF and OmpC) 
in the cell can decrease the number of porins and reduce the influx of antibiotics (Cohen et al. 
1989). However, porin mutations have very small effects on resistance levels because 
fluoroquinolone also can pass directly across the cell membrane (Hooper 2000, Hooper 2001).  
 
Plasmid-mediated resistance 
Plasmid-mediated resistance involves the family of Qnr proteins (currently QnrA, QnrB, 
QnrC, QnrD, and QnrS) that prevent fluoroquinolones from binding to their type II 
topoisomerase targets and thus increase the level of resistance (Tran and Jacoby 2002, Tran et 
al. 2005, Jacoby et al. 2006). In addition, the efflux pump QepA and an aminoglycoside 
acetyltransferase with a nucleotide mutation that allows it to modify ciprofloxacin are carried 
on plasmids (Robicsek et al. 2006, Yamane et al. 2007). 
 
Synergy with rifampicin resistance 
In previous studies the development of ciprofloxacin-resistance in E. coli was sometimes 
associated with the occurrence of mutations in RNA polymerase (Marcusson and Hughes, 
2007), some of which gave resistance to rifampicin (Komp Lindgren and Hughes, 2007). It 
was speculated that these RNA polymerase mutations were selected because they somehow 
reduced the fitness cost of fluoroquinolone resistance. Regardless of the mechanism, the 
apparent co-selection of resistance to these drugs is particularly worrying since rifampicin as a 
first-line drug for treatment of tuberculosis is to an increasingly extent complemented with 
ciprofloxacin therapy. This makes it interesting to determine whether resistance to both drugs 
might be co-selected. 
 

Hypothesis 

In this study I have tested the hypothesis that there is a co-selection for resistance to the 
unrelated antibiotic rifampicin during the development of resistance to ciprofloxacin under 
selection. The basis for this hypothesis was observations made by Marcusson (2007) and 
Komp Lindgren (2007). However, these initial observations were made fortuitously and the 
experiments were either not conducted in a controlled situation (Marcusson 2007), or made 
with strains that were not amenable to genetic analysis (Komp Lindgren 2007). Rifampicin-
resistant mutants can arise spontaneously and it could not be ruled out that the coincidence of 
RifR mutants appearing under selection for ciprofloxacin-resistance was merely a fortuitous 
coincidence. In addition, RifR mutants are usually associated with severe fitness costs and it is 
not obvious how they would be selected in the absence of rifampicin. 
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Aim of the study 

The primary aim of this project was to determine, under controlled evolutionary conditions, if 
mutations in RNA polymerase giving rifampicin-resistance arose in association with selection 
for resistance to ciprofloxacin. The second aim was to determine the reason for the co-
selection, and determine why rifampicin resistance gives an advantage during the 
development of ciprofloxacin-resistant E. coli. 
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Results 
 
To test if selection of ciprofloxacin resistance would co-select for RifR mutants, evolutionary 
experiment were made. 576 independent cultures of a wild type, drug-sensitive E. coli strain 
(MG1655) were set up in 96-well microtiter plates. After overnight incubation 5 µL culture 
from each well were transferred to next plate with fresh medium with 0.016 µg/mL 
ciprofloxacin, to a total volume of 200 µL / well at the first evolution step, this step were 
repeated each day for all the concentration increases. The increase in ciprofloxacin 
concentration at each selection step was 1.5-fold, 2-fold or 4-fold. When 50 % of the 
independent lineages were extinct I tested for Rif resistance by plating 50 µL culture from 
each well on rifampicin plates. The RifR lineages were also plated on streptomycin plates to 
determine if they were general mutators.  
 
The spontaneous mutation rate for RifR is 5 x 10-8 (Komp Lindgren and Hughes 2007, 
Selection of strong mutators and rifampicin-resistant mutants during the evolution of 
fluoroquinolone resistance in urinary tract Escherichia coli, manuscript) and that would give 
~2 colonies per plate. To avoid false positives, 10 colonies per plate were selected as lower 
cutoff, that is, if more than 10 colonies were observed, this was interpreted to mean that RifR 
mutants had arisen as a consequence of the selection procedure. All colonies containing RifR 
cells were tested for a general mutator phenotype. 
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Figure 3.  Fraction of survivors from the evolution experiments. The evolution experiments were performed 
with three different selection steps, 1.5-fold, 2-fold and 4-fold increases of ciprofloxacin. Fraction of survivors 
(average from two experiments) plotted against CIP concentrations. 1.5-fold selection steps are shown as 
diamonds, 2-fold as squares and 4-fold as triangles. 
 
 
In the controlled evolution of ciprofloxacin resistance in wild-type drug-susceptible E. coli 
(MG1655) a significantly increased frequency of RifR mutants was measured in 15 out of the 
576 independent lineages. The 15 lineages were found exclusively among the 384 selections 
made with two smaller step-size increases (1.5-fold and 2-fold) in drug concentration. The 
fraction of survivors during the three series of step-wise selections shown in figure 3, in the 4-
fold increase of CIP concentration no RifR was detected. In seven of the 15 cases the cause of 
the increased frequency of RifR mutants most likely was the presence of a mutator cell in the 
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population, since a significant increase in the frequency of streptomycin-resistant mutants was 
also measured in these lineages. In the remaining eight of these 15 lineages the cause of the 
increase in RifR frequency must be different. These RifR mutations were found at CIP 
concentrations shown in table 1. A working hypothesis was that the RifR mutations somehow 
increased the fitness of the developing CipR mutants.  
 
In four of these eight lineages the increased frequency of RifR mutants was found over two 
consecutive selection steps suggesting that the RifR mutants in these particular lineages were a 
selected sub-population over a period of increasing ciprofloxacin concentrations. RifR mutants 
found over two consecutive selection steps can be the same mutant isolated twice. Two of 
these lineages (D:12 and F:7) were chosen for continued study. The RifR mutation was 
removed from these lineages by transduction to create isogenic RifR and RifS strains for 
analysis. 
 
 
Table 1. CIP concentrations where RifR appeared during the evolution experiment. 

Step size increase CIP (μg/mL) 
Number of lineages where RifR 
mutants found (lineages) 

1.5-fold 0.016 0 
 0.023 0 
 0.032 0 
 0.047 0 
 0.064 0 
 0.096 0 
 0.125 0 
 0.190 0 
 0.250 0 
 0.380 0 
 0.5 2 (E:4, F:10) 
 0.75 0 
 1.0 2 (E:32, F:71,2) 
 1.5 2 (E:32, F:71,2) 
 2.0 0 
 3.0 0 
2-fold 0.016 0 
 0.032 2 (H:32, H:4) 
 0.064 2 (H:32, D:121,2) 
 0.125 1 (D:121,2) 
 0.250 1 (D:10) 
 0.5 0 
 1.0 0 
 2.0 0 
 3.0 0 
 3.0 0 
1lineages were chosen for continued study. 
2RifR mutants found over two consecutive selection steps could be the same mutant, and they may be a sub-
population selected by the increased ciprofloxacin concentration. 
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Level of minimal inhibitory concentration (MIC)  

The minimal inhibitory concentration (MIC) is the lowest concentration of the antibiotic that 
can prevent visible bacterial growth in vitro. To determine if the RifR mutations influenced the 
minimal inhibitory concentration (MIC) for ciprofloxacin, two random RifR mutants from two 
consecutive selection steps from the two selected lineages (eight RifR mutants in total) were 
compared pair-wise against their isogenic RifS derivatives (eight RifS in total) table 2. Lineage 
F:7 that showed much higher MIC was selected to work with.  
 
MIC for the whole population was tested for lineage F:7 from the two consecutive selection 
steps (CIP concentration 1.0 µg/mL and 1.5 µg/mL) and 10 randomly selected colonies from 
the two steps results shown in table 2. 
 
Table 2. MIC for ciprofloxacin 
Strain MIC (µg/mL) 
Isogenic RifR (D:12) 0.75 
Isogenic RifS (D:12) 0.5 
Isogenic RifR (F:7) 6-8 
Isogenic RifS (F:7) 3-6 
Whole population (F:7) 3 
10 colonies from population (F:7) 3 
 

Growth rates at different ciprofloxacin concentrations 

The growth rates for the isogenic RifR and RifS pairs from the F:7 lineage were measured 
using a Bioscreen C apparatus. The growth curves can give an indication of a biological 
fitness cost for the bacteria carrying the resistance. Growth curves at different CIP 
concentration showed the same pattern and the RifS strains grew faster then RifR strains at all 
CIP concentrations. From the slope of the measured OD600, the doubling time was calculated 
at all concentrations of ciprofloxacin (figure 4). RifS strains had shorter doubling time at all 
CIP concentrations than RifR strains. This indicates a fitness cost for the RifR bacteria. To 
document this change in fitness, competitions were made at high and low ciprofloxacin 
concentrations.  
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Figure 4. Doubling time for isogenic RifR and RifS strains. Isogenic RifR and RifS strains from lineage F:7 (two 
colonies from the two selection concentrations, 1.0 µg/mL (isolates 14:1 and 14:8) and 1.5 µg/mL (isolates 15:1 
and 15:2)) were grown in LB + CIP (0 µg/mL, 0.75 µg/mL 1.0 µg/mL, 1.5 µg/mL, 2.0 µg/mL or 4.0 µg/mL). A) 
Isolate-14:1, B) isolate-14:8, C) isolates 15:1 and D) isolates 15:2. OD600 was measured and doubling-time (min) 
calculated. Isolates 14:1 and 14:8 had been selected at 1.0 μg/mL and isolates 15:1 and 15:2 at 1.5 μg/mL. RifR 
cells are shown as blue diamonds and RifS cells shown as pink squares.  
 

 

Competition experiments at different ciprofloxacin concentrations 

Competition experiments were performed to determine whether a RifR mutant had a growth 
advantage in the presence of different levels of ciprofloxacin compared to an isogenic RifS 
strain, or to two randomly selected colonies from the same lineage (lineage F:7, selection step 
1.5 µg/mL CIP). To compete the strains, overnight cultures were added to a test tube in a 1:1 
ratio. The mix was plated on LA and LA + Rif plates to determine the RifR / RifS ratio from 
start. The mix was incubated for 23 h (to complete a growth cycle) and then added to new 
media and plated on LA and LA+ Rif plates. These cultures were again incubated for 23 h for 
second  growth  cycle,  diluted, plated and reincubated for 3 cycles in total.   From these 
competitions  the  ratio  of  RifR / RifS  was  determined,  and  used  to  calculate  [RifR / 
RifS] x ln2 that was plotted against the cycle number (figure 5). This gave the slope that is the  
selection coefficient (S). The three rifampicin-susceptible strains competed against the RifR 
mutants are designated as RifS (isogenic derivative of the RifR mutant), Isolate-1, and Isolate-2
(two strains isolated from the same microtiter well as the RifR strain (F:7), that had the same 
MIC for CIP as the majority population in the well, and were not RifR). 
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Results from the competitions experiment are shown in figure 5. RifR strains at 2.0 µg/mL 
CIP showed less loosing trend than at the low CIP concentrations, but after 2 cycles they went 
extinct. RifR strain at the two lower CIP concentrations went extinct after the first cycle so at 
low CIP concentrations RifS won the competition. This shows that the cost of being resistant 
at low CIP concentrations was high for the RifR strains. 
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Figure 5. Competition between RifR, RifS, isolate-1 and -2 at different CIP concentration. The ratios (RifR / RifS) 
x ln2 were calculated and plotted against the cycles, all with a logarithmic y-axis. A) RifR competed with RifS, in 
concentrations 0 µg/mL CIP shown by blue diamonds, 1.0 µg/mL by pink squares and 2.0 µg/mL by red 
triangles. RifR competed with isolate-1 (B) and isolate-2 (C). CIP concentration levels were 0 µg/mL CIP shown 
by blue diamonds, 1.0 µg/mL by pink squares, 2.0 µg/mL by red squares and 4.0 µg/mL by brown crosses.  
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RifR strains competed against isolate-1 and isolate-2 showed a winning trend at 4.0 µg/mL 
CIP. RifR at CIP concentration 2.0 µg/mL competed strongly the first 2 cycles but after 3 
cycles the RifR went extinct. RifR at the two lower CIP concentrations (0 µg/mL 1.0 µg/mL) 
went extinct after the first cycle. This indicates that the RifR mutations gave an advantage at 
high CIP concentrations and that the cost of being resistant was lower at high CIP 
concentrations. 
 
From the competitions the relative fitness (S+1) for RifR was calculated and plotted against 
the CIP concentration (figure 6). In competition with its isogenic RifS strain, the RifR strain 
showed an increase in relative fitness in the higher CIP concentrations. In competition with 
isolate-1 and isolate-2 the RifR lineages showed an increase in the relative fitness at the CIP 
concentrations 2.0 μg/mL and 4.0 μg/mL. The relative fitness of wild-type strains is 1 and at 
the 4.0 µg/mL the RifR strain reaches the relative fitness of 1. 
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Figure 6. The relative fitness (S+1) for the RifR strain as a function of the ciprofloxacin concentration. RifR 
competed against isogenic RifS, isolate-1 and isolate-2. Ciprofloxacin concentrations used were 0 μg/mL, 1.0 
μg/mL, 2.0 μg/mL and 4.0 μg/mL. RifS shown as blue diamonds, isolate-1 as pink squares and isolate-2 as red 
triangles. 
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Discussion 
 
During this evolutionary experiment, rifampicin resistance arose in eight out of the 576 
lineages in the absence of any increase in general mutation rate. In two of these lineages RifR 
mutants were detected at a high frequency at two consecutive selection steps. This suggested 
that in these lineages the RifR mutants might have been maintained in the population by 
positive selection. These two lineages were therefore chosen for more detailed analysis. 
 
Isogenic RifR and RifS strains were constructed from some of the RifR mutants found and 
these strains were compared experimentally with each other and with RifS strains isolated 
from the same lineages. The data showed unexpectedly that the RifR mutation caused a small 
increase in MIC for ciprofloxacin in the isogenic strains, and a large increase in MIC relative 
to the RifS cells present in the same lineage. Thus, RifR mutations can increase resistance to 
ciprofloxacin, an unrelated antibiotic. This could potentially give them a selective advantage 
over RifS strains, at least under selection at appropriate ciprofloxacin concentrations. 
 
Growth rate measurements and competition experiments also showed that the RifR mutants 
had a significantly lower growth rate than either the isogenic RifS strains or the RifS strains 
present in the same lineage. This was not unexpected because RifR mutations alter RNA 
polymerase and all previous measurements have shown that almost all RifR mutants grow 
slowly (Marcusson and Hughes 2007, Fitness compensation in fluoroquinolone resistant 
Escherichia coli by mutant RNA polymerase, manuscript). However, when the RifR mutants 
were grown or competed in the presence of ciprofloxacin, their growth rate improved as a 
function of increasing ciprofloxacin concentration (figure 5 and 6). The improvement was 
greatest relative to the RifS strains present in the lineage where the RifR mutant was initially 
isolated. This result shows that under ciprofloxacin selection a RifR mutant would grow 
significantly better than in the absence of ciprofloxacin, and that it might sometimes have a 
selective advantage over RifS strains in the same population. 
 
If RifR mutants have a selective advantage in the presence of ciprofloxacin then why were 
they isolated only from eight out of 576 lineages? There are several possible causes. The first 
is associated with the size of the selection steps used in the evolution experiments. These step 
sizes were 1.5-fold, 2-fold, and 4-fold. With the 4-fold selection step size all lineages went 
extinct before MIC of 1 μg/mL was reached (within 4 steps). The small number of selections 
may have reduced the possibility to detect or select RifR mutants in these 192 lineages. Thus, 
the 15 RifR lineages were found among 384 lineages that were selected at 1.5-fold and 2-fold 
step sizes. The RifR mutants were detected at ciprofloxacin concentrations between 0.032 and 
1.5 g/mL. At that stage many lineages were already extinct, so that the 15 RifR lineages were 
from a total of 91 surviving lineages. What determined the frequency of RifR mutants in these 
91 lineages?  
 
What determined the number of RifR lineages found? 
One factor would be the rate of mutation to a RifR phenotype. In MG1655 growing in LB, this 
rate is ~5 x 10-8 per cell per generation (Komp Lindgren et al. 2003). However, ciprofloxacin 
is mildly mutagenic within a narrow concentration range (Lopez and Blazquez 2009) and it is 
possible that the actual rate under the conditions of selection would be higher. The second 
factor that would have affected the frequency of observed RifR in the evolved lineages was the 
number of cells that were assayed. In these experiments 50 L of culture from each well were 
plated onto LA and LA+Rif agar plates to assay for the presence of RifR mutants. The total 
number of cells plated was approximately 5 x 107 cfu. With a spontaneous mutation rate of 5 
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x 10-8 or slightly higher, one would expect to observe two RifR mutant colonies per plate in 
the absence of any positive selection. To minimize the number of false positive results I set a 
minimum of 10 RifR colonies / plate as the cut-off for recording a positive result. 
Accordingly, some selected RifR mutants would not have been recovered, or not be counted as 
a positive result. A third factor that would have influenced the number of RifR lineages found 
was the bottleneck that was set at each selection step. The volume of each lineage growth 
culture was 200 L, containing approximately 2 x 108 cfu, of which 5 L (~5 x 106) were 
transferred to the next selection step. For a RifR mutant to be recorded as positively selected in 
these experiments it would have to be present at a high enough frequency to be included in the 
5 L that was transferred to the next selection step (>2 x 10-7). In retrospect, the bottleneck 
used in these experiments was probably too restrictive and plausibly explains why so few RifR 
mutant lineages were detected.  
 
A final factor could contribute to the low number of RifR lineages found. In an evolving 
population there could be many independent mutants arising. Even if a RifR mutant had a 
selective advantage over most cells in the population, at least at a particular ciprofloxacin 
concentration, it might still not be the ‘best’ mutant in the population. The outcome of the 
selection is thus dependent on a complex set of interactions that include the rate of mutations 
causing resistance to rifampicin, the rate of other favourable mutations, the relative selective 
coefficient for RifR mutants compared with all other cells in the population, the probability 
that a RifR mutant would be transferred to the next selection step, and the probability that a 
transferred RifR mutant will be the most fit strain in the next selection step. Given all of these 
parameters it is perhaps surprising that high frequencies of RifR mutants were detected in so 
many lineages.  
 
Why might RifR mutants confer a selective advantage under ciprofloxacin selection? 
Ciprofloxacin resistance is strongly associated with mutations in type II topoisomerases. It has 
been suggested that the mutant type II topoisomerase activity affects the rate of transcription 
and indirectly the growth rate (Liu and Wang 1987). Fluoroquinolone-resistant bacteria with 
mutated type II topoisomerases have an altered DNA superhelicity, and it has been suggested 
that this might slow down the rate of transcription of some genes, and thus reduce the growth 
rate. Mutations in RNA polymerase genes could plausibly make the polymerase less sensitive 
to the increased stress in the DNA due to the mutations in type II topoisomerases and more 
able to continue transcription at high speed and in that way restore the growth rate 
(Marcusson and Hughes 2007). A more specific hypothesis to explain the coincidence 
between resistance to ciprofloxacin and rifampicin is that because DNA gyrase itself is 
regulated in response to superhelicity level, a mutant RNA polymerase might increase 
expression of mutant DNA gyrase, explaining an increased MIC by a mass action affect, and 
improving growth rate if that had been limited by the level of active DNA gyrase (Marcusson 
and Hughes 2007). The details of how RifR mutants increase fitness under ciprofloxacin 
selection were beyond the scope of this work but are clearly of interest for future experiments. 
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Materials and Methods 
 
Bacterial strains  
Strains used were the wild-type drug-susceptible E.coli strain MG1655, CH71 
(arg(delta)BC Tn5 purD thiA (arg, btuB, Tn5, purD, thiA all linked) ara leu lacY 
trp(delta)BE9 trpE91 (S. typhimurium, inserted at an unknown position on the chromosome) 
his rpsL (SmR) fusA (FusR) tufAR (Leiden) mal xyl mtl ilv metA/B based on CSH57, fusA and 
tufAR are from LBE2015) and P1-phage for transduction. 
 
Media and growth conditions 
Bacteria were grown in Luria-Bertani (LB) medium (10 g tryptone, 5 g of yeast extract, 10 g 
of NaCl, and 1 litre of distilled water; pH 7.0 and autoclaved), and Mueller Hinton (MH) 
broth (17.5 g acid hydrolysate of casein, 2 g beef extract, 1.5 g starch in 1 litre of distilled 
water, autoclaved, pH 7.3). The cultures in the step-wise selection experiment were grown in 
96 well microtiter plates without shaking at 37 o C for 24 h. Solid media used were Luria-
Bertani agar, LA (LB with 3 mM CaCl2, 0.2 % glucose and 1.5 % agar), minimal media 
plates, M9 (7.5 g Na2HPO4, 3 g KH2PO4, 1 g NH4Cl, 0.5 g NaCl, 0.25 g MgSO4 x 7 H2O, 0.1 
mL 1M CaCl2, 20 g casamino acids, 1 litre of distilled water and 15 g agar), TTA-LB sloppy 
agar (1 g glucose, 7 g agar, 8 g NaCl, 10 g tryptone and distilled water to a volume of 1 litre, 
autoclaved, and supplemented with LB to 45 % final concentration) and Mueller Hinton agar 
plates (DifcoTM). 
 
Antibiotics 
Ciprofloxacin (CIP) stock concentration 500 μg/mL. LA plates were supplemented with 
rifampicin (Rif, 100 µg/mL), streptomycin (Sm, 100 µg/mL) and kanamycin (Kan, 50 µg/mL) 
as needed. 
 
Stepwise selection of ciprofloxacin resistance  
A single colony (MG1655) was inoculated into 2 mL LB and grown overnight at 37 ºC to a 
concentration of ~109 cells/mL. 200 μL culture with the final concentration of ~103 cells/mL 
was transferred to each well of 96-well microtiter plates to initiate multiple independent 
lineages. With serial passage these cultures evolved with step-wise increasing concentrations 
of CIP. At the first concentration step 0.016 μg/mL ciprofloxacin in LB was used and at all 
the other steps CIP was dissolved in MH were used. The CIP concentrations used was 
according to a standard scale, and the step size increases were 1.5-fold, 2-fold and 4-fold. The 
1.5-fold step scale (0.016, 0.023, 0.032, 0.047, 0.064, 0.096, 0.125, 0.190, 0.250, 0.380, 0.5, 
0.75, 1.0, 1.5, 2.0, 3.0 μg / mL), the 2-fold scale (0.016, 0.032, 0.064, 0.125, 0.250, 0.5, 1.0, 
2.0, 3.0 μg / mL) and the 4-fold scale (0.016, 0.064, 0.250, 1.0, 3.0 μg / mL) were used in 
three parallel experiments. Each growth cycle was ~24 h at 37 ºC without shaking, in each 
well the total volume were 200 μL and 5 μL of culture were transferred to next plate for the 
following growth cycle. To all plates glycerol were added to a final concentration of 13 % / 
well and stored in -20 oC for later use. 
 

Transduction 

1 mL bacterial overnight (ON) culture of CH71 (donor strain) was mixed with CaCl2 to a final 
concentration of 5 mM and 100 µL P1 lysate. To each bacteria:phage mix 4 mL TTA-LB 
sloppy agar (1 g glucose, 7 g agar, 8 g NaCl, 10 g tryptone and distilled water to a volume of 
1 litre, autoclaved, and supplemented with LB to 45 % final concentration) was added. The 
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sloppy agar mixture was poured on top of LA plates and incubated at 37 ºC overnight. After 
incubation the sloppy agar were scraped off and collected in a Falcon tube with 4 mL LB, 
gently mixed and centrifuged at 3000 x g for 15 min at 4 ºC. The supernatant were filtered 
through 0.2 µm filters (Sarstedt, Nümbrecht, Germany) and the P1 lysate (CH71) was 
collected. To transduce the 8 RifR test strains (target strain) the P1 lysate (CH71) was used. 
This was made by mixing 0.5 mL ON culture (target strain) containing 5 mM CaCl2 and 10 
µL or 100 µL P1 lysate (CH71) and incubating for 10 min at 37 ºC. The mix was plated on 
selective LA + Kan plates and the Kan resistat bacteria was then screened for RifS by growth 
on minimal media plates (M9), Rif-plates and LA- plates. 
 
Minimal inhibitory concentration determinations 
MIC (minimal inhibitory concentration) of ciprofloxacin was measured with Etest strips 
(BIODISK AB, Solna Sweden) on Mueller-Hinton agar (DifcoTM) plates incubated at 37 ºC 
overnight.  

Growth rates  

Growth rates were measured at several ciprofloxacin concentration levels (0 µg/mL, 0.75 
µg/mL, 1.0 µg/mL, 1.5 µg/mL and 2.0 µg/mL and repeated at 0 µg/mL, 1.0 µg/mL, 2.0 
µg/mL and 4.0 µg/mL CIP). 5 µL overnight culture was inoculated into wells containing 200 
µL LB + CIP. A Bioscreen C apparatus (Oy Growth Curves Ab Ltd., Helsinki, Finland) was 
used to measure the increase in optical density (OD600) at 37 ºC every 5 min for 16 hours and 
24 hours, with shaking 10 seconds before measurement. The plates had wells containing only 
LB to record the background. To analyse the Bioscreen data, an average of the background 
(wells with only LB) were calculated and the background was subtracted from the OD600 
measured in all other wells. Log OD600 was plotted against time (min) and the curves were 
fitted to exponential curves with the equation y = Aekx . The k value was used to calculate the 
doubling time (Dt) with the formula Dt = ln2 / k. Dt were plotted against CIP concentration to 
show changes in Dt in the different concentrations. 
 
Growth competition  
The test strains were grown in LB at 37 ºC for 12 h. Cultures of each pair were mixed in a 1:1 
ratio and diluted to 10-3 in 0.9 % NaCl. From this dilution 5 µL was inoculated into 2 mL LB 
+ CIP (0 µg/mL, 1.0 µg/mL, 2.0 µg/mL and 4.0 µg/mL) and grown at 37 ºC for 23 h to 
complete a growth cycle. The 1:1 starting mix was diluted and plated on LA and LA + Rif. 
These plates were incubated at 37 ºC overnight. After this incubation 5 µl was transferred to 2 
mL fresh medium and appropriate dilutions plated on LA and LA + Rif, this was repeated 
three times. The change in ratio of RifR vs. RifS and RifR vs. two colonies from the population 
from well F:7 was used to calculate the selection coefficient per cycle. From the ratio of 
(mutant / wild-type) x ln2/ cycle, the slope from that line is the selection coefficinet (S) 
(Lindgren et al. 2005). Colonies in the range of 30-300 were calculated independent on 
dilution, then CFU / mL were calculated. If 211 colonies were counted from a 10-6-fold 
dilution the CFU / mL is calculated accordingly: 211 x 106 x10 (since 100 μL were plated) = 
2.11 x 109 CFU / mL. Relative fitness per generation defined as S+ 1 was determined 
according to Lindgren et al.2005. 
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