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Abstract
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This thesis presents an exploration of the resistance evolution in Escherichia coli towards
the antibiotic ciprofloxacin. High level ciprofloxacin resistance is typically acquired by an
accumulation of mutations and plasmid borne genes reducing drug target binding, increasing
drug efflux, and modifying the drug.

Paper I describes the finding that novel mutations in tRNA synthetase gene leuS conferred
resistance to ciprofloxacin. We also provided evidence for a mechanism, where the leuS
mutations induced global changes in transcription that generated a net effect of increased drug
efflux.

In Paper II we observed that the evolutionary trajectory towards high level ciprofloxacin
resistance in E. coli is repeatable and predictable in in vitro evolution experiments. However, the
types and order of appearance of selected mutations was highly dependent on the bottleneck size
used. In addition to the findings in Paper I, we found that mutations involved in transcription and
translation were repeatedly selected upon subjection to high concentrations of ciprofloxacin.

Paper III explored the resistance capacity of the plasmid-borne gene qnr, which reduces
ciprofloxacin susceptibility by a target protection mechanism. We found that upon increased
expression, the gene qnrS was able to bring E. coli to clinically resistant levels of ciprofloxacin
without the addition of other resistance elements. 

In Paper IV we aimed for a similar study as described above but with another plasmid-borne
gene, the inner-membrane efflux pump qepA. However, we ran into the interesting finding of
a potentially undescribed regulatory mechanism of qepA expression, which we are currently
investigating.

The work in this thesis presents a new addition of mutations causing ciprofloxacin resistance,
and evidence that the dogma of accumulative mutations being a requirement to develop clinical
resistance to ciprofloxacin in E. coli can be circumvented. This shows that there is still much to
explore, even with a drug used for several decades with an already well documented resistome.
We need to learn more about the evolutionary trajectories leading to antibiotic resistance, in
order to slow down its development towards existing and future antibiotics to the furthest extent
possible.
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Introduction 

This thesis concerns the bacterium Escherichia coli and its development to 
resistance against the antibiotic ciprofloxacin. As such it relates to one of to-
day’s greatest health concerns, which is briefly described next. 

Antibiotic resistance 
An antibiotic is a chemical substance inhibiting the progression of bacterial 
growth. Resistance is the acquired or inherent ability of a bacterium to resist 
the effects of an antibiotic. When put together, the term antibiotic resistance 
commonly refers to the acquired ability of a bacterium to withstand the effects 
of an antibiotic, to which it was once sensitive.  

Antibiotic resistance development is part of an ancient natural selection 
process, wherein organisms producing and organisms targeted by antibiotics 
have been in an arm’s race against each other for millions of years (D'Costa, 
McGrann et al. 2006, Wright and Poinar 2012, Andersson and Hughes 2017). 
Not only do resistance mechanisms evolve in the target organisms to facilitate 
their survival, but producers might also need to co-evolve self-protection 
mechanisms towards the compound they are producing. Furthermore, genetic 
material is readily transferred between microorganisms, implying that any ge-
netic information that encodes the means to withstand antibiotics, originating 
from either producers or targets, could have spread and evolved long before 
antibiotic use in medicine. Thus, bacteria are naturally provided with a large 
arsenal of countermeasures to toxic compounds (D'Costa, McGrann et al. 
2006, Wright and Poinar 2012). As it turns out, the capacity of bacteria to 
adapt is far from exclusive to antibiotics produced naturally by co-habitant 
organisms. Rather, it extends to an inherent ability to develop resistance to-
wards man-made antibiotics, including semi- and fully synthetic antibiotics, 
upon recurrent exposure.  

Medical impact of resistance in the past, present, and future 
The finding of antibiotic resistance development as a potential medical issue 
was encountered shortly after the introduction of sulphonamides in 1937 
(Davies and Davies 2010). In the case of penicillin, resistance was detected in 
1940: three years before its introduction to medical use in 1943 (Davies and 
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Davies 2010, Ventola 2015). For each class of drug discovered and introduced 
to medical practice from the 1940’s and onwards, resistance was detected 
within 10-20 years of the antibiotics’ introduction to the market. Nevertheless, 
several new antibiotic drug classes were discovered around the 1950’s (known 
as the golden age of antibiotic discovery), providing confidence that antibiotic 
resistance would be overcome by the continued discovery and use of novel 
antibiotic drug classes (Ventola 2015). 

Consequently, a tradition of heavy and at times misconducted usage of an-
tibiotics has been established in the medical, veterinary and agricultural fields, 
with widespread resistance development, and some treatment failures, as a re-
sult. The previous confidence in continuously finding novel drug classes de-
creased as we entered a void of antibiotic discovery, with an absence of novel 
drug classes being translated to medical use for the past 30 years (Silver 2011, 
Fair and Tor 2014). 

In 2014, the World Health Organization (WHO) made an estimation of the 
extent and impact of antibiotic resistance, by gathering available surveillance 
data from nations covering all six WHO regions. Most of the WHO regions’ 
national reports presented frequencies of resistance of 50 % or more to several 
antibiotics used against bacteria commonly causing infections in hospitals and 
in the community (WHO 2014). Surveillance for antimicrobial resistance in 
the EU/EAA countries is continuously conducted by the European Centre for 
Disease Control and Prevention (ECDC). In their latest report for 2016 they 
state numbers similar to those in the WHO report. The sampled clinical iso-
lates of bacteria being resistant to at least one antimicrobial group exceeded 
30-50 % on average, although with large regional differences; in certain cases, 
percentages varied by 0-60 % depending on the country (ECDC 2017). How-
ever, both WHO and ECDC mention several biases in these reports; i) the 
results are usually limited to clinical isolates obtained from hospital settings, 
so the overall population is not well represented; ii) the lack of a consistent 
methodology for antibiotic resistance sampling and surveillance; and iii) the 
lack of world-wide coordinated surveillance. This makes it difficult to get an 
unbiased picture of the extent of antibiotic resistance in clinically relevant 
pathogens (WHO 2014, ECDC 2017). But irrespective of exact numbers, an-
tibiotic resistance is a current (not future) and serious threat to public health, 
with potentially great financial burdens as a consequence. Antibiotics are not 
only saving lives by curing established bacterial infections, but they also ena-
ble the prevention of infection in immunocompromised individuals, as well as 
in patients undergoing surgeries and transplants. 

If the situation is not improved, a report conducted by request of the British 
government estimated that by the year 2050, antibiotic resistance could be re-
sponsible for up to 10 million deaths globally per year. From now until 2050, 
this would be accompanied by a substantial economic loss of 100.2 trillion US 
dollars in gross domestic product (O’Neill 2014). These numbers were based 
on two modelled scenarios with the assumptions of either 100 % antimicrobial 
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resistance levels, or an increase in resistance by 40 % from the levels of 2014. 
Although being an important wake-up call to implement strategies aimed to 
avoid a so called “post-antibiotic era”, the O’Neill report has been met with 
some criticism for having presented a worst-case scenario that does not con-
sider interventions shown to reduce the spread of antibiotic resistance. Im-
proved diagnostics and drug administration regimens to reduce overall antibi-
otic exposure to bacteria, rigid hygiene procedures to prevent the spread of 
resistant pathogens, and initiatives to speed up development and clinical eval-
uations of novel antibiotics are some of the strategies that if implemented 
might reduce the probability of all bacteria becoming resistant in future dec-
ades (Barbier, Lipman et al. 2016). 

A cautious optimism is also found in the recent advances of culturing tech-
niques of microorganisms, which has allowed for an expansion in the search 
of antibacterial agents (Piddock 2015). In 2015, a compound named teixobac-
tin was found to inhibit cell wall synthesis of Gram-positive bacteria by a pre-
viously undescribed mode of action, making it a finding of a new drug class 
(Ling, Schneider et al. 2015). It remains to be seen if teixobactin, or derivates 
of this molecule, succeed as a treatment for multidrug-resistant Gram-positive 
bacterial infections. The future will also tell if advanced laboratory techniques 
will help bridge the antibiotic discovery void. However, with the continued 
heavy use of antibiotics resistance development appears to be inevitable. 
Therefore, there is a great need for continuous discovery of antibiotics, as well 
as to preserve the functionality of current antibiotics to the longest extent pos-
sible. In order to do the latter, a continued research to understand the mecha-
nisms, evolution and spread of antibiotic resistance is essential. 

Today we know that antibiotics typically need to enter a bacterial cell and bind 
to a target within it. Sufficient binding to the target will consequently disturb 
a molecular process in the bacterial cell, with the final outcome of cell-divi-
sion inhibition and/or killing. For the bacterial cell, there are generally three 
ways to prevent such a final outcome from occuring; i) to reduce access to the 
target, ii) to reduce the drug-target binding affinity, or iii) to incapacitate the 
drug (Blair, Webber et al. 2015). The next sections will consider these features 
for the subjects of this thesis, the antibiotic ciprofloxacin and the bacterium 
Escherichia coli. 

Ciprofloxacin 
Ciprofloxacin belongs to the class of fluoroquinolone antibiotics. The devel-
opment of quinolone antibiotics started in the early 1960’s with a fortunate 
finding, that an impurity generated from the chemical process of producing 
the anti-malarial drug chloroquine, was found to have antibacterial properties 
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(Mitscher 2005). From this impurity, the compound nalidixic acid was pa-
tented (Lesher, Froelich et al. 1962) and eventually used for oral treatment 
against urinary tract infections (UTI’s) caused by E. coli (Mitscher 2005). 
Other derivatives of nalidixic acid soon followed. The development of nor-
floxacin (patented in 1978) with the additions of a 6-fluor, and 7-piperazine 
ring, led to a breakthrough of broadened spectrum of activity against both 
Gram-negative and Gram-positive bacteria (Ito, Hirai et al. 1980, Wolfson and 
Hooper 1985, Appelbaum and Hunter 2000) (Figure 1). It was suggested that 
the fluorine increased drug uptake as well as drug target potency (Mitscher 
2005). The next improvement came with the second-generation fluoroquin-
olones, where ciprofloxacin (patented in 1981) with an additional cyclopropyl 
side chain was found to have an increased activity, spectrum, and bioavaila-
bility (Figure 1). This established ciprofloxacin as a broad-spectrum antibiotic 
used in treatments of several systemic infections, in addition to UTI’s (Wise, 
Andrews et al. 1983, Chin and Neu 1984, Eliopoulos, Gardella et al. 1984, 
Wolfson and Hooper 1985, Appelbaum and Hunter 2000, Guan, Xue et al. 
2013). 

It was believed from start that the targets among different quinolone anti-
biotics was shared, as susceptibility to several different quinolones commonly 
decreased (although to a varying degree) if a strain was known to be resistant 
to one of them (Wise, Andrews et al. 1983, Wolfson and Hooper 1985). The 
quinolone research actually assisted in the discovery and continued molecular 
research of their targets, the type II topoisomerases, and their functions, which 
are described next (Mitscher 2005). 

 
Figure 1. Structural development of ciprofloxacin. Dashed circles indicate structural 
changes made from nalidixic acid and norfloxacin. 

The targets in E. coli: DNA gyrase and Topoisomerase IV 
Early on it was discovered that quinolone antibiotics inhibited bacterial DNA 
replication. The first proposed target came with the discovery that the drugs 
novobiocin and coumermycin inhibited an enzyme essential for replication, 
DNA gyrase. The proposition was enforced by the finding that DNA gyrase 
isolated from coumermycin-resistant E. coli strains were less affected by the 
drugs novobiocin and coumermycin (Gellert, O'Dea et al. 1976). Shortly after, 
a proposed mechanism of action for nalidixic acid was published indicating 
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that the drug induced double stranded DNA breaks by binding to DNA gyrase 
(Gellert, Mizuuchi et al. 1977, Sugino, Peebles et al. 1977). More than 15 
years later, a second target of quinolones also involved in replication, Topoi-
somerase IV, was discovered in Staphylococcus aureus and proposed to be the 
primary target of the drugs in this bacterium (Ferrero, Cameron et al. 1994). 
Not long after, it was found that Topoisomerase IV in E. coli constituted a 
secondary target to DNA gyrase upon treatment with ciprofloxacin 
(Khodursky, Zechiedrich et al. 1995, Chen, Malik et al. 1996). 

DNA-gyrase and Topoisomerase IV each consist of four subunits; in E. coli 
two each of GyrA and GyrB for DNA gyrase, and of ParC and ParE for Topoi-
somerase IV (Figure 2). They are each essential enzymes involved in bacterial 
replication and the maintenance of DNA topology, commonly referred to as 
type II topoisomerases. The double-stranded (ds) helix of DNA in bacteria is 
highly dynamic and subjected to a phenomenon called supercoiling, where the 
ds DNA forms loops around itself due to tensions formed in the helical struc-
ture. Imagine this as if you are separating two intertwined pieces of rope with 
attached ends – with enough constraint, the intertwining’s will start to twist 
around each other (Figure 2A). This allows for the cell to pack the DNA in a 
condensed way, saving a lot of space. However, the cell needs to relax super-
coils in order to make the DNA accessible for replication, transcription and 
recombination processes; processes that in turn leads to supercoiling in the 
adjacent DNA (Schoeffler and Berger 2008, Blair, Webber et al. 2015). 

Both type II topoisomerases are able to relax supercoils, although this func-
tion is mainly exerted by DNA gyrase, in order to maintain a functional DNA 
structure (Figure 2A)(Schoeffler and Berger 2008, Pommier, Leo et al. 2010). 
Another feature of the circular bacterial chromosome is that the two daughter 
chromosomes become catenated at the end of replication, linked together as 
in a chain (Pommier, Leo et al. 2010). Topoisomerase IV primarily acts as a 
de-catenation enzyme, separating the two daughter chromosomes prior to cell 
division (Figure 2B) (Schoeffler and Berger 2008, Pommier, Leo et al. 2010, 
Blair, Webber et al. 2015). The type II topoisomerases exert these functions 
in a similar manner, by ATP-utilization: they preferably bind to DNA crosso-
vers and cleave one of the ds DNA segments, but remains attached to the 5’ 
ends of the DNA so that the ds DNA break is bridged, and not left open. Then, 
the enzyme associates with the intact ds DNA segment and transfers it through 
the ds DNA break, untangling the supercoil or catenation. Once the strand 
passage is completed, the ds DNA break is re-ligated and left without scars 
(Drlica, Malik et al. 2008, Schoeffler and Berger 2008). 
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Figure 2. The main functions of type II topoisomerases in E. coli. A: DNA gyrase 
relaxes supercoils, B: Topoisomerase IV de-catenates newly replicated chromo-
somes. 

Mechanism of action 
When quinolones bind to the topoisomerase targets, they cause the formation 
of trapped complexes of topoisomerase, DNA, and quinolone, in a state where 
the enzyme has formed a ds DNA break but not re-ligated it (Kampranis and 
Maxwell 1998, Drlica, Malik et al. 2008). These trapped complexes cause the 
observed transcription- and replication inhibition, as polymerases and replica-
tion forks cannot pass them (Hiasa, Yousef et al. 1996, Wentzell and Maxwell 
2000, Drlica, Malik et al. 2008). The bactericidal effect results from subse-
quent chromosome fragmentation, caused by accumulated ds DNA breaks 
(Drlica, Hiasa et al. 2009). However, as the DNA gyrase or Topoisomerase IV 
is trapped by quinolones in a complex that still bridges the ds DNA break, 
there must be a subsequent event that relieves the complex in order for chro-
mosome fragmentation to occur. Based on observations that chloramphenicol 
treatment  affects the bacterial lethality of nalidixic acid and norfloxacin, but 
not for ciprofloxacin (Chen, Malik et al. 1996), two pathways of complex re-
lease and subsequent chromosome fragmentation has been proposed (Drlica, 
Malik et al. 2008). One is the protein dependent pathway (weakened by pro-
tein synthesis inhibition caused by chloramphenicol), where the topoisomer-
ase complex is possibly relieved by protease digestion, nucleases that cleaves 
DNA on each side of the complex, or by protein denaturation. The protein-
independent pathway is thought to result from quinolone-induced dissociation 
of GyrA subunits (Chen, Malik et al. 1996). Looking at quinolone structure, 
the only item that distinguishes ciprofloxacin from norfloxacin is the cyclo-
propyl side chain (Figure 1); this feature is proposed to enable complex disso-
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ciation and release of free, lethal, ds DNA breaks without depending on pro-
tein synthesis. However, ciprofloxacin is also believed to induce the protein-
dependent pathway at lower drug concentrations (Drlica, Hiasa et al. 2009, 
Wang, Zhao et al. 2010). 

Apart from the accumulation by ds DNA breaks, the DNA damage caused 
by quinolones induces the cellular SOS-stress response. This causes inhibition 
of cell-division and, paradoxically, also induces DNA break-repair mecha-
nisms. However, an overload of SOS induction by accumulated quinolone-
caused DNA damage could add to the lethality of quinolones by preventing 
cell-division and causing the formation of filamentous cells. (Piddock and 
Walters 1992, Lopez, Elez et al. 2007, Drlica, Malik et al. 2008, Blair, Webber 
et al. 2015). In addition, a consequence of DNA damage is increased amounts 
of reactive oxygen species (ROS) that have been shown to contribute to fluo-
roquinolone lethality (Wang, Zhao et al. 2010, Erental, Kalderon et al. 2014, 
Machuca, Recacha et al. 2017). But the suggestion that ROS are responsible 
for antibiotic-associated bactericidal activity in E. coli is debated, in certain 
studies even disproven, implying that the effects of ROS production by anti-
biotic treatments and its effects are more complex, and possibly depend on the 
level of DNA damage caused (Baharoglu and Mazel 2014, Erental, Kalderon 
et al. 2014, Zhao, Hong et al. 2015). DNA damage by quinolone treatment has 
also been suggested to cause cell death via the activity of the toxin-antitoxin 
module MazEF, where MazE causes a preferential translation of gene prod-
ucts involved in mediating cell death (Erental, Kalderon et al. 2014, Machuca, 
Recacha et al. 2017). 

Medical importance 
Even though there are still details left uncovered about how ciprofloxacin kills 
bacteria, the fact that it targets not only one but two essential enzymes in a 
wide range of bacterial species has made it of great use in the treatment of 
several types of infections. Today’s medical importance of ciprofloxacin is 
crucial, as shown by WHO’s listing of it as a “highly prioritized critically im-
portant antimicrobial”. With this listing, WHO encourages the implementa-
tion of management strategies to maintain ciprofloxacin functionality (i.e. pre-
venting resistance spread and development). Ciprofloxacin meets a number of 
criteria that summarizes its importance in human medicine. It is one of a lim-
ited number of available therapies for serious bacterial infections (such as Sal-
monella and Escherichia coli), in certain cases because antibiotic resistance 
has rendered other antimicrobials useless. It is also used very widely, not only 
for serious infections. Additionally, it is used to treat infections with evident 
transmission of resistance from non-human sources (WHO 2017). 
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Escherichia coli 
The commensal and the pathogen 
E. coli is a Gram-negative, facultative anaerobic and non-sporulating bacte-
rium. It is foremost a widespread, commensal bacteria residing in the intes-
tines of mammals, birds and reptiles. In humans, E. coli resides in the mucus 
layer of the large intestine, where it is shielded from outside stresses and ob-
tains a steady nutritional supply. Colonization by harmless commensals such 
as E. coli is in turn advantageous to the host by preventing gut colonization of 
harmful pathogens (Tenaillon, Skurnik et al. 2010). 

There is a huge variation within the E. coli species, due to its genomic plas-
ticity; the core genome constitutes about 3100 gene families whereas the pan-
genome constitutes at least 89000 gene families (Land, Hauser et al. 2015). 
Not only is the bacterial chromosome subject to modification by point muta-
tions, and recombination events including inversions, duplications, insertions 
and deletions; it is also prone to receive genetic material, a process known as 
horizontal gene transfer, by the action of plasmids, bacteriophages and mobile 
genetic elements such as integrases and transposases (Leimbach, Hacker et al. 
2013). Although mutation and horizontal gene transfer is commonly associ-
ated with antibiotic resistance development, pathogenic strains of E. coli have 
also developed via the same processes by the acquisition of virulence factors. 
As with antibiotic resistance, pathogenicity is the result of E. coli adapting to 
withstand and replicate in ever changing environments, both within and out-
side of the host gut, with the result that some variants can cause illness to the 
host (Croxen and Finlay 2010, Tenaillon, Skurnik et al. 2010, Leimbach, 
Hacker et al. 2013). Accordingly, pathogenic E. coli have been demonstrated 
to have higher recombination rates than commensal E. coli, implying a selec-
tion for increased genomic plasticity (Rodriguez-Beltran, Tourret et al. 2015). 

Pathogenic E. coli are classified as intestinal or extra-intestinal. The intes-
tinal pathogens cause diarrhoea of varying severity, whereas the extra-intesti-
nal pathogens can cause neonatal meningitis and urinary tract infections 
(UTIs) (Croxen and Finlay 2010). In Europe, E. coli is the most common cause 
of complicated and uncomplicated UTIs and is the leading cause of blood-
stream infections by Gram-negative bacteria (ECDC 2017), and fluoroquino-
lone treatments apply to several of the conditions caused by E. coli.  

Fluoroquinolone resistance 
According to the ECDC annual surveillance report from 2016, more than half 
of the E. coli isolates reported in Europe were resistant to at least one of the 
antibiotics under regular surveillance. Of these, the population-weighted mean 
resistance percentage for fluoroquinolones was at 21 %; however, 16 countries 
reported percentages of fluoroquinolone resistant E. coli isolates in excess of 
25 %. In a similar surveillance report published in 2009, only half as many 
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countries reported similar numbers, indicating a vast increase in fluoroquino-
lone resistance in only 7 years (Figure 3)(ECDC 2010, ECDC 2017). How-
ever, these numbers concern only invasive E. coli isolates, and the potential 
biases in antibiotic resistance surveillance methodology mentioned in the ear-
lier section about antibiotic resistance still applies (see page 12). 

 
Figure 3. Percentages of invasive clinical isolates of E. coli resistant to fluoroquin-
olones, reported by country in 2009 (A) and in 2016 (B). The original source for 
data and graphics may be obtained from the European Center for Disease Control 
and Prevention (ECDC 2010, ECDC 2017). 



 20 

The experimental model organism 
The model organism that has been used throughout the works in this thesis is 
E. coli K-12 MG1655. It is a commensal strain that was isolated in 1922 from 
the stool of a diphtheria patient, and deposited with the designation K-12. With 
properties of being prototrophic (i.e. able to produce nutrients from inorganic 
material), easy to grow in the laboratory, and having a fast generation time, 
the strain was deemed suitable for genetic studies. E. coli K-12 generated find-
ings such as the F+ plasmid used for sexual recombination, as well as the dis-
covery of bacteriophage lambda and sensitivity to bacteriophage P1, leading 
to the development of these three elements as tools for genetic manipulation 
and strain construction. Especially the latter two have been used extensively 
in the present investigations of this thesis. The descendant strain MG1655 is 
closely related to K-12, but has been cured from the F+ factor as well as of 
phage lambda by Guyer et al in 1981 (Guyer, Reed et al. 1981, Blattner, 
Plunkett et al. 1997, Hayashi, Morooka et al. 2006). It also has some distinc-
tive mutations such as a frameshift in rph, causing a reduced expression of the 
downstream gene pyrE which consequently causes a mild pyrimidine starva-
tion phenotype, and a mutation in ilvG disrupting an isoleucine-valine biosyn-
thesis pathway. The chromosome of MG1655 still contains several transpos-
able IS and phage elements implicated in casuing spontaneous mutations, 
which also has resulted in MG1655 having an IS5 insertion causing the loss 
of the O-antigen in the bacteria’s lipopolysaccharide (LPS), referred to as the 
rfb-50 mutation (Blattner, Plunkett et al. 1997). Together, these traits summa-
rize the full wild-type description of E. coli K-12 MG1655: F- 
lambda- ilvG- rfb-50 rph-1. 

The plasticity of the MG1655 genome, in combination with the continuous 
use and re-stocking of MG1655 since the 1980’s, has led to several variations 
in stock cultures used throughout the world (Freddolino, Amini et al. 2012). 
Some of these variations have been mistakenly thought of as mutations result-
ing from experimental evolution. Therefore, it is always important to consider 
the genotype of the founding strain of an experiment before comparing ge-
nomic changes directly to a reference sequence of MG1655 (Freddolino, 
Amini et al. 2012). 

Experimental evolution 
Experimental evolution is a controlled way of studying adaptation by natural 
selection. Thanks to the fast generation time and large population size of mi-
crobes, they provide a solid and reproducible approach to study questions and 
hypotheses raised by Darwin’s theories (Lenski 2017). 

Natural selection can be observed due to the spontaneous occurrence of 
mutations, which ensures that a population of organisms contains individuals 
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with genetic variations from one another. When subjected to a selection pres-
sure, certain individuals in the population might by chance already carry a 
genetic variation that render them better equipped to survive the selection. As 
such, these individuals are able to pass on their genetic traits and accumulate 
in the succeedings generations. The realization that mutations can occur ran-
domly before organisms are subjected to selection was shown by the fluctua-
tion tests of Luria and Delbrück, and by the replica-plating conducted by the 
Lederbergs (Luria and Delbruck 1943, Lederberg and Lederberg 1952).  

In this thesis experimental evolution of E. coli towards increasing resistance 
to ciprofloxacin sets the foundations of papers I and II. E. coli developing high 
level resistance to ciprofloxacin has, from an evolutionary perspective, the 
neat prerequisite of a stepwise selection and accumulation of several re-
sistance determinants. Therefore, to select for high-level resistant E. coli in 
the lab the bacteria needs to be subjected to step-wise increases of the antibi-
otic, with sufficient growth at each selection-step to enable mutant cells to 
emerge and accumulate. However, the details of the approach used to conduct 
an evolution experiment can affect the resulting outcome. For example, hori-
zontal gene transfer is not included as a parameter in the evolutionary experi-
ments presented in papers I and II, so the selections towards increased re-
sistance is purely asexual and only dependent on the accumulation of chromo-
somal mutations. As such, it is important to consider how parameters such as 
mutation rates, population transfer bottlenecks, and relative bacterial fitness 
(generations of growth in each selection) affect the selection process. 

Chromosomal mutation rates in E. coli 
A mutation rate is the likelihood of a mutation occurring within one generation 
of growth of a cell. Chromosomal mutations can occur by mistakes during 
replication, and include single nucleotide base substitutions (also called point 
mutations), small insertions, deletions and duplications of part of the DNA 
sequence. Several methods of estimating mutation rates have been conducted, 
each with their own biases and with slightly varying results (Williams 2014). 
But, the overall chance of any mutation occurring in a genome is roughly con-
sistent throughout studies, being about 10-3 per genome per generation (Drake 
1991, Andersson and Hughes 1996, Williams 2014). This means that approx-
imately one in a thousand clonal bacterial cells is likely to have acquired a 
mutation. This mutation might be either neutral, detrimental, or advantageous, 
depending on the type of mutation, its position, and on the selective condition. 
It is more likely that insertion- or deletion-mutations occurring within a tran-
scriptional region of the DNA will be deleterious to its protein production, as 
any deletion or insertion could disrupt the regulation or reading frame of the 
protein coding sequence. One estimate is that such deleterious mutations ap-



 22 

pear at a rate of 10-7 per genome per generation in E. coli, estimated by meas-
uring spontaneous inactivation-frequencies of lacI (Schaaper, Danforth et al. 
1986). Another number to keep in mind which also stays roughly consistent 
between independent studies, is the rate of single base-pair substitutions; this 
is estimated to be about 10-10 per base pair per generation (Drake 1991, 
Wielgoss, Barrick et al. 2011). So, while any mutation is likely to appear in 
one out of a thousand cells, one that is deleterious to a protein production 
probably appears in one out of ten million cells, and one that causes a base-
pair substitution at a certain location in the genome, such as a specific drug-
target site mutation, is only likely to appear in one out of ten billion cells (Fig-
ure 4). 

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

Any mutation
Deleterious mutation
Specific point mutation

Mutation rate  
Figure 4. Comparison of spontaneous mutation rates.  

Transfer bottlenecks 
A typical evolution experiment with E. coli starts by inoculating cells into 
liquid growth media, incubating these cells until they have grown to full den-
sity (usually grown overnight), and from this full density culture a certain vol-
ume is transferred to the subsequent growth condition; this volume is referred 
to as the transfer bottleneck. The size of a bottleneck reflects how many cells 
are transferred from one growth cycle in the evolution experiment to the next. 
The experiment can be designed so that only single cell bottlenecks are ap-
plied, typically by plating cells on selective agar and from there continue to 
the next step picking a single colony that presumably emerged from one single 
cell or colony forming unit. Alternatively, by transferring various amounts of 
a full-density liquid culture onto the next evolutionary selection, the bottle-
neck size can be varied by several orders of magnitude depending on the vol-
ume transferred. A full-density culture of E. coli grown in nutrient-rich media 
contains about 109 colony forming units per mL (Sezonov, Joseleau-Petit et 
al. 2007). So roughly, if transfer is made directly from a fully-grown liquid 
culture the transfer bottleneck can be anything from 1 µL, containing 106 cells, 
to 100 mL containing 1011 cells. Considering the mutation rates, the transfer 
bottleneck will therefore impact the variety of mutations that you are likely to 
transfer from cycle to cycle during the evolution experiment. 



 23 

Bacterial fitness 
For new mutations to occur the cells must be allowed to replicate for a number 
of generations following each transfer, so that new mutations can appear be-
fore the next selection step. This growth phase enables certain genotypes to 
enrich in the population, if they confer a growth advantage in the selective 
media relative to cells without this genotype. Thus, the proportions of different 
clones in the population might be skewed, and clones present at a higher pro-
portion are more likely to become transferred to the next selection step, irre-
spective of the mutation rates. This describes the concept of bacterial fitness. 

There are different definitions of fitness, but it general it can be described 
as the ability of a bacterium to survive and proliferate. Fitness is always rela-
tive to the environment, as a mutation might be beneficial in one condition 
while conferring a fitness cost in another (Andersson and Hughes 2010). One 
way of measuring fitness is to compare growth rates during the exponential 
growth phase (Andersson and Levin 1999, Andersson and Hughes 2010). Pic-
ture a population containing bacteria with and without a mutation X. The mu-
tation causes the bacteria to grow slower in the exponential phase. Conse-
quently, the wild-type bacteria divide faster and will reach a higher proportion 
in the population (Figure 5A). Under these conditions, mutation X confers a 
relative fitness cost. However, if an antibiotic is added to the environment, 
fitness is no longer dependent on the speed of proliferation in the absence of 
the antibiotic but on the ability to grow in the presence of a toxic compound. 
Imagine that the fitness cost in growth conferred by mutation X was due to a 
reduced protein functionality, but this consequently reduced susceptibility to 
the antibiotic. If the same two bacteria are now exposed to an environment 
containing the antibiotic, cells with mutation X will reach a higher proportion 
in the population despite their fitness cost in growth in drug-free medium (Fig-
ure 5B). Because these cells are able to survive and proliferate in the presence 
of the antibiotic, mutation X confers a selective advantage over the wild-type; 
this is known as competitive fitness (Andersson and Levin 1999, Andersson 
and Hughes 2010). The relative competitive fitness can become improved in 
a continued evolutionary trajectory, if cells with mutation X where to acquire 
a second, compensatory mutation Y. A compensatory mutation might restore 
the cost in relative growth fitness inferred by mutation X in drug-free medium 
without affecting the mutant strains ability to withstand the antibiotic. An al-
ternative way to reach the competitive ability of mutant X+Y could also be by 
acquisition of mutation Z; a mutation that confers a decreased antibiotic sus-
ceptibility but without inferring a cost in relative growth rate in drug-free me-
dium (Figure 5). (Marcusson, Frimodt-Moller et al. 2009, Andersson and 
Hughes 2010, Brandis and Hughes 2013).  
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Figure 5. Effect of growth rate and antibiotic selection pressure on population dy-
namics. A and B depict populations growing in the absence or presence of an antibi-
otic. Mutant X confers a reduction in growth rate (∆GR) relative to the wild-type 
(WT) strain, and a reduced susceptibility to the antibiotic. The addition of compen-
satory mutation Y (X+Y) restores the growth rate. Mutation Z reduces susceptibility 
to the antibiotic without inferring a reduction in growth rate. cfu: colony forming 
units. 

To summarize the three parameters (mutation rates, transfer bottlenecks, and 
relative fitness), one can make a quick comparison of two experimental evo-
lutions of E. coli towards increased resistance to ciprofloxacin; one with a 
single cell bottleneck, and one with a bottleneck of 1010 cells. With single cell 
bottlenecks the impact of differences in relative fitness between competing 
clones in a population will be absent (the only requirement is that each clone 
is viable), and thus the effects of selection in determining which clones get 
transferred through the bottleneck is absent. A single cell bottleneck evolution 
is therefore more likely to include resistant strains carrying both low cost and 
high cost mutations. A larger transfer bottleneck increases the possibility that 
rare mutations are transferred (Figure 4), and a clone with an increased relative 
competitive fitness is more likely to be enriched in the subsequent population 
(Figure 5). However, upon repeating the experiments in parallel evolutions, 
the single cell bottlenecks are likely to generate more variations between evo-
lutionary lineages than the larger transfer bottlenecks, as the small bottleneck 
selections are not limited by fitness selection on their trajectory to high level 
resistance (Couce, Rodriguez-Rojas et al. 2016, Huseby, Pietsch et al. 2017) 
(Paper II). 
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The ciprofloxacin resistome 

The term ‘antibiotic resistome’ refers to the collection of all antibiotic re-
sistance genes in microorganisms, including genes providing only modest in-
creases in resistance (Wright 2007). The concept was formulated in 2006 with 
the realization that antibiotic resistance genes are far from exclusive to clini-
cally relevant strains, but are extensively prevalent in environmental microor-
ganisms prior to any obvious antibiotic exposure (D'Costa, McGrann et al. 
2006). Here, I expend the definition of resistome to include also all variants 
of genes and their regulatory sequences that reduce susceptibility to the drug. 
Accordingly, the ciprofloxacin resistome applies to any gene, or variant 
thereof, contributing to increased resistance to this fluoroquinolone, and the 
scope of this thesis concerns genes prevalent in E. coli.  

It is important to consider the meaning of ‘resistance’, and what is meant 
by it being modest, increased, high, or clinically significant. In the case of 
ciprofloxacin, there is a gradient from susceptible to clinically resistant E. coli. 
This gradient is generated since several mutations or mobile resistance ele-
ments are needed to reach clinical resistance, as ciprofloxacin targets two es-
sential replication enzymes. Clinical resistance is defined as the breach of a 
breakpoint value, a defined minimal inhibitory concentration (MIC) of an an-
tibiotic. The clinical breakpoint value for ciprofloxacin in E. coli is at MIC 
>0.5 mg/L; an MIC above this value defines E coli as clinically resistant 
(EUCAST 2018). The value is picked based on the likelihood of treatment 
success, and on MIC distributions of E. coli isolates that are continuously col-
lected by The European Committee on Antimicrobial Susceptibility Testing, 
EUCAST (EUCAST 2018). According to these MIC distributions, the epide-
miological cut-off value for wild-type susceptibility of ciprofloxacin is de-
fined as MIC <0.064 mg/L. So, E. coli with an MIC in between 0.064 and 0.5 
mg/L could be described as having a reduced susceptibility from the wild-type 
population or as having an increased resistance (modest or high), but it is not 
clinically resistant. In papers I-IV, the wild-type MIC level of E. coli K-12 
MG1655 to ciprofloxacin was usually measured to be ≤ 0.016 mg/L; thus, any 
increase from this value was interpreted as an increase in ciprofloxacin re-
sistance. 

There are generally three ways in which a bacterium can reduce its antibiotic 
susceptibility: to reduce the drug-target binding, to reduce access to the target, 
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or to incapacitate the drug (Blair, Webber et al. 2015): the ciprofloxacin resis-
tome in E. coli covers all three of these aspects (Figure 6, Figure 9). The fol-
lowing sections have been divided into two main parts. Part I covers resistance 
mechanisms conferred by chromosomal mutations and stress responses. This 
part includes results from present investigations Paper I and Paper II where 
novel mutational targets are discussed. Part II will focus on plasmid-mediated 
resistance genes, in which present investigations Paper III and Paper IV ex-
amines the possibility of potential short-cuts towards high level resistance to 
ciprofloxacin. 

Part I - Chromosomal mutations 
Upon finding that ciprofloxacin was active against strains resistant to the older 
quinolone nalidixic acid, the risk of resistance development was presumed to 
be low (Chin and Neu 1984). However, after introducing ciprofloxacin in 
1987 clinical resistance was soon observed; for example, it was detected in 
tuberculosis patients already in 1991 (Sullivan, Kreiswirth et al. 1995). Chro-
mosomal mutations typically confer resistance to ciprofloxacin by either re-
ducing the drug-target binding, or by reducing the intracellular concentration 
of the drug by increased efflux and decreased influx through the membranes 
(Figure 6)(Hooper and Jacoby 2015). 
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Figure 6. Ciprofloxacin resistance by chromosomal mutations. 1) Reduced drug en-
try by decreased expression of permissive outer membrane porin OmpF, and in-
creased expression of restrictive OmpC. 2) Reduced target interactions by mutations 
in GyrA, GyrB, ParC and ParE. 3) Increased drug efflux by elevated expression of 
AcrAB-TolC. 

Reducing drug target interaction 
To experimentally select for drug resistance in bacteria is a common way of 
identifying potential drug target(s), and the identification of DNA gyrase and 
Topoisomerase IV in E. coli were no exceptions (Gellert, Mizuuchi et al. 1977, 
Sugino, Peebles et al. 1977, Chen, Malik et al. 1996). Amino-acid substitu-
tions in the GyrA and ParC subunits of the topoisomerases were found early 
on to reside within a so-called quinolone resistance determining region, 
QRDR, corresponding to residues 67-106 in GyrA and to residues 63-102 in 
ParC (Yoshida, Bogaki et al. 1990, Heisig 1996, Kumagai, Kato et al. 1996, 
Piddock 1999, Hooper and Jacoby 2015). Mutations in DNA gyrase have been 
shown to cause a decrease in ciprofloxacin binding to the target (Willmott and 
Maxwell 1993, Yoshida, Nakamura et al. 1993, Mehla and Ramana 2016). 
Although this has not been as extensively investigated for mutations in ParC 
or ParE, the similar protein structures and resistance residues implies that the 
mechanism of reduced drug affinity also applies to the Topoisomerase IV mu-
tations (Hooper and Jacoby 2015).  

Mutations that appear most frequently in clinically resistant isolates are 
combinations of gyrA S83L, gyrA D87N, parC S80I and parC E84K/V/G/A, 
and although less frequent, mutations in gyrB and parE are also observed 
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(Piddock 1999, Hooper and Jacoby 2015, Huseby, Pietsch et al. 2017). Com-
binations of mutations in gyrA and parC were found to increase the MIC to 
fluoroquinolones substantially more than mutations in a single target 
(Khodursky, Zechiedrich et al. 1995, Chen, Malik et al. 1996). The most com-
mon combination of target mutations is gyrA S83L, gyrA D87N and parC S80I 
(Huseby, Pietsch et al. 2017), which together brings the MIC of ciprofloxacin 
of a wild-type E. coli up by 2000-fold, way beyond the clinical resistance 
breakpoint (Marcusson, Frimodt-Moller et al. 2009). The high MIC increase 
and the lack of fitness costs associated with this combination of mutations is 
probably the explanation for why it is highly prevalent (Marcusson, Frimodt-
Moller et al. 2009, Huseby, Pietsch et al. 2017). However, this genotype is not 
exclusive to ciprofloxacin resistant isolates of E. coli; mutations that enhance 
drug efflux are also observed. 

Reducing drug target access 
E. coli being a Gram-negative bacterium has an intrinsic resistance against 
several toxic compounds thanks to its double-membrane structure. Ciproflox-
acin needs to pass through the outer membrane to reach the periplasmic space, 
and it also needs to pass through the inner membrane to reach the cytoplasm 
and the topoisomerase targets (Figure 6). The outer membrane consists of an 
asymmetric bilayer with an inner leaflet of Lipid A, preventing free diffusion 
of hydrophilic compounds such as ciprofloxacin, and an outer leaflet of core 
sugars attached to LPS that provides a strong barrier to hydrophobic com-
pounds (Silver 2016). However, some nutrients necessary to be taken up by 
the bacteria are, like ciprofloxacin, small and hydrophilic molecules. These 
are able to pass the outer membrane via barrel-shaped proteins called porins. 
The two major porins in E. coli are OmpC and OmpF, where OmpF allows 
for slightly larger molecules to pass, and as such is more permissible to fluo-
roquinolones (Li, Plesiat et al. 2015). Once in the periplasmic space, ciprof-
loxacin is able to diffuse through the symmetric inner phospholipid membrane 
to reach the cytoplasm, possibly due to changes in ionic composition that ren-
ders the molecule more capable of diffusion (Silver 2016). Once inside the 
cytoplasm, the type II topoisomerase targets are accessible. 

E. coli can actively reduce the intracellular concentration of ciprofloxacin 
by chromosomal mutations that up-regulate the expression of efflux pump 
proteins. What is commonly observed in clinical isolates are mutations that 
increase the expression of the AcrAB-TolC multidrug-efflux pump. (Komp 
Lindgren, Karlsson et al. 2003, Li, Plesiat et al. 2015, Huseby, Pietsch et al. 
2017). AcrAB-TolC is a multi-component efflux transporter. AcrB constitutes 
the pump that binds drugs from the periplasmic leaflet of the inner membrane. 
AcrA acts as a periplasmic adaptor protein that couples the pump to the third 
component; the outer membrane channel TolC (Yu, Aires et al. 2003, Li, 
Plesiat et al. 2015). The expression of AcrA, AcrB and TolC is negatively 
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regulated by the global and local regulatory gene products of marR, acrR, and 
soxR; any mutation that inactivates or reduces the function of any one of these 
three genes will cause an increased expression of AcrAB-TolC, with decreas-
ing intracellular concentrations of ciprofloxacin as a result (Everett, Jin et al. 
1996, Oethinger, Podglajen et al. 1998, Webber and Piddock 2001, Li, Plesiat 
et al. 2015, Praski Alzrigat, Huseby et al. 2017). It has also been shown that 
inactivating mutations in marR have downstream effects of reduced expres-
sion of the outer membrane porin OmpF, potentially causing a decrease in 
ciprofloxacin influx (Li, Plesiat et al. 2015). In contrast to drug target muta-
tions, increased expression of AcrAB-TolC is usually associated with de-
creased fitness in the absence of antibiotic (Marcusson, Frimodt-Moller et al. 
2009, Li, Plesiat et al. 2015, Praski Alzrigat, Huseby et al. 2017). However, 
as any mutation that reduces the functionality of marR, acrR or soxR will gen-
erate an increase of drug efflux and a decrease in influx, the likelihood of se-
lecting bacteria with an efflux enhancing mutation in a population is substan-
tially higher than that of a drug target mutation, upon ciprofloxacin selection 
(see section about mutation rates on page 21). Another significant difference 
to drug target mutations is that efflux-enhancing mutations by themselves do 
not confer as big a reduction in ciprofloxacin susceptibility of E. coli MG1655 
as target mutations, but in combination with drug target mutations they can 
increase the MIC substantially (Marcusson, Frimodt-Moller et al. 2009). 

Stress responses 
Apart from the direct selection of mutations, there is evidence that certain 
stress responses in bacteria provide them with temporary tools to survive and 
increase the chances to develop resistance. 

The SOS response 
It is generally accepted that fluoroquinolones, when they cause DNA lesions 
and replication fork arrest, will stimulate the initiation of the SOS-response. 
The SOS response is induced by RecA, a protein that is recruited to portions 
of single-stranded (ss) DNA either prevalent or created from lesions or gaps, 
by RecBCD or RecFOR, respectively. When bound to ss DNA, RecA pro-
motes the auto-proteolysis of the SOS-repressor LexA. LexA represses the 
transcription of about 40 SOS-response genes in E. coli by binding to specific 
sequences on their promoters. Consequently, LexA proteolysis via RecA in-
teraction induces the SOS response, which promotes DNA repair by homolo-
gous recombination and continued replication by the action of several alterna-
tive DNA polymerases (Baharoglu and Mazel 2014). Although suggested to 
have downstream effect contributing to lethality (see page 17), SOS induction 
at sub-lethal levels of antibiotic has been implied to provide bacteria with sev-
eral advantages. Ciprofloxacin treatment was shown to increase intra- and in-
tergenic recombination rates in E. coli via RecA (although partly independent 
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from SOS induction by LexA). Increased recombination rates could potentiate 
the success of horizontal gene transfer of antibiotic resistance genes, and 
thereby provide the cells with a selective advantage upon antibiotic exposure 
(Lopez, Elez et al. 2007, Lopez and Blazquez 2009). A LexA binding site was 
found upstream of the plasmid-born quinolone resistance genes qnrB and 
qnrD, and SOS-response induction by ciprofloxacin was shown to induce their 
expression and increase the E. coli MIC (Da Re, Garnier et al. 2009, Briales, 
Rodriguez-Martinez et al. 2012). Another feature of the SOS response is the 
induction of DNA-repair by error-prone polymerases, which increase muta-
genesis and thereby accelerates the selection of resistant mutants (Blazquez 
2003, Cirz and Romesberg 2006, Hughes and Andersson 2012, Baharoglu and 
Mazel 2014). Apart from the error prone polymerases, cell filamentation by 
SOS induction has been suggested to promote mutations by increased recom-
bination events between sister-chromosomes contained in the same filamen-
tous cells (Bos, Zhang et al. 2015).  

It has been speculated that the differential outcomes associated with SOS 
induction are due to fine-tuning of the response to the level of DNA damage 
(Baharoglu and Mazel 2014). Findings that quinolone resistance mutations 
cause an altered transcriptional profile in E. coli that downregulates SOS-
genes, such as recA (Machuca, Recacha et al. 2017), provides further evidence 
that manipulation of this system is an advantageous approach, favouring pro-
cesses that enable bacterial survival and thus resistance development to fluo-
roquinolones. Lastly, a weak induction of the SOS response by ciprofloxacin 
may also induce a dormant stage in a subpopulation of bacteria that allows 
them to survive the antibiotic attack by simply avoiding replication until the 
antibiotic pressure is removed – a non-inheritable trait known as tolerance or 
persistence (Dorr, Lewis et al. 2009, Theodore, Lewis et al. 2013). Antibiotic 
persistence is also associated with the onset of another stress response, de-
scribed below. 

The stringent response 
The stringent response is initiated in response to amino acid starvation (and 
several other environmental cues), where the binding of uncharged tRNAs to 
ribosomes evokes a ribosome-associated protein, RelA, to produce ppGpp. 
This molecule is under normal physiological conditions both synthesized and 
degraded by SpoT in E. coli, but with the additional activation of RelA the 
cellular levels of ppGpp can increase hugely. This leads to global changes in 
transcriptional patterns of the cell, as ppGpp binds directly to RNA polymer-
ase and acts as a repressor or activator of transcription (depending on the GC-
content between the -10 region and the transcriptional start site of a gene) 
(Durfee, Hansen et al. 2008, Osterberg, del Peso-Santos et al. 2011). Another 
function of ppGpp is to stabilize the interaction of RNA polymerase and 
sigma-factors associated with cellular stress responses (Jishage, Kvint et al. 
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2002, Gaca, Colomer-Winter et al. 2015). The resulting change in cell physi-
ology shifts the focus of transcription from growth to that of biosynthesis, in-
hibiting processes like replication and synthesis of ribosomal RNA, while in-
ducing synthesis of amino acids and stress responses. Among those, the SOS-
response is induced; probably by stalled transcription complexes that causes 
replication fork arrests and exposes ss DNA to induction by RecA (Durfee, 
Hansen et al. 2008, Gaca, Colomer-Winter et al. 2015). Whereas the stringent 
response induction has been connected to tolerance or persistence towards 
several antibiotics, such as penicillins and fluoroquinolones, (Rodionov and 
Ishiguro 1995, Amato, Orman et al. 2013), we found that stringent response 
induction by novel mutations in tRNA synthetase genes can cause a decreased 
susceptibility to ciprofloxacin by the induction of drug efflux components. 
This is presented in Paper I. 

Present investigation Paper I 
The question initiating this project was if there were previously undescribed 
mutations that could decrease ciprofloxacin susceptibility, in addition to ca-
nonical drug target or efflux mutations. Clinical isolates display a variety of 
mutation rates, which facilitates the selection of highly fluoroquinolone re-
sistant strains (Komp Lindgren, Karlsson et al. 2003, Huseby, Pietsch et al. 
2017). Therefore, strains of E. coli with an impaired mutS gene (rendering 
them hyper-mutators) were used to provide a large mutation supply, and were 
put through a single-cell bottleneck evolution with stepwise increasing ciprof-
loxacin concentrations. Whole genome sequencing revealed the recurrent se-
lection of mutations in tRNA synthetase genes. Two such mutations where 
independently selected in one of these synthetase genes, leuS. By constructing 
isogenic strains with these leuS mutations in different genetic contexts (with 
and without combinations of canonical resistance mutations), we concluded 
that the leuS mutations conferred a decrease in ciprofloxacin susceptibility. 
The magnitude thereof depended on the presence or absence of pre-existing 
canonical resistance mutations, being at most 3- to 4-fold. The leuS mutations 
also caused a growth rate reduction of about 20 %. However, competition as-
says in the presence of ciprofloxacin showed that with increasing drug con-
centrations, the leuS mutations conferred a selective advantage relative to iso-
genic leuS+ strains. 

We reasoned that if the leuS mutations induced the stringent response via 
RelA induction, the cause of decreased ciprofloxacin susceptibility might lie 
within the resulting transcriptional changes. This hypothesis was confirmed 
by deleting relA, which completely reversed the resistance phenotype of the 
leuS mutants. We observed that the leuS mutations conferred a transcriptional 
pattern corresponding to stringent response induction, by RNA sequencing 
and transcript quantification. Among these transcriptional changes, three 
genes involved in ciprofloxacin efflux were upregulated, as well as the outer 
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membrane porin ompF. The results of subsequent strain constructions and sus-
ceptibility assays generated the following explanation (Figure 7):  
1. The mutations in leuS decreased the aminoacylation of leucine tRNA, 

causing uncharged tRNA to bind to the ribosomes. 
2. This led to activation of RelA and stringent response induction, with 

global changes in the mRNA expression profile of the cell as a result. 
3. These changes included up-regulated expression of inner membrane ef-

flux components MdtK (a multi-drug efflux pump), AcrZ (an AcrAB-
TolC associated protein) and YdhIJK (a putative efflux pump), as well as 
the outer membrane porin OmpF. 

4. Even if increased expression of OmpF imposes increased drug influx, the 
net effect was that of drug efflux enabled by MdtK, AcrZ and YdhIJK. 

Furthermore, the resistance effect of the leuS mutations is likely potentiated 
by the AcrAB-TolC efflux pump. Since MdtK, AcrZ and YdhIJK would only 
increase efflux of ciprofloxacin to the periplasm (from where it can readily 
diffuse back to the cytoplasm via the inner membrane), AcrAB-TolC is needed 
for the complete efflux of the drug out of the periplasm and past the outer 
membrane (Figure 7) (Yu, Aires et al. 2003). 
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Figure 7. Mutations in leuS generate a net effect of ciprofloxacin efflux. Transcrip-
tional changes inferred by the leuS mutations increase the expression of inner mem-
brane effluc pump MdtK, the putative inner membrane efflux pump YdhIJK, and the 
AcrAB-TolC associated protein AcrZ. Despite an associated increase in transcrip-
tion of the ciprofloxacin-entry porin OmpF, the combined activities of MdtK, 
YdhIJK and AcrZ are able to reduce ciprofloxacin susceptibility. 
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Mutations in tRNA synthetase genes are already known to decrease suscepti-
bility to the penicillin mecillinam, and to the gyrase-inhibitor novobiocin. 
With both antibiotics, the phenotypes conferred by the tRNA synthetase mu-
tations are RelA dependent (Vinella, D'Ari et al. 1992, Jovanovic, Lilic et al. 
1999, Thulin, Sundqvist et al. 2015). We found, as expected, that the leuS 
mutations were able to decrease susceptibility to mecillinam and novobiocin. 
In addition, the leuS mutations also reduced susceptibility to rifampicin, chlo-
ramphenicol, trimethoprim and ampicillin. Based on previous work, increased 
MdtK expression and stringent response induction could explain the decreased 
susceptibilities to chloramphenicol, trimethoprim and ampicillin (Rodionov 
and Ishiguro 1995, Nishino and Yamaguchi 2001, Kwon, Higgins et al. 2010). 
In addition to leuS, mutations in thrS and aspS, as well as chemical induction 
of the stringent response by the IleS inhibitor mupirocin, also reduced E. coli 
susceptibility to ciprofloxacin. 

With these findings we have described a resistance mechanism connected 
to a novel and potentially large mutational target, that can affect susceptibility 
not only to ciprofloxacin but to multiple antibiotics. One can even hypothesize 
that any cue that induces the stringent response, mutational or environmental, 
would potentiate increased efflux of drugs and enable E. coli survival and re-
sistance development. 

Present investigation Paper II: 
In addition to the finding that tRNA synthetase genes constitute non-canonical 
mutational targets for ciprofloxacin resistance, earlier results by Pietsch et al 
showed that mutations in rpoB also reduced ciprofloxacin susceptibility. In 
both cases, resistance was mediated by increased transcription of efflux pump 
gene(s), and fitness constraints in terms of reduced growth rate were observed 
(Pietsch, Bergman et al. 2017, Garoff, Huseby et al. 2018). The reduced 
growth rate poses a selective disadvantage, as these mutations could be out-
competed by faster-growing genotypes. Hence, we wondered: would these 
mutations be improbable to fixate under more competitive selections? Fur-
thermore, a previous study revealed that the typical clinical genotype observed 
with mutations in gyrA S83, D87 and parC S80, is probably selected on the 
basis of generating high-level resistance to ciprofloxacin with the least possi-
ble fitness cost. According to modelling, this genotype would require a large 
bottleneck size (or a large mutational supply) to be selected for in evolutionary 
experiments (Huseby, Pietsch et al. 2017). 

We decided to investigate how frequently mutations in the transcrip-
tional/translational machinery would be selected, and simultaneously put the 
model of large mutational supply rendering high-ciprofloxacin resistance by 
low-cost mutations to the test. 
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Experimental evolutions with E. coli subjected to stepwise increases to ciprof-
loxacin were made using three different transfer bottlenecks: i) single cell on 
agar, ii) ≈ 3x108 colony forming units (cfu) and iii) ≈ 3x1010 cfu, the latter two 
in liquid cultures. For each bottleneck size, a number of 20, 10 and 5 individ-
ual lineages were set up to assess reproducibility, respectively. Liquid bacte-
rial populations were whole genome sequenced at intermittent steps of the 
evolution so that the trajectory of selection could be followed, and the propor-
tions of mutations in the populations were indicated by the percentage of reads 
obtained from the whole genome sequencing. 

Irrespective of the bottleneck size, all evolutions selected mutations in 
gyrA. The liquid evolutions revealed that mutations in gyrA were the first to 
appear, out of which one mutation reached fixation (i.e. occurring in 100 % of 
the reads). The mutations that followed as ciprofloxacin concentrations in-
creased with the single cell- and medium sized bottlenecks, concerned genes 
regulating drug efflux (marR, acrR, soxR), and subsequently genes involved 
in transcription and translation (e.g. rpoB, thrV, mnmA, and tRNA synthetase 
genes). Thereby we answered our first question: we showed that mutations in 
genes affecting transcription and translation were repeatedly selected with 
bottleneck sizes ≤108 cfu, strongly suggesting that these mutations constitute 
a novel class of genes that can confer a competitive advantage with increasing 
ciprofloxacin concentrations, despite their potential costs in growth rate. The 
last mutational event observed in the single cell- and medium sized bottleneck 
evolutions occurred in additional drug target genes (Figure 8). 

With the large transfer bottleneck, the initial mutations in gyrA were typi-
cally followed by mutations in parC and additional mutations in gyrA (closely 
resembling the mutations in gyrA S83, D87, and parC S80 frequently found 
in resistant clinical isolates), with rare occurrences of mutations affecting 
genes regulating efflux or transcription/translation (Figure 8). With this, we 
also support that the model of a high mutational supply generating high-level 
and low-cost ciprofloxacin resistance mutations holds true. 
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Figure 8. Sequential appearance of mutational targets selected at increasing ciprof-
loxacin concentration. The evolutionary trajectory is dependent on the bottleneck 
size used. CIP: ciprofloxacin, cfu: colony forming units. 

The patterns of mutations selected throughout the evolutions were consistent 
among the independent respective lineages, indicating that the trajectories to 
ciprofloxacin resistance in E. coli are highly predictable and strongly influ-
enced by the bottleneck size used. Clones isolated from the single cell bottle-
neck evolutions displayed the highest variability of mutations between line-
ages, and the lack of competing clones at each transfer allowed for genotypes 
with a high fitness cost in terms of reduced growth rate to develop. Populations 
from the medium-sized bottleneck of ≈ 3x108 cfu displayed a more consequent 
set of mutations established in each lineage at end of the evolutions. However, 
this bottleneck size is also theoretically limiting for the transfer of specific, 
low-cost drug target mutations, with mutation rates of ≈10-9. It is therefore 
more likely that genetic events with higher mutation rates, such as inactivating 
mutations upregulating drug efflux or mutations with a large target size such 
as those involved in transcription and translation, become selected although 
they confer a fitness cost in reduced growth rate. With the largest bottleneck 
of ≈ 3x1010 cfu, the chances of transferring rare and low-cost drug target mu-
tations increase. Mutations with a lower cost in bacterial growth rate should 
be able to increase as a proportion of the population by the time of next trans-
fer (dependent on the number of generations of growth). In agreement with 
this, the bacterial populations from the ciprofloxacin evolutions with the larg-
est transfer bottleneck carry almost exclusively drug target mutations. 

The result of the bottleneck parameter on population dynamics is neatly 
illustrated already in the early selection steps, by observing the differences in 
gyrA mutations selected. Among the single-cell bottlenecks evolutions, there 
were 8 different types of mutation in gyrA represented among the isolates. 
With the medium- and large-sized bottlenecks, only two different mutations 
in gyrA (changing amino acids S83 and D87) reached fixation in the popula-
tions, indicative of a selection pressure for gyrA mutations conferring a higher 
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competitive advantage. The mutation in gyrA shown to generate the highest 
MIC increase to ciprofloxacin in combination with the best competitive ad-
vantage, is gyrA S83L (Huseby, Pietsch et al. 2017), and this particular muta-
tion went to fixation in populations with the largest transfer bottleneck-size. 

Future perspectives Part I: 
In Paper I we identified and provided a mechanism for how mutations in a 
tRNA synthetase gene, leuS, reduce susceptibility to ciprofloxacin. In Paper 
II we showed that mutations in transcriptional and translational genes are fre-
quently selected in in vitro evolution of E. coli to high-level ciprofloxacin re-
sistance.  

It remains to be determined if the novel mutations occurring in some of the 
transcriptional/translational genes observed in paper II (e.g. mutations in thrV 
and mnmA) reduce susceptibility to ciprofloxacin in E. coli. It is also of inter-
est to investigate if reduced susceptibility occurs via a mechanism similar to 
those observed for mutations in leuS and rpoB (Pietsch, Bergman et al. 2017, 
Garoff, Huseby et al. 2018). Analysis of the transcriptomes of evolved clones 
would reveal if the transcriptional/translational mutations are coupled with in-
creases in RNA levels, such as in genes involved with the stringent response 
and efflux as found in Paper I. Additional genetic engineering and subsequent 
phenotypic tests of the mutation’s effect on ciprofloxacin resistance, and 
growth fitness, should be assayed in order to test mechanistic hypotheses. 

Another subject of interest is the clinical relevance of the described novel 
mutational targets. No identical mutations to the ones found in Paper I or Paper 
II have yet been found in genome sequences of ciprofloxacin-resistant clinical 
isolates. However, the search for these mutations in genomes of clinical iso-
lates is non-trivial, for several reasons. Firstly, we have identified several dif-
ferent genes, and even different mutations within the same genes, that increase 
resistance to ciprofloxacin (Pietsch, Bergman et al. 2017, Garoff, Huseby et 
al. 2018) (Paper II). The fact that none of the particular mutations of this class 
were selected in more than one lineage each (apart from ∆thrV in Paper II), 
indicates that the mutational target size is probably very large. Secondly, there 
is a large degree of sequence variation within genes encoding tRNA synthe-
tases in clinical isolates; their sequences differ from the tRNA synthetase se-
quences in the reference strain E. coli MG1655 as well as between clinical 
isolates, including codon differences predicted to alter several amino acids per 
protein sequence. Without knowing the ancestry of each clinical isolate, it is 
difficult to distinguish genetic polymorphisms (possibly selectively neutral, or 
possibly selected for other reasons) from mutations that have been selected in 
response to ciprofloxacin or other antibiotic exposure. 

One counter-argument for the clinical relevance of mutations in e.g. leuS is 
that they are costly in terms of growth rate, and would be easily out-competed 
by faster growing strains. Nevertheless, the mutations that were characterized 
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in Paper I did confer a selective advantage in the presence of ciprofloxacin. 
Evidence that costly genotypes are able to manifest in clinical isolates is the 
frequent observation of mutations increasing efflux pump expression by inac-
tivating or reducing the functions of marR and acrR (Komp Lindgren, 
Karlsson et al. 2003, Marcusson, Frimodt-Moller et al. 2009, Praski Alzrigat, 
Huseby et al. 2017), indicating that the selection of costly resistance mutations 
are not impossible. 

With these facts in mind, it does not seem entirely improbable to find mu-
tations in transcriptional or translational genes that reduce ciprofloxacin sus-
ceptibility among clinical isolates – but with no specific genetic markers to 
look for, it currently leaves the question of clinical relevance unanswered. A 
possible (although elaborate) search could be done by cloning, for example by 
transferring leuS genes from resistant clinical isolates into E. coli MG1655 
and screening for decreased ciprofloxacin susceptibility. This would enable 
identification of alleles possibly selected by antibiotic pressure. 

Part II – Plasmid mediated resistance 
With ciprofloxacin being i) a fully synthetic antibiotic, with no natural pro-
ducers, ii) where high-level resistance is achieved by accumulated chromoso-
mal mutations, and iii) where some of the resistance mutations were reported 
to decrease plasmid transfer, it was thought that plasmid-born resistance 
would not emerge toward this antibiotic (Neu 1984, Wolfson and Hooper 
1985). As often, nature proved this assumption wrong. Plasmid-mediated 
quinolone resistance (PMQR) genes are now frequently observed in clinical 
isolates (Piddock 2014, Rodriguez-Martinez 2016), and they work by provid-
ing drug target protection, drug efflux, or drug modification (Figure 9). 
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Figure 9. Plasmid mediated ciprofloxacin resistance. 1) Drug efflux by inner mem-
brane pump QepA. 2) Target protection by Qnr. 3) Modification through phosphory-
lation by CrpP. 4) Modification through acetylation by Aac(6’)-Ib-cr. 5) Drug efflux 
by TolC-associated OqxAB. Dashed circles indicate the chemical modifications. 

Drug target protection 
The first report of a PMQR gene came in 1998, eleven years after the intro-
duction of ciprofloxacin for medical use. A strain of Klebsiella pneumoniae 
was isolated from a patient with urinary tract infection in 1994, and conjuga-
tion experiments showed that a plasmid transferred from the K. pneumoniae 
isolate increased the MIC to ciprofloxacin in both wild-type K. pneumoniae 
and in E. coli strains (ironically, quinolone resistance was meant to be used as 
a negative control experiment). The gene responsible for the plasmid-medi-
ated MIC increase was named qnr, for quinolone-resistance (Martinez-
Martinez, Pascual et al. 1998). The qnr gene consists of 657 nucleotides, en-
coding a protein belonging to the pentapeptide repeat family (Tran and Jacoby 
2002). These dimeric proteins have repetitive amino-acid sequences that give 
them the formation of a ß-helix, generating a structure similar to that of DNA 
(Xiong, Bromley et al. 2011). The Qnr-mediated resistance mechanism works 
by protecting both DNA gyrase and Topoisomerase IV from ciprofloxacin 
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binding. Qnr binds to the type II topoisomerases irrespective of the presence 
of ATP, DNA, or ciprofloxacin, and the binding reduces inhibition of the 
topoisomerases by ciprofloxacin. This suggests that the drug-target protection 
is mediated by topoisomerase-Qnr binding before formation of the DNA-en-
zyme-quinolone cleavage complex (Tran, Jacoby et al. 2005, Tran, Jacoby et 
al. 2005). The presence of Qnr slightly reduces the DNA-binding affinity of 
DNA gyrase, suggesting that the presence of Qnr also reduces the number of 
enzyme-DNA complexes that constitute the target for quinolone binding 
(Tran, Jacoby et al. 2005). A second theory of how the protective mechanism 
mediated by Qnr works has emerged from structural analysis of Qnr and DNA 
gyrase proteins. This hypothesis states that formation of the gyrase-DNA-
quinolone cleavage complex stabilizes a conformation of the gyrase protein 
favourable for Qnr binding, and that Qnr binding subsequently disrupts the 
cleavage complex. A rationale for this second hypothesis is that the protection 
conferred by Qnr against ciprofloxacin occurs at much lower concentrations 
that that required for Qnr to inhibit the enzymatic function of the gyrase 
(Xiong, Bromley et al. 2011). Since the initial finding of what is now referred 
to as qnrA, several genetic variants have been characterised (qnrB, qnrC, 
qnrD, qnrS, qnrVC) also encoding Qnr proteins that reduce susceptibility to 
fluoroquinolones (Hooper and Jacoby 2015, Rodriguez-Martinez, Machuca et 
al. 2016). Homologues of Qnr-proteins have been found in more than 90 di-
verse bacterial species, indicating that their time of existence vastly exceeds 
the usage of fluoroquinolone antibiotics; but the native functions of the Qnr 
proteins are still unknown (Jacoby and Hooper 2013). 

Drug efflux 
The first PMQR genes that increased ciprofloxacin efflux were initially iden-
tified as a resistance element towards the swine growth enhancer olaquindox 
in 2004 (Hansen, Johannesen et al. 2004). Olaquindox was introduced to ag-
riculture in the early 1980s, but was banned in Europe about 20 years later in 
1999. E. coli isolated from swine faeces was found to contain a plasmid in 
which an operon of two genes conferred resistance to olaquindox by increas-
ing efflux. The two genes were named oqxA and oqxB, and they belong to the 
resistance-nodulation-cell-division (RND) family of efflux pumps, as does 
AcrAB. The efflux activity of OqxAB is also dependent on the presence of 
TolC (Hansen, Johannesen et al. 2004). The substrate specificity of OqxAB 
efflux is not limited to olaquindox, but it also increases the MICs to chloram-
phenicol, nalidixic acid, fluoroquinolones and tripmethoprim (Hansen, Jensen 
et al. 2007). In 2009, screening for oqxAB among human clinical isolates of 
E. coli obtained from blood samples identified the plasmid borne efflux genes 
in an isolate obtained in 1999. The oqxAB genes were also found on the chro-
mosome of a Klebsiella pneumoniae isolate (Kim, Wang et al. 2009). 
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In 2007, clinical isolates of E. coli were found to harbour plasmids that 
increased the MICs for hydrophilic fluoroquinolones (such as ciprofloxacin); 
however, these plasmids did not contain any at the time known PMQR genes 
(Perichon, Courvalin et al. 2007, Yamane, Wachino et al. 2007). By restriction 
enzyme-cloning, the sequence responsible for the MIC increase was identified 
as a 1536 bp long gene, encoding for a protein with high structural similarity 
to inner membrane efflux pumps. With the finding that resistance conferred 
by this gene was diminished by subjection to efflux pump inhibitors, the gene 
was designated QepA: quinolone efflux pump A (Perichon, Courvalin et al. 
2007, Yamane, Wachino et al. 2007). As with the qnr genes, several variants 
of QepA were subsequently found in clinical isolates of E. coli throughout the 
world: QepA2, QepA3, and QepA4, differing from QepA1 by two to five 
amino acid changes (Cattoir, Poirel et al. 2008, Hooper and Jacoby 2015, 
Rahman, Islam et al. 2017, Wang, Huang et al. 2017). 

Drug modification 
In 2006, a finding was presented in which a plasmid from clinical isolates of 
E. coli carrying qnrA as the sole quinolone resistance determinant generated 
an unusually high MIC to ciprofloxacin. By subjecting the plasmid to random 
transposon mutagenesis, this unusually high MIC was found to be caused by 
a gene causing resistance to aminoglycosides; aac-(6’)-Ib (Robicsek, 
Strahilevitz et al. 2006). This gene encodes an aminoglycoside N-acetyltrans-
ferase that reduces the activities of aminoglycoside antibiotics by the enzy-
matic addition of an acetyl-group to the compound (Ramirez and Tolmasky 
2010). This gene is widespread among clinically relevant Gram-negative bac-
teria, and usually found in resistance gene cassettes together with qnr, qepA 
and beta-lactamase genes (Robicsek, Strahilevitz et al. 2006, Ramirez and 
Tolmasky 2010). The particular aac-(6’)-Ib gene found in 2006 had two amino 
acid changes, Trp102Arg and Asp179Tyr, that generated the ability to acety-
late the amino nitrogen N4 on the piperazinyl substituent of fluoroquinolones 
such as ciprofloxacin; and so the gene was named aac-(6’)-Ib-cr (Robicsek, 
Strahilevitz et al. 2006, Maurice, Broutin et al. 2008, Vetting, Park et al. 
2008). The acetylation reduces the antibacterial activity of ciprofloxacin, with 
N-acetylated ciprofloxacin generating 4-fold higher MIC values than regular 
ciprofloxacin (Robicsek, Strahilevitz et al. 2006). 

Interestingly, the finding of another ciprofloxacin-modifying enzyme was 
published recently in early 2018. A plasmid from a Pseudomonas aeruginosa 
isolate was able to reduce resistance to ciprofloxacin without carrying any of 
the above presented PMQR genes. Analysis of the plasmid sequence revealed 
an open reading frame with homology to genes for aminoglycoside phos-
photransferase enzymes, and cloning demonstrated that this gene generates a 
MIC increase in E. coli specific to ciprofloxacin (the susceptibility remained 
unchanged for levofloxacin, moxifloxacin, norfloxacin and nalidixic acid and 
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to aminoglycosides). The gene was named crpP, for ciprofloxacin resistance 
protein on a plasmid. Enzymatic assays combined with mass-spectrometry 
analysis led to the conclusion that CrpP increases ciprofloxacin resistance by 
phosphorylation of the drug’s carboxyl group, utilizing ATP. In addition, mass 
spectrometry analysis of ciprofloxacin from cell-extracts of E. coli overex-
pressing crpP revealed that the phosphorylated form of ciprofloxacin is pos-
sibly subjected to stepwise degradation (Chavez-Jacobo, Hernandez-Ramirez 
et al. 2018). 

Could PMQR genes provide short-cuts to ciprofloxacin 
resistance? 
As with chromosomal ciprofloxacin resistance mutations, each of the PMQR 
genes described individually only generates a small increase in MIC in the 
absence of other resistance determinants. We wondered if it would be possible 
for these non-essential, extrinsic genes to evolve or be placed in a genetic con-
text so that they could provide high-level resistance to ciprofloxacin in E. coli 
in one step. Even before PMQR genes were discovered, a somewhat similar 
thought was presented in a mini-review by P. Courvalin in 1990. The author 
reasoned that the absence of PMQR, 30 years after extensive usage of quin-
olones, reflected a lack of need for bacteria to acquire extra-genomic se-
quences conferring fluoroquinolone resistance. However, he hypothesized 
that selection of plasmid borne quinolone resistance would not be unlikely if 
it “would give rise to quinolone-resistant cells at a much higher frequency than 
would chromosomal mutations, in particular, when two independent events 
are required for the latter” (Courvalin 1990).  

With this in mind, we sought to determine if PMQR genes could provide a 
short-cut in the evolutionary trajectory to ciprofloxacin resistant E. coli. We 
decided to clone genes providing drug-target protection and drug-efflux be-
hind constitutive or inducible promoters of varying strengths, to determine if 
changes in expression levels could impact the PMQR gene’s effect on re-
sistance. That expression levels of resistance determinants such as the RND-
efflux pumps influences the level or resistance has been clearly shown, not 
least with AcrAB-TolC (Praski Alzrigat, Huseby et al. 2017). Additionally, in 
a selection for increased ciprofloxacin resistance using strains harbouring qnr, 
it was shown that amplification of this gene increased its transcription levels 
and thereby decreased ciprofloxacin susceptibility even further (Vinue, 
Corcoran et al. 2015). The drug target modification enzyme aac(6’)-Ib-cr was 
deliberately excluded from these experiments, since it was shown that treat-
ment with N-acetylated ciprofloxacin only increased the MIC to ciprofloxacin 
in E. coli by 4-fold (Robicsek, Strahilevitz et al. 2006). This means that even 
if there was enough aac(6’)-Ib-cr transcribed to acetylate every single ciprof-
loxacin molecule within a cell, the MIC would still not increase further than 
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4-fold. The results of overexpressing qnr and qepA are presented in Paper III 
and Paper IV. 

Present investigation: Paper III 
Earlier studies reported that the presence of a qnr gene in an otherwise sus-
ceptible E. coli strain generates an MIC to ciprofloxacin of 0.125-0.25 mg/L, 
while the breakpoint of clinical resistance is 0.5 mg/L (Martinez-Martinez, 
Pascual et al. 1998, Nazir, Cao et al. 2011, Hooper and Jacoby 2015, 
Rodriguez-Martinez, Machuca et al. 2016, EUCAST 2018). In order to deter-
mine if variations in expression level affected the MIC, we amplified and 
cloned the genes qnrS and qnrB from our collection of ciprofloxacin resistant 
E. coli isolates (Nazir, Cao et al. 2011) onto the chromosomes of a series of 
isogenic E. coli MG1655 strains. Each of the E. coli strains carried a constitu-
tive promoter of varying strength in the galK loci, and each qnr gene was 
placed under the control of eight different promoters, generating a total of 16 
strains. The constitutive promoters belong to the J23-series of promoters, 
where specific nucleotide changes in the promoter sequence generate varia-
tions of expression levels differing by at least a 100-fold (iGEM). A linear 
relationship was observed between J23-promoter strength and qnr mRNA 
level when measured by qPCR. A range of expression levels from the weakest 
to the strongest promoter was achieved, with the extreme differences in 
mRNA levels varying by 102-fold for qnrB and 104-fold for qnrS. We were 
able to show a positive correlation between expression level and MIC for 
ciprofloxacin. MIC values associated with expression of qnrB ranged from 
0.03-0.375 mg/L, whereas the MIC values for qnrS ranged from 0.015 to 1 
mg/L: thus, we proved that an increased expression level of qnrS is sufficient 
to increase the E. coli MIC above the clinical breakpoint for resistance (Figure 
10). 

During the cloning process, a lexA binding sequence was introduced be-
tween the promoters and the start codon of qnrB, which in principle might 
have affected qnrB transcription levels. However, upon measurement of MIC 
to ciprofloxacin it was evident that the MIC increase stagnated at 0.375 mg/L 
with the four strongest promoters regulating qnrB expression, despite a 5-fold 
difference in mRNA levels generated between them. This renders it unlikely 
that even higher mRNA levels would have increased the MIC further. The 
MIC increase observed with overexpression of qnrS reached a maximum 
value at a higher level, 1 mg/L, with the three strongest promoters used. We 
observed that even at the highest MIC values obtained, expression of qnrB or 
qnrS did not generate any significant fitness costs when comparing growth 
rates and cfu levels relative to an isogenic E. coli strain lacking qnr. In con-
clusion, not only was increased expression of qnrS sufficient to elevate the 
ciprofloxacin MIC of E. coli 2-fold higher than the clinical breakpoint, it was 
also achieved without inferring a fitness cost. 
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Figure 10. Elevated expression of qnrS is sufficient to confer clinical ciprofloxacin 
resistance in E. coli. A: qnr genes were placed adjacent to constitutive J23-promot-
ers of varying strengths. B: ciprofloxacin (CIP) MIC levels as a function of qnrS 
mRNA levels.  

To our surprise, a recent publication stated the opposite of our conclusion: that 
high expression of qnr was highly toxic to E. coli cells. We noted that the two 
studies used different strains of E. coli:  in our study E. coli K-12 MG1655, 
and in the other study E. coli strain BL21 (Machuca, Diaz de Alba et al. 2017). 
E. coli BL21 is typically used for recombinant protein expression and purifi-
cation, meaning that it is used to generate high protein levels of a cloned gene. 
E. coli B-strains have an IS insertion in gene lon, erasing the production of the 
Lon protein-degradation enzyme (Jeong, Barbe et al. 2009). We hypothesised 
that perhaps this enzyme activity was important for turnover of excess Qnr 
protein, thus protecting E. coli MG1655 strains from toxicity associated with 
high levels of qnr gene transcription. 

We assessed this hypothesis by disrupting lon from a qnr-negative control 
strain, as well as in the strains carrying the strongest promoters in front of 
qnrB and qnrS. While ∆lon did not affect the growth rate of the control strain, 
the growth rates of strains expressing high levels of qnrB and qnrS were both 
reduced roughly by half.  

To summarise our results, we conclude that a short-cut to the evolutionary 
trajectory of high-level ciprofloxacin resistance in E. coli is possible. By in-
creased expression of the drug target protection gene qnrS, an MIC of 1 mg/L 
was achieved with mRNA levels that did not confer a fitness cost to bacterial 
growth. Albeit an excess of Qnr production is shown to be toxic, we postulate 
that a protection from such toxicity is normally mediated by Lon protease, 
degrading excess Qnr. 
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Present investigation: Paper IV 
In this study we aimed to extend the question from Paper III, asking if high 
expression levels of a single PMQR gene other than qnrS could provide E. 
coli with clinically significant resistance to ciprofloxacin. We set out to make 
this investigation with the inner membrane efflux-pump gene qepA, cloned 
behind the arabinose inducible promoter pBAD, in the araBAD loci of E. coli 
MG1655. However, the findings presented below led us onto a different ex-
perimental path. 

Reports on the magnitude of increased MIC levels to ciprofloxacin associated 
with the presence of qepA in E. coli (either on native plasmids from clinical 
isolates or as cloned fragments containing the qepA region) vary from 1 to 64-
fold increases, possibly due to differences in genetic contexts (Perichon, 
Courvalin et al. 2007, Yamane, Wachino et al. 2007, Liu, Deng et al. 2008, 
Rincon, Radice et al. 2014, Machuca, Briales et al. 2015). However, we were 
surprised to find that when we cloned the qepA coding sequence onto the chro-
mosome of E. coli behind the pBAD promoter it did not generate any increase 
in MIC, irrespective of the level of arabinose present in the growth medium. 
To control for pBAD promoter function, the coding sequence of a reporter 
gene was cloned in the same position as qepA, and expression levels measured 
by fluorescence as a function of arabinose concentration indicated that the 
arabinose induction of pBAD worked as expected. To control for the induction 
of transcription in our qepA-strain, qPCR analysis of qepA mRNA levels were 
measured at different arabinose concentrations. Even though qepA mRNA was 
detected, it was only present in low levels relative to those of the control 
housekeeping genes, and only small and insignificant increases in mRNA lev-
els were measured with higher arabinose concentrations.  

Looking back at previous publications, we noticed that strains with MIC 
increases to ciprofloxacin resulting from the cloning of qepA always carried 
additional DNA sequences from the region upstream of the qepA coding se-
quence. The coding sequence of qepA is 1,536 bp, whereas the cloned frag-
ments that conferred an increase in MIC from the native qepA plasmid were 
either 2.1 kilobases (kb) or 3.2 kb (Perichon, Courvalin et al. 2007, Yamane, 
Wachino et al. 2007). We decided to clone the equivalent 3.2 kb fragment to 
the one published by Yamane et. al. in the araBAD loci (Figure 11A), and with 
this construct we observed an 8-fold MIC increase to ciprofloxacin independ-
ent of arabinose concentration. This MIC increase depended on qepA tran-
scription, as a disruption of the qepA gene in this context reduced the MIC 
back to an E. coli wild-type susceptible level. Also, mRNA levels of qepA 
from the 3.2 kb construct was about 100-fold higher than mRNA levels with 
the qepA coding sequence alone placed behind pBAD. The independence of 
arabinose concentration implied that a promoter other than pBAD was respon-
sible for transcription of qepA in the context of the 3.2 kb fragment. A putative 
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transcriptional start-site has been previously identified 24 bp upstream of the 
qepA start codon, associated with a promoter sequence extending to 60 bp 
upstream of qepA, which we named putative promoter 1 (pP1) (Cattoir, Poirel 
et al. 2008), and by sequence analysis we now identified an additional putative 
promoter sequence, putative promoter 2 (pP2), with a -10 region 482 bp up-
stream of the qepA start codon. We also identified two putative open reading 
frames (orf1 and orf2) located between pP2 and the qepA coding sequence 
(Figure 11B).  

By constructing deletions and disruptions in the cloned 3.2 kb fragment, 
we were able to demonstrate the following requirements for qepA to generate 
a MIC increase to ciprofloxacin: The increase in MIC was dependent on the 
pP2 sequence 482 bp upstream from the qepA start codon. With this promoter 
sequence still intact, the downstream orf1 sequence could be deleted without 
affecting the elevated MIC. In contrast, deletion of orf2 reduced ciprofloxacin 
MIC to the wild-type susceptible level. The orf 2 sequence overlapped with 
pP1 upstream of qepA, identified by Cattoir et. al., raising the possibility that 
this sequence is an active promoter required for qepA expression. Therefore, 
a second deletion was made, removing the first half of orf2 but keeping the 
pP1 sequence intact. Still, the MIC was reduced to wild-type levels even if 
only the first half of orf2 was deleted, and pP1 upstream of qepA was intact 
(Figure 11B). 

Conclusively, these findings tell us that a previously unidentified promoter 
is responsible for qepA expression, and that this expression is dependent on a 
sequence element in between this promoter and the qepA start codon, a region 
we named orf2. Work is ongoing to elucidate if the dependence of the orf2 
region is of a sequence-structural nature, of if translation of orf2 is required to 
enable the MIC increase conferred by qepA. Once we have disentangled the 
expression regulation of this inner membrane efflux pump, we will modify the 
transcriptional levels of this gene so as to answer the original question that 
initiated this project. 



 46 

A

B

pBAD

Cloned 3.2 kb fragment

510 bp upstream of qepA 

IS26 Δdfr2Δint1/ΔgroEL qepA

qepAorf2orf1

pP2 pP1

pP1

Δorf1

Δorf1, Δorf2

Δorf1, Δ½ orf2  
Figure 11. Genetic schemes of the cloned 3.2 kb fragment with qepA. A: Published 
annotations. B: The putative promoter 2, orf1 and orf2. The deletion depicted in 
green indicates no change in MIC to ciprofloxacin. Deletions in red indicate a reduc-
tion in the MIC to ciprofloxacin from 0.064 mg/L down to 0.008 mg/L. 

Future perspectives Part II: 
In Paper III it was shown that it is possible for E. coli to obtain a clinically 
relevant resistance level to ciprofloxacin by the acquisition of one single re-
sistance element, qnrS, provided that the expression level is high enough. The 
finding that this resistance did not confer any growth reduction to the bacteria, 
makes this one element at least as efficient in counteracting ciprofloxacin as 
two drug target mutations in combination (in gyrA and parC) (Marcusson, 
Frimodt-Moller et al. 2009). As PMQR genes are typically flanked by mobile 
genetic elements, it does not seem unlikely that they could be inserted into 
genetic contexts that elevate their expression. Also, transient duplications of 
these genes can contribute to increased expression and MIC to ciprofloxacin, 
as was shown in vitro in an evolution experiment with qnrA (Vinue, Corcoran 
et al. 2015). To determine if a feature of increased expression of these genes 
exist in clinical isolates is of importance, especially if the expression is tran-
siently increased by reversible duplications, since this might not be detected 
by MIC measurements of clinical isolates. One method to investigate if this is 
occurring, would be to subject E. coli with qnr-plasmids from clinical isolates 
to sub-lethal and lethal levels of ciprofloxacin, isolate the RNA of surviving 
bacteria still growing in the presence of ciprofloxacin, and compare qnr 
mRNA levels to the same clone before being exposed to ciprofloxacin. 

In Paper IV we asked if the ability to generate instant high-level resistance 
to ciprofloxacin was limited to qnr, by putting the inner membrane efflux 
pump gene qepA through a similar investigation. However, we came across 
evidence that sequence elements upstream of qepA appear to be vital for the 
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expression of its resistance phenotype. Therefore, we are in the process of dis-
entangling the expression regulation of qepA by further analysis of its native 
sequence context. By qPCR we will measure the mRNA levels of qepA in 
relation to the various deletions and other mutations of upstream sequence 
elements, i) to verify that the putative promoter identified regulates transcrip-
tion of qepA, and ii) to clarify if the sequence region named orf2 is also essen-
tial for qepA transcription. To get a further understanding on the importance 
of orf2, we plan to mutate the sequence by a single nucleotide (to mutate the 
start codon or introduce in-frame stop codons) in order to elucidate if the qepA 
MIC increase is dependent of orf2 translation, or rather on RNA structural 
features provided by the orf2 sequence. 
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Concluding remarks 

In this thesis, the subject of study has been to explore the evolutionary trajec-
tories of E. coli to ciprofloxacin resistance. This exploration has further em-
phasized the seemingly endless arsenal of tools available to develop antibiotic 
resistance, both those that lie within a single bacterial genome, as well as those 
provided by horizontal gene transfer. 

An unexpected mutational target in genes of the translation machinery was 
found to increased resistance to an antibiotic inhibiting DNA replication, by 
causing an onset of a nutrient-starvation response, that in turn happened to 
have an advantageous net-effect by increasing drug efflux. We demonstrated 
that mutations in equivalent and additional genes involved in transcription and 
translation are repeatedly selected, in a highly predictable evolutionary trajec-
tory of E. coli subjected to increasing concentrations of ciprofloxacin. How-
ever, the patterns of mutations selected was strongly influenced by the bottle-
neck-size used when transferring bacteria to fresh medium.  

In the second part, we asked whether it was possible to develop a short-cut 
in the trajectory towards high-level resistance to ciprofloxacin, which nor-
mally requires an accumulation of mutations and/or plasmid born resistance 
genes. We learned that this is indeed possible, by increasing the expression of 
a plasmid-born gene providing drug target protection. We set out to make a 
similar analysis of another plasmid borne quinolone resistance gene, an inner 
membrane efflux pump. However, with this gene we discovered that upstream 
sequences of the gene’s coding region are apparently required to generate the 
phenotypic increase in MIC. This expression regulation is currently being dis-
entangled before the initial question can be answered. 

These findings underline the importance of thoroughly designing, model-
ling, and repeating selections and in vitro evolutions aimed at detecting and 
evaluating antibiotic resistance mutations. Resistance selections or evolutions 
should be adapted to cover several possibilities, so that mutations (and com-
binations of them) that are rare, costly, or that only generate minor decreases 
in susceptibility are not ignored. To include the impact of horizontally trans-
ferred genes in experimental evolution experiments is challenging, as they 
could interfere at any step of the evolutionary trajectory. Nonetheless, our 
findings that a horizontally transferred gene has the capability to speed up the 
development of high-level resistance to a drug enlisted as being of critical im-
portance only emphasizes the importance of taking on this challenge. 
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Although the lack of internationally coordinated surveillance complicates ac-
curate estimations of its exact impact, antibiotic resistance remains a serious 
threat to the current and future public health, as common infections turn 
deadly and untreatable. This is due to the extent and ways of usage that anti-
biotics have been exploited in, forcing pathogenic microorganisms to adapt at 
an increasing rate, whilst development of new antibiotics has been stalling for 
decades. In order to reduce the rate of resistance emergence for novel and cur-
rently useful antibiotics, the study of evolutionary trajectories toward antibi-
otic resistance is of crucial importance in order to avoid repeating the same 
mistakes. 
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