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Summary 

 

Antibiotic treatment is one of the most important and irreplaceable medical measures 
to treat and reduce morbidity and mortality in clinical and veterinary medicine. The 
development of antibiotic resistance appears to be associated with evolutionary stress 
via natural selection. In other words, there is considerable evidence that the use, 
overuse, and misuse of antibiotics is an important driving force in the development of 
antibiotic resistance in bacteria. Two of the most important classes of antibiotics in 
medicine are the beta-lactams (penicillins, cephalosporins, carbapenems and 
momobactams) and the fluoroquinolones. Together these classes account for over 
70% by volume of all antibiotics used in medicine (Madigan et al, 2009). The most 
commonly used beta-lactam antibiotics belong to the penicillin and cephalosporin 
sub-groups. Resistance to these beta-lactams is usually caused by the presence of a 
gene coding for a beta-lactamase gene that cleaves the beta-lactam ring, thus 
inactivating the antibiotic. The beta-lactamase enzymes that were isolated after the 
introduction of penicillins are not active on cephalosporins, which is a major reason 
for their widespread use in medicine. However, in recent years a new class of beta-
lactamase enzymes with activity against penicillins and cephalosporins, the so-called 
Extended-Spectrum Beta-Lactamases (ESBL), have spread widely. ESBLs spread 
easily because they are usually carried on plasmids that can conjugate promiscuously 
into different bacterial species. ESBLs are a serious medical problem because they 
severely limit the therapeutic options in choosing an appropriate antibiotic. Parallel 
with these developments, resistance to fluoroquinolones has also evolved and is now 
very widespread. Interestingly the presence of plasmids encoding ESBLs is closely 
associated with resistance to fluoroquinolone antibiotics in clinical isolates of E.coli. 
This is surprising because these antibiotics have no cross-resistance. This raises the 
question of why there is such a strong correlation between resistance to two unrelated 
classes of antibiotic. 
 
In this project I tested the hypothesis that the correlation observed in clinical isolates 
between resistance to fluoroquinolones and the presence of plasmids expressing the 
ESBL phenotype has a mechanistic basis. In particular I asked whether the presence 
of mutations in E. coli that confer resistance to fluoroquinolones affected either the 
maintenance of, or the rate of uptake of, an ESBL-expressing plasmid.  
 
My results indicated that a mutation that deletes an efflux pump regulator gene, marR, 
strongly increases the frequency of uptake of the ESBL plasmid by conjugation. The 
marR gene is a global regulator of transcription and increased resistance to 
fluoroquinolones is only one of its phenotypes. The mechanism by which a deletion of 
marR increases conjugation frequency is unknown and will be the subject of future 
work. 
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Introduction 

 
Antibiotics and antibiotic resistance 

Antibiotic are natural or synthetic chemicals that kill or inhibit the growth of 
microorganisms (Madigan et al., 2009). Since the introduction of penicillin in the 
1940’s to treat gram-positive infections, and shortly afterwards of streptomycin as a 
therapeutic agent against tuberculosis (Comroe, 1978), antibiotic treatment has 
become arguably the most important and irreplaceable medical measure to treat and 
reduce morbidity and mortality in clinical and veterinary medicine. However, the 
intensive use and misuse of antibiotics which is continuing to increase has led to a 
serious resistance problem. About 10,200 tons of antibiotics were used in EU in 1996 
(European Federation of Animal Health, 1997) increasing to 13,288 tons in 1999 
(European Federation of Animal Health, 2001). It has been estimated that between 
100,000 and 200,000 tons of antibiotics were used worldwide in 2002 (Wise, 2002). 
This scale of usage has resulted in many critical issues, for example the increased 
prevalence of pathogenic bacteria that are resistant to one or more antibiotics in 
clinical use.  
 
Antibiotic resistance in bacteria appears to be associated with evolutionary stress via 
natural selection. Antibiotics can seep into the soil and groundwater after being used 
in livestock farming for veterinary or growth promotion purposes, or in human 
medicine. This creates a problem because up to 90% of antibiotics pass into the 
outside environment such as soil, rivers, lakes, and the sea through the digestive 
system, excreted via urine or feces without being degraded (Turkdogan and 
Yetilmezsoy, 2009). There is a danger that the effluence of antibiotics from various 
sources could result in environmental concentrations of antibiotics, which although 
lower than therapeutic levels may be sufficiently high to select for resistant bacteria. 
These resistant bacteria could enter the food chain to affect the whole ecosystem 
including human beings (Kummerer, 2003).  
 
There are many studies in clinical microbiology that provide evidence that the 
development of resistance to antibiotics, which is driven by antibiotic drug usage 
(www.earss.rivm.nl), has become a very serious problem in social as well as hospital 
settings (Rice, 2009). The emergence of antibiotic resistance can result from 
horizontal gene transfer, for example by acquisition of plasmids carrying resistance 
genes, or, by the occurrence of point mutations (Figure 1). Horizontal gene transfer 
includes three main pathways of acquisition: conjugation, transformation and 
transduction. 
 
Many resistant strains isolated from patients or in nature carry a plasmid on which 
antibiotic resistant genes reside. These plasmids frequently enter the recipient strain 
by conjugation with a strain carrying the plasmid. During conjugation, plasmids 

http://www.earss.rivm.nl/
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provided by donor cells are transported to recipient cells through a structure called the 
pilus (Russi et al, 2008). This will be introduced later in the text. 

 
Figure 1. Mechanisms of resistance acquisition (Andersson and Hughes, 2010)  
Genetic elements coding for antibiotic resistance are shown in pink. They can be 
acquired by four primary routes: cell-to-cell conjugation; naked DNA transformation; 
phage-mediated transduction; and mutation.  
 
Most mechanisms of antibiotic resistance are associated with fitness costs (reviewed 
in, Andersson and Hughes, 2010). One possibility that has been discussed is whether 
restricting antibiotic use could limit the spread of resistant strains because they would 
suffer a biological cost of reduced fitness relative to antibiotic-susceptible strains. 
Accordingly, antibiotic resistance in the population could be reversed by a reduction 
in antibiotic usage. However, many experimental evolution and epidemiological 
studies have been carried out and the overall conclusion is that resistance can be 
stabilized by compensatory evolution, or by co-selection with other antibiotics or 
other genes associated with fitness (Andersson and Hughes, 2010). These data 
strongly suggest that it will not be practical to reverse antibiotic resistance once it is 
established in a population.  
 
Fluoroquinolones: structure and resistance mechanisms 
Fluoroquinolones are one of the most widely used groups of antibiotic drugs. About 
4.8 tons of fluoroquinolones were used in Swizerland in 1997 (Boxall et al, 2003), 
15.7 tons in Germany (Kummerer and Henninger, 2003), and 43 tons within the EU 
and Switherland in 1997 (EMEA/CVMP, 1999). Fluoroquinolones are completely 
synthetic small molecules and have been developed through three structure/efficiency 
generations from the 1970s and 1980s through to today. A general structure for a 
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quinolone and specific structures of some of the current most commonly used 
fluoroquinolones are shown in Figure 2 (Martinez, 2008). Fluoroquinolones interfere 
with bacterial DNA gyrase and prevent the normal regulation of DNA supercoiling. 
They bind to DNA gyrase (and or DNA topoisomerase IV) when it is in complex with 
the chromosome and after it has cleaved the double-stranded DNA. Fluoroquinolones 
prevent the re-ligation of the cleaved DNA with the result that the cell suffers a lethal 
chromosome break. Because DNA gyrase is essential in all bacteria, the 
fluoroquinolones are effective in killing both gram-positive and gram-negative 
bacteria (Madigan et al, 2009). Fluoroquinolones are the most commonly used drugs 
to treat urinary tract infections which are mainly caused by Escherichia coli. They are 
extremely stable molecules and can persevere in the environment for a long time after 
leaving human body (Martinez, 2008). Consequently, it is dangerous to misuse them 
because they accumulate in the environment and thus select for resistance. 
 

 
 
Figure 2. General structure of the quinolones and several examples of modification of 
their structure to produce highly potent fluoroquinolones (Yolanda et al, 2007). 
 
Resistance to fluoroquinolones in E. coli can arise in several ways: (i) mutations of 
the drug-target enzymes, DNA gyrase and/or topoisomerase IV, that reduce affinity 
for the drug; (ii) mutations, for example in acrR or marR, that increase drug efflux or 
decrease drug import; and (iii) acquisition of horizontally acquired genes like qnr that 
encode proteins that protect the target from the drug (Jacoby, 2005). Previous studies 
based on selections in vitro and on analysis of clinical isolates suggested that single 
mutations or individual genetic alterations are responsible for only slight increases in 
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resistance to fluoroquinolones. High-level resistance to fluoroquinolones is due to the 
accumulation of several genetic mutations, including usually alterations of both target 
protein genes and mutations of genes regulating drug efflux (Komp Lindgren et al, 
2003; Komp Lindgren et al, 2005). 
 
Beta-lactams and Extended-spectrum beta-lactamase (ESBL) 

The single most important class of antibiotics in medicine are the beta-lactams 
(penicillins, cephalosporins, carbapenems and momobactams). Together these 
antibiotics account for 50-60% by volume of all antibiotics used in medicine 
(Madigan et al, 2009). The most commonly used beta-lactam antibiotics belong to the 
penicillin and cephalosporin sub-groups. Penicillins were the first class of natural 
antibiotic introduced into clinical practice, in the 1940’s. Cephalosporins were 
originally introduced because they were resistant to the effects of the increasing 
spread of genes (usually on plasmids) that encoded beta-lactamase enzymes. Beta-
lactamases are enzymes that cleave the beta-lactam ring and thus inactivate beta-
lactam antibiotics such as penicillin. There are many different varieties of beta-
lactamase enzymes, many of which have co-evolved with the human use of beta-
lactam antibiotics. Genes coding for beta-lactamases are frequently carried on 
conjugative plasmids and so have spread widely among human pathogens, including 
the family Enterbacteriaceae. Extended-spectrum beta-lactamases (ESBLs) are beta-
lactamases that confer resistance, not just to penicillins but also to cephalosporins, a 
class of antibiotic that is resistant to normal beta-lactamases. Thus, ESBLs can 
inactivate clinically important cephalosporins such cefotaxime and ceftriaxone. 
ESBLs were first described in 1983 and are usually encoded on plasmids (Knothe et 
al, 1983; Paterson and Bonomo, 2005). These plasmids typically carry other genes 
that confer resistance to additional antibiotics making the resistance problem even 
worse. ESBL plasmids have now spread worldwide according to recent studies (Pitout 
et al, 2005).  
 
Conjugation  

Conjugation is a mechanism of genetic transfer that involves cell-to-cell contact and it 
is plasmid-encoded. Using this mechanism, a plasmid transfers a replicated copy of its 
genome to new host bacteria. The cells that provide plasmids are called donor cells, 
and the ones that receive plasmids are named recipient cells. Conjugation was 
discovered when the F-plasmid of E. coli was found to transfer to plasmid-free host 
cell (Lederberg and Tatum, 1946).  
 
The precise mechanism of genetic transfer differs depending on the particular plasmid 
concerned but it is believed that most of the mechanisms are similar to that described 
for the F plasmid. Figure 3 shows the conjugation process in outline. The replication 
of plasmids involved in conjugation is different to normal semiconservative 
replication of the chromosome. Instead, a rolling circle replication mechanism is used, 
a mechanism which is often found in viruses. During conjugation, plasmid encoded 
gene are expressed, coding for a surface structure, the sex pilus. Pili recognize 



7 
 

recipient cells and anchor them to the donor cell and trigger the conjugation process. 
The TraI protein, encoded by the tra operon has helicase activity, so it can unwind the 
double strands of DNA and launch the transfer of single-stranded plasmid DNA from 
the donor to the recipient through the pilus. After acquisition, the DNA is replicated 
into a double-stranded plasmid and the recipient cell now becomes a potential donor 
and is able to transfer the plasmid to other recipients. In this way, plasmids can 
rapidly spread in the environment. Plasmids can in principle be lost if no selection 
pressure is applied, for example in an antibiotic-free environment (Madigan et al, 
2009) but in practice most plasmids encode a variety of mechanisms that prevent their 
loss. 
 

 
 
Figure 3. Transfer of plasmid DNA by conjugation (Madigan et al, 2009). 
(a) The transfer of the F plasmid converts an F- recipient cell into F+ cell.  
(b) Details of the replication and transfer process. 
 

Hypothesis 

There is an interesting phenomenon that the presence of ESBL plasmids is closely 
associated with the presence of ciprofloxacin-resistance determinants (usually 
mutations) in clinical isolates of E.coli. There are at least two very different 
hypotheses that could explain this correlation. One possibility is that ESBLs are found 
in bacterial lineages that have been already subject to strong selection by multiple 
antibiotics and that such lineages typically have thus already independently evolved 
resistance to fluoroquinolones. An alternative hypothesis is that alterations to global 
supercoiling and transcriptional patterns caused by the mutations associated with 
fluoroquinolone-resistance (e.g. mutations altering DNA gyrase and DNA 
topoisomerase IV, mutations inactivating MarR, a global transcriptional regulator) 
coincidentally promote the stable maintenance of ESBL plasmids in E.coli. 
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Aims  
In this project, I tested whether the presence of ciprofloxacin-resistance mutations in 
the drug targets (DNA gyrase, topoisomerase IV), or inactivating proteins regulating 
drug efflux (marR or acrR) facilitated either (i) the maintenance, or (ii) the uptake of a 
fully sequenced ESBL plasmid in E. coli.  
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Results 

 

Strains studied 

The wild-type and 7 fluoroquinolone-resistant mutant strains used in this study are 
isogenic with the fully sequenced laboratory standard E. coli K12 strain MG1655 
(strains are listed in Table 1). The construction of these strains has been described 
previously (Marcusson et al, 2009). 
 
Table 1. Strain names and genotypes 
Strain code Genotypea 
LM179 (MG1655) Wild type 
LM378 gyrA S83L 
LM202 marR::FRT(sw) 
LM351 acrR::FRT(sw) 
LM367 marR::FRT(sw) acrR::FRT(sw) 
LM695 gyrA S83L D87N marR::FRT(sw) 
LM707 gyrA S83L D87N parC S80I marR::FRT(sw) 
LM705 gyrA S83L D87N parC S80I marR::FRT(sw) acrR::FRT(sw) 
a The notation S83L indicates that the Serine residue at position 83 is replaced by a 
Leucine residue. The notation marR::FRT(sw) indicates that the coding sequence of 
marR has been deleted and replaced by an FRT (flp recognition target sequence) using 
the method of Lambda-Red recombineering (swapping).  
 
MIC of the strains  
The MIC for ciprofloxacin of the initial strains, including the wild-type E. coli strain 
LM179 (MG1655) and seven isogenic mutants (Table 1) were measured using E-test 
strips according to instructions from the manufacturers (AB Biodisk, Solna). The 
results are shown in Table 2. MIC values were measured in order to ensure that the 
mutants chosen for this experiment were all antibiotic resistant strains. It is obvious 
that the MIC of the susceptible strain LM179 for ciprofloxacin is the lowest, at 0.023 
μg/ml. MICs of other seven resistant mutants are significantly higher than that of the 
susceptible strain. 
 
Table 2. MICs for ciprofloxacin of different genotypes of E. coli strains 
Strain  Genotype  MIC (μg/ml)a 
LM179  Wild type 0.023 
LM378 gyrA S83L 0.38 
LM202 marR::FRT(sw) 0.032 
LM351 acrR::FRT(sw) 0.047 
LM367 marR::FRT(sw) acrR::FRT(sw) 0.125 
LM695 gyrA S83L D87N marR::FRT(sw) 0.75 
LM707 gyrA S83L D87N parC S80I marR::FRT(sw) 32 
LM705 gyrA S83L D87N parC S80I marR::FRT(sw) 

acrR::FRT(sw) 
32 

a MIC for ciprofloxacin. 
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Then the MIC for cefotaxime and tetracycline of LM179 and of CH713 (constructed 
by conjugating a fully sequenced ESBL plasmid pUUH239 into LM 179) were also 
measured (Table 3). The reason for measuring these MICs was to determine the 
concentrations of the two antibiotics that should be added LB culture medium and 
selection plates for the purpose of maintaining pUUH239 during the growth of 
cultures (this plasmid originates from a clinical isolate of Klebsiella and may not be 
fully stable in E. coli). According to the data in Table 3, a growth medium with 20 
μg/ml cefotaxime and 20 μg/ml tetracycline is expected to be suitable for culturing the 
CH713-CH720 to maintain the pUUH239 ESBL plasmid and inhibit the growth of 
any bacteria that lose the plasmid. 
 
Table 3. MICs for cefortaxime and tetracycline of different genotypes of E. coli strains 
Strain Genotype MIC for CT a MIC for TC b 
LM179  Wild type 0.064 0.75 
CH713 LM179 + pUUH239 >32 24 
a MIC for cefotaxime (μg/ml). 
b MIC for tetracycline (μg/ml). 
 

Construction of universal donor strain 

The plasmid pUUH239 was received from Dan Andersson (Uppsala University) in a 
wild-type E. coli strain DA14833 (MG1655 / pUUH239). To introduce the pUUH239 
by conjugation into the isogenic fluoroquinolone-resistant strains was necessary to 
have the plasmid in a donor strain which facilitated the selection of transconjugants 
and the counter selection of both donor and recipient strains. To achieve this we 
constructed a so-called universal donor strain. DA14833 was conjugated with CH337 
(genotype: E. coli K12, ∆pro-lac ara gyrA rpoB argE). CH337 is auxotrophic for 
proline and arginine and is resistant to rifampicin and to nalidixic acid. 
Transconjugants were selected on LA containing 100 µg/mL rifampicin (to prevent 
growth of the DA14833 donor strain) and 20 µg/mL cefotaxime (to prevent growth of 
the CH337 recipient strain). A transconjugant strain with the genotype ∆pro-lac ara 
gyrA rpoB argE / pUUH239 was stocked as CH712. CH712 could be used as 
universal donor strain to transfer the pUUH239 ESBL plasmid to isogenic variants of 
MG1655 by making a selection on minimal medium lacking arginine (prevents 
growth of the donor strain CH712) and containing cefotaxime (prevents growth of the 
recipient strains listed in Table 1).  
 

Conjugation of pUUH239 ESBL plasmid to isogenic variants of MG1655 

CH712 was conjugated with each of the 8 strains listed in Table 1 (LM179, LM378, 
LM202, LM351, LM367, LM695, LM707, LM705), selecting for transconjugants on 
minimal medium lacking arginine (prevents growth of the donor strain CH712) and 
containing cefotaxime (prevents growth of the recipient strains). These strains were 
stocked as CH713 – CH720 (Table 4). 
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Table 4. Constructed E. coli strains carrying the pUUH239 ESBL plasmid 
Strain Construction Genotype 
CH713 LM179 + pUUH239 wild type / pUUH239 
CH714 LM378 + pUUH239 gyrA S83L / pUUH239 
CH715 LM202 + pUUH239 marR::FRT / pUUH239 
CH716 LM351 + pUUH239 acrR::FRT / pUUH239 
CH717 LM367 + pUUH239 marR::FRT acrR::FRT / pUUH239 
CH718 LM695 + pUUH239 gyrA S83L D87N marR::FRT / pUUH239 
CH719 LM707 + pUUH239 gyrA S83L D87N parC S80I marR::FRT / pUUH239 
CH720 LM705 + pUUH239 gyrA S83L D87N parC S80I marR::FRT acrR::FRT / 

pUUH239 
 

Measuring the instability of pUUH239 in E. coli 
The growth of bacterial cultures through several tens of generations, in the absence of 
antibiotic selection, was used as a method to determine whether the pUUH239 ESBL 
plasmid exhibited different levels of stability in different genetic backgrounds. The 
isogenic variants of MG1655 E. coli strains containing the pUUH239 plasmid (strains 
CH713 – CH720, Table 4) were initially cultured in LB medium with cefotaxime (20 
μg/ml) and tetracycline (20 μg/ml) overnight to ensure that at the beginning of the 
experiment all bacteria in each population would carry the plasmid. Each strain was 
then inoculated into fresh LB medium (without antibiotic) and grown for 10 
generations, before re-inoculation into fresh medium and the start of the next growth 
cycle. These cycles of growth were continued for 20 days (200 generations). The 
proportion of the bacterial population that contained the ESBL plasmid was measured 
every two days up to day 12, and bacteria were finally taken at day 20 for stocking. 
Figure 4 shows the changes in the fraction of plasmid-containing bacteria in each 
strain as measured over the period of 12 days (120 generations of growth). The 
pUUH239 plasmid was unstable in all strains but the rate of loss varied both as a 
function of the number of elapsed generations, and as a function of the particular 
fluoroquinolone-resistance mutations in the chromosome. In all strains the plasmid-
free frequency was relatively small over the first 40 generations, but after this period 
frequency of plasmid-free bacteria in each population increased dramatically until 
about generation 80, after which it stabilized in most of the strains (Figure 4).  
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Figure 4. Fraction of plasmid-containing E. coli strains as a function of number of generations of 
growth in antibiotic-free medium.  
 
The results in Figure 4 are an average of three independent experiments for each of 
the 8 strain. The rate of loss of the plasmid is lowest during the first 40 generations of 
growth. To facilitate comparison this initial period of the experiment is shown in 
close-up in Figure 5, where each of the mutant strains is individually compared with 
the wild-type (CH713).With the exception of CH716, CH719 and CH720 the apparent 
rate of plasmid loss is similar for mutant and wild-type strains.  
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Figure 5. Rate of loss of ESBL plasmids from wild-type and mutant strains during the first 40 
generations of the first cycle experiment. 
The mean of three independent growth experiments in the absence of antibiotic. The X-axis shows 
the number of generation of growth. The Y-axis shows the fraction of the population that carried 
the pUUH239 plasmid (determined by cefotaxime resistance). In each plot the blue line is the 
wild-type strain CH713, and the pink line is the indicated mutant strain.  
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Does plasmid stability evolve rapidly? 

The data in Figures 4 and 5 show that pUUH239 is unstable in all strains, but that 
there are also large differences between strains. We asked whether the process of 
growing in the absence of antibiotic selection for 200 generations resulted in an 
evolved change in plasmid stability. From each lineage that had grown for 200 
generations in the absence of antibiotic selection, one bacterial clone that still carried 
the ESBL plasmid (as indicated by cefotaxime resistance) was chosen randomly and 
stocked. These evolved strains were then used as the starting strains for a second 
growth experiment that mimicked the first. Each evolved strains was initially grown 
in the presence of cefotaxime and tetracycline to ensure that the initial population 
carried the plasmid at 100% frequency. Then each strain was inoculated into 
antibiotic-free medium and cycled with 10 generations per growth cycle exactly as in 
the previous experiment. The results of this experiment with ‘evolved’ strains are 
shown in Figure 6. 
 

 
Figure 6. Loss of the pUUH239 ESBL plasmid from strains that had previously grown for 200 
generations in the absence of antibiotic selection without losing the plasmid. Each experiment was 
made in duplicate and the results shown are the mean of these two experiments.  
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Comparing Figures 4 and 6 is seems that the evolved strains have a higher level of 
plasmid stability, at least until generation 60 - 80. To quantify these differences we 
compared the fractions of the naïve and evolved populations carrying the plasmid at 
three different time points during growth without antibiotic selection: generation 40, 
generation 80, generation 120, and generation 180 (Table 5). Note that due to a 
technical error we did not obtain data for the evolved version of CH716. 
 
 
Table 5. Fraction of population containing pUUH239 in naïve and evolved strains 
Strain 401 402 1201 1202 1801 1802 
CH713 0.55 0.70 0.003 0.001 0.0087 0.00005 
CH714 0.51 0.74 0.025 0.004 0.0064 0.00005 
CH715 0.58 0.77 0.007 0.002 0.0089 0.00065 
CH716 0.12 -- 0.006 -- 0.0047 -- 
CH717 0.65 0.97 0.016 0.010 0.0012 0.00058 
CH718 0.49 0.86 0.040 0.014 0.0939 0.00489 
CH719 0.40 0.97 0.004 0.003 0.0113 0.00111 
CH720 0.35 0.47 0.017 0.090 0.0048 0.00095 

1 Naïve strains (first growth experiment, data from Figure 4). 
2 Evolved strains (second growth experiment, data from Figure 6) 
 
The effect of evolution in the absence of antibiotic selection on the stability of 
pUUH239 over the first 40 generations of growth is illustrated in Figure 7. It is clear 
from these data that in most cases the evolved strains, strains that still maintained 
pUUH239 after 200 generations of growth in the absence of antibiotic selection, have 
a lower level of plasmid loss in the second growth experiment. This suggests that 
mutant variants with a higher degree of plasmid stability can evolve rapidly. 
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Figure 7. ESBL plasmids reserved in variant E. coli in the first and second cycles. 
The blue dots and line respect the fraction of maintaining-plasmid bacteria in the first cycle, and 
red ones respect values of the same strain in the second cycle. 
 
The overall conclusion from these growth experiments is that pUUH239 is unstable in 
all E. coli strains tested but that it is less unstable in some strains with mutations that 
confer fluoroquinolone resistance. This lends some support to the first hypothesis: that 
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fluoroquinolone resistance mutations might stabilize ESBL plasmids and that this 
might be a factor in explaining the coincidence between these resistances in clinical 
isolates. 
 
Conjugation efficiency of pUUH239 plasmid to different fluoroquinolone-

resistant isogenic strains 

We asked whether the frequency of conjugation of pUUH239 differed depending on 
the recipient strain. The frequency of conjugation of pUUH239 from CH712 (the 
universal donor strain) into each of the recipient strain listed in Table 1 was measured 
(details of the conjugation procedure are described in Materials and Methods). Each 
conjugation experiment was made at least five times. The conjugation frequency for 
each cross is illustrated in Figure 8. 
 

 
Figure 8. Conjugation frequency of pUUH239 plasmid to wild-type and mutant strains. Each 
point represents an independent experiment. Median values of independent experiments are 
marked with a horizontal bar. 
 
The data in Figure 8 appear to show that the frequency of conjugation is lowest for the 
wild-type strain (LM179) and is highest for a mutant strain (CH367) with a deletion 
of both the marR and acrR efflux pump regulators. Median conjugation frequency 
into CH367 is almost 80-fold higher than into LM179. To assess the statistical 
significance of these apparent differences we performed a Mann-Whitney non-
parametric test comparing each mutant data set with the wild-type data set (Table 6). 
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The analysis showed that with the sole exception of LM378 (gyrA S83L), that all of 
the mutant strains had a significantly higher conjugation frequency for pUUH239 than 
the wild-type (Table 6).  
  
Table 6. Conjugation frequency of pUUH239 to isogenic strains 
Recipient 
strain 

Genotype  Conjugation 
frequency  

P value a 

LM179  Wild type 1.97E-06 -- 
LM378 gyrA S83L 4.11E-06 0.6745 
LM202 marR::FRT(sw) 5.56E-05 0.0011 
LM351 acrR::FRT(sw) 3.73E-05 0.0111 
LM367 marR::FRT(sw) acrR::FRT(sw) 1.56E-04 0.0114 
LM695 gyrA S83L D87N marR::FRT(sw) 6.32E-05 0.0051 
LM707 gyrA S83L D87N parC S80I 

marR::FRT(sw) 
1.34E-05 0.0164 

LM705 gyrA S83L D87N parC S80I 
marR::FRT(sw) acrR::FRT(sw) 

2.64E-05 0.0051 

a P values (two-tailed) were calculated using the Mann-Whitney nonparametric test 
(statistics package available at http://faculty.vassar.edu/lowry/VassarStates.html) 
comparing LM179 (wild-type) with each isogenic mutant strain.  
 
We conclude from these data that many fluoroquinolone resistant mutants are 
significantly more likely to act as recipients of the ESBL plasmid than is the wild-
type. Furthermore, this ability seems to be closely associated with mutations in marR 
and or acrR. 

http://faculty.vassar.edu/lowry/VassarStates.html
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Discussion 

 
The reasons why I chose to study these resistance-associated are complex. A previous 
study showed that gyrA and parC mutations are the very commonly found in clinical 
isolates of E. coli that are resistant to fluoroquinolones (Komp Lindgren et al, 2003). 
In that study, 30 isolates of clinical urinary tract infections were analyzed and it was 
found that all of them had the gyrA S83L mutation and 60% of them also had the 
D87N mutation in gene gyrA. 22 of the 30 had in addition to one or two gyrA 
mutations the parC S80I mutation. Half of the isolates contain the combination of 
triple mutations gyrA S83L, D87N and parC S80I. Meanwhile, 15 of the 30 strains 
carried mutations in acrR and/or marR, genes that code for proteins regulating drug 
efflux via the AcrAB-TolC multidrug efflux pump. The major mechanisms of 
mutational resistance to fluoroquinolones are point mutations in the genes for the drug 
target (DNA gyrase and DNA topoisomerase IV) and point mutations or knockout 
mutations in genes that regulate transcription of the AcrAB-TolC efflux pump (Komp 
Lindgren et al, 2003; Marcusson et al, 2009). The set of isogenic mutant strains 
chosen for this study carry resistance mutations that are representative of those found 
in clinical isolates and are therefore useful tools to explore the association between 
the presence of ESBL plasmids and fluoroquinolone resistance. 
 
The experiments were divided into two main parts. The first part was to test whether 
there was any difference in the abilities of the different mutant strains to maintain the 
ESBL plasmid. The second part tested whether the mutant strains different from the 
wild-type or from each other in the frequency with which they could acquire the 
pUUH239 ESBL plasmid by conjugation. In principle, differences between the wild-
type and the mutants in intrinsic plasmid stability or in frequency of plasmid 
acquisition, could explain the correlation between fluoroquinolone resistance and the 
ESBL phenotype observed in clinical isolates. 
 
In the plasmid stability experiments, it was observed that pUUH239 was unstable in 
all strains. In the initial experiment (Figure 4) it appeared that several of the mutant 
strains maintained the plasmid at a higher frequency than did the wild-type, at least 
out to 120 generations. However, because these experiments were performed at most 
three times it is difficult to assess the statistical significance of these differences. In 
addition, the shapes of the curves describing the loss of plasmid from the different 
populations are very complex, and suggest that the results might involve several 
different processes: (i) the intrinsic stochastic rate of loss of the pUUH239 ESBL 
plasmid from each E. coli; (ii) the rate of conjugation of plasmid back into strains that 
had lost the pUUH239 ESBL plasmid occurring in the culture where some bacteria 
still maintained the plasmid; and (iii) differential growth competition between strains 
carrying the pUUH239 ESBL plasmid and those had lost the plasmid (the plasmid 
increases the average generation time in LB by 5-10%, data not shown). Accordingly, 
the differences in the frequency of plasmid maintenance observed in different strains 
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cannot be definitely attributed to differences in the intrinsic stochastic rate of plasmid 
loss. According to the results of the first growth experiment (Figure 4), it could be 
concluded that the different fluoroquinolones-resistance mutations may have different 
impacts on the stability of the ESBL plasmid in E. coli. However, the complexity of 
the curves makes it difficult to draw a definitive conclusion with any confidence. It is 
however notable that the wild-type strain had among the lowest frequencies of 
plasmid maintenance suggesting that the mutations might contribute to plasmid 
stability. 
 
In the second growth experiment (Figure 6) we asked whether a short term of 
evolution in the absence of drug selection would result in an increase in plasmid 
stability. The data in Figure 7 and Table 5 suggest that the evolved strains had 
increased plasmid stability, at least for the first 40 generations of growth in the 
absence of selection. The conclusion that can be drawn is that although the pUUH239 
plasmid is unstable in all strains tested, that it can evolve rapidly to a greater stability. 
Whether this evolution is associated with plasmid or chromosomal mutations (or 
both) was not tested here. 
 
The efficiency of conjugation of pUUH239 was measured into each of the variant E. 
coli strains. The results of these experiments (Figure 8) revealed very large and 
significant differences between the wild-type and most of the mutants (Table 6), Thus, 
all of the strains that carried marR and or acrR deletions had significantly higher 
frequencies of conjugation by the ESBL plasmid. The mechanism underlying this 
significant difference is unknown. The core mechanism of the efflux regulation is to 
reduce the concentration of the antibiotic in the bacterial cytoplasm and marR and 
acrR regulate expression of the AcrAB-TolC transmembrane efflux pump (Fralick, 
1996). This raises the possibility that drug efflux is directly connected with the 
process of plasmid conjugation, or alternatively that changes in transcription 
associated with loss of these regulators indirectly have an effect on the process of 
conjugation.  
 
Future perspectives 
This study suggests that there might be connection between regulating drug efflux and 
the process of conjugation. The details of this connection will be the subject of future 
studies. The immediate clinical implication is that there may be a molecular biological 
explanation for the correlation between fluoroquinolone resistance and the presence of 
ESBL plasmids in E. coli isolates. However, the results presented in the project refer 
only to pUUH239 and further experiments will be required to determine whether they 
can be generalized to other ESBL plasmids.  
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Materials and methods  

 
Bacterial strains 
8 Initial strains are chosen for doing this project and constructing new strains. They 
are isogenic variant strains of MG1655 (which is coded as LM179 in Hughes’s lab). 
The 8 strains are listed in Table 1.. 
 
Measure MIC 
MICs of initial strains LM179, LM378, LM202, LM351, LM367, LM695, LM707, 
LM705 to ciprofloxacin and strains LM179, CH713 to cefotaxime and tetracycline, 
were measured using E-test strips according to instructions from the manufacturers 
(AB Biodisk, Solna). 
 
Measuring plasmid maintenance 
a) Strains CH713, CH714, CH715, CH717, CH718, CH719, CH720 were cultured 

over night (16 h) in 1ml LB + CT (20 μg/ml) + TC (20 μg/ml) avoided light in 37

℃ keep shaking. 3 independent experiments were done. 

b) Serial dilutions were done to 10-1, 10-2, 10-3, 10-4, 10-5, 10-6 folds by 0.9% NaCl, 
then plated 100μl proper dilution on LA and LA + TC (20 μg/ml) plates and 

cultured in 37℃to make sure beginning with 100% bacteria contain pUUH239 

plasmid. 

c) 1μl of each over night strain culture was passaged to 1 ml fresh LB liquid in 37℃

keep shaking everyday.   
d) After culturing over night every day, serial dilutions were made by 0.9% NaCl, 

then 100μl proper dilution was plated on LA and LA + TC (20 μg/ml) plates and 

cultured in 37℃ every two days. 

e) Steps c and d were repeated until the 20th day, 1μl of each over night strain 
culture was passaged to 1 ml LB + CT (20 μg/ml) + TC (20 μg/ml) to start the 2nd 
cycle. 

f) Checked as step b. 
g) Step c and d were repeated till 18 days. 
 
Measuring conjugation frequency 
a) CH712 were cultured in 4ml LB + CT (20 μg/ml) + TC (20 μg/ml) liquid medium 

in 37℃ as donor stain, and LM179, LM378, LM202, LM351, LM367, LM695, 

LM707, LM705 were cultured in 1ml LB respectively in 37℃ over night (16h) as 

recipient strains. 
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b) Over night cultured CH712 was washed twice by LB (6000 rpm, 5 min). 
c) CH712 was resuspended in 3ml LB 
d) LM179, LM378, LM202, LM351, LM367, LM695, LM707, LM705 were diluted 

10 fold.  
e) 100μl CH712 were taken and mixed with equal volume of 10 fold diluted 

LM179, LM378, LM202, LM351, LM367, LM695, LM707, LM705 respectively. 

f) 50μl each mixture was doted on a filter on LA plate and incubated in 37℃ for 3h 

g) The filters were spined in 1ml 0.9%NaCl for 30sec. 
h) Serial dilutions were made by 0.9%NaCl and plated 100μl proper dilution on M9 

+ TC (20 μg/ml) + CT (20 μg/ml) plates, LA + TC (20 μg/ml) plates and M9 
plates.  

i) Incubate the plates in 37℃ until colony shows. 

 

Acknowledgements 

I wish to express my appreciation that Diarmaid Hughes gave me the precious 
opportunity to do this interesting project. Thank you for all the patient explaining and 
valuable discussion, and taking such good care of me in your lab! Also I would like to 
thank Cao Sha, my very good co-supervisor also good friend, you often showed me 
some lab technique hand by hand and always helped me to analysis and discuss and 
solve problems! I would also like to thank Jessica Bergman, you are so warm-hearted 
and the kindness you gave me was very helpful when I needed it! Thanks to all the 
other people in Diarmaid’s group for the happy work atmosphere! 



23 
 

References 

 
Andersson, D.I., and Hughes, D. 2009. Gene amplification and adaptive evolution in 
bacteria. Annual Review Genetics 43:167-195. 
 
Andersson, D.I., and Hughes, D. 2010. Antibiotic resistance and its cost: is it possible 
to reverse resistance? Nature Reviews Microbiology 8:260-271. 
 
Boxall, A.B.A. ,Kolpin, D.W., Halling-Sorensen, B. and Tolls, J. 2003. Are veterinary 
medicines causing environmental risk? Environmental Science and Technology 
37:286A–294A. 
 
Comroe, J.H. Jr. 1978. Pay dirt: the story of streptomycin. Part I: from Waksman to 
Waksman. American Review of Respiratory Disease. 
 
EMEA/CVMP. 1999. Antibiotic resistance in the European Union associated with 
therapeutic use of veterinary medicines. Report and qualitative risk assessment by the 
committee for veterinary medicinal products. 
 
European Federation of Animal Health (FEDESA). 1997. Antibiotics and Animals. 
FEDESA/FEFANA Press release. Brussels, Belgium. 
 
European Federation of Animal Health (FEDESA). 2001. Antibiotic use in farm 
animals does not threaten human health. FEDESA/FEFANA Press release. Brussels, 
Belgium. 
 
Fralick, J.A. 1996. Evidence that TolC is required for functioning of the Mar/AcrAB 
efflux pump of Escherichia coli. The Journal of Bacteriology 178:5803–5805. 
 
Jacoby, G.A. 2005. Mechanisms of resistance to quinolones. Clinical Infectious 
Diseases 41 (2): S120-S126. 
 
Kummerer, K. 2003. Significant of antibiotics in the environment. Journal of 
Antimicrobial Chemotherapy 52:5-7. 
 
Kummerer, K. and Henninger, A. 2003. Promoting resistance by the emission of 
antibiotics from hospitals and households into effluent. Clinical Microbiology and 
Infection 9:1203–1214. 
 
Knothe, H., Shah, P. and Kremery, V. 1983. Transferable resistance to cefotaxime, 
cefoxitin, cefamandole and cefuroxime in clinical isolates of Klebsiella pneumoniae 
and Serratia marcescens. Infection 11: 315-7. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andersson%20DI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hughes%20D%22%5BAuthor%5D
http://en.wikipedia.org/wiki/American_Review_of_Respiratory_Disease
http://www.springerlink.com/content/g4r4734xk8148r1u/
http://www.springerlink.com/content/g4r4734xk8148r1u/
http://www.springerlink.com/content/g4r4734xk8148r1u/
http://en.wikipedia.org/wiki/Serratia_marcescens


24 
 

Komp Lindgren P., Marcusson, L.L., Sandvang, D., Frimodt-Møller, N. and Hughes, 
D. 2005. Biological cost of single and multiple norflpxacin resistance mutations in 
Escherichia coli implicated in urinary tract infections. Antimicrobal Agents 
Chemotherapy 49:2343-2351. 

Komp Lindgren, P., Karlsson, Å. and Hughes, D. 2003. Mutation rate and evolution 
of fluoriquinolone resistance in Escherichia coli isolates from patients with urinary 
tract infections. Antimicrobal Agents Chemotherapy 47:3222-3332. 
 
Lederberg, J. and Tatum, E.L. 1946. Gene recombination in E. coli. Nature 158:558. 
 
Marcusson, L.L., Frimodt-Møller, N. and Hughes, D. 2009. Interplay in the selection 
of fluoroquinolone resistancenand bacterial fitness. PLoS Pathog 5(8):e1000541. 
 
Madigan, M.T., Martinko, J.M., Dunlap, P. and Clark, D.P. 2009. Brock Biology of 
Microorganisms, 12th ed. Pearson International Edition. 
 
Martinez, J.L. 2008. Antibiotics and antibiotic resistance genes in natural 
environments. Science 321:365-367. 
 
Paterson, D.L. and Bonomo, R.A. 2005. Extended-spectrum beta-lactamases: A 
clinical update. Clinical Microbiology Reviews 18:657-686. 
 
Pitout, J.D., Nordmann, P., Laupland, K.B. and Poirel, L. 2005. Emergence of 
Enterobacteriaceae producing extended-spectrum beta-lactamases (ESBLs) in the 
community. Journal of Antimicrobial Chemotherapy 56:52-9. 
 
Rice, L.B. 2009. The clinical consequences of antimicrobial resistance. Current 
opinion in microbiology 12:476-481. 
 
Russi, S., Boer, R. and Coll, M. 2008. Plasmids: Current Research and Future Trends. 
Chapter 6: Molecular machinery for DNA translocation in bacterial conjugation. 
Caister Academic Press.  
 
Teresa, M.B. and Stuary, B.L. 2000. Differential expression of over 60 chromosomal 
genes in Escherichia coli by constitutive expression of MarA. Journal of Bacteriology 
3467–3474. 
 
Turkdogan, F.I. and Yetilmezsoy, K. 2009. Appraisal of potential environmental risks 
associated with human antibiotic consumption in Turkey. Journal of Hazardous 
Materials 166:297-308. 
 
Wise, R. 2002. Antimicrobial resistance: priorities for action. Journal of 
Antimicrobial Chemotherapy 49: 585–586. 

javascript:AL_get(this,%20'jour',%20'PLoS%20Pathog.');
http://www.horizonpress.com/pla


25 
 

 
Yolanda, P. and Vicente, A. 2007. Fluoroquinolones in soil-risks and challenges. 
Analytical and Bioanalytical Chemistry 387(4):1287-1299. 
 
 

http://www.springerlink.com/content/?Author=Yolanda+Pic%c3%b3
http://www.springerlink.com/content/?Author=Vicente+Andreu
http://www.springerlink.com/content/1618-2642/
http://www.springerlink.com/content/1618-2642/387/4/

