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Introduction 

Microbial organisms are ubiquitous, essential components of all ecosystems and 

have evolved in over more than 3.8 billion years to their present variety [1]. 

Although largely invisible to the eye, prokaryotes and lower eukaryotes are an 

essential component to the earth’s ecological system. The complex and diverse 

metabolism of microbes performs indispensable transformations in the 

biogeochemical cycles of the biosphere and the production of important 

components of the earth’s atmosphere [2]. Bacteria and fungi have major roles 

in food production and nutrient recycling and microbial communities reside on 

our skin, and in our mouth, esophagus, stomach, colon, and vagina [3].  

Microbes have the ability to survive using a diverse set of strategies to 

dominate, co-exist, or compete for nutrients. Both bacteria and fungi do not live 

in isolation, they exist in large communities. Complex multicellular structures 

observed during the formation of biofilms demonstrate the possibility of single 

cells to interact and communicate with each other through the production and 

excretion of signaling molecules. Signaling has been shown to occur on an 

intra- and interspecies level and can present both cooperative or selfish behavior 

[4]. Signaling molecules are mostly produced and used by microbes for 

increased nutrient acquisition, survival in specific environmental niches, 

protection or as weapon against competitors [5]. Components belonging to the 

functional class of antibiotics are able to kill or inhibit microbial growth of 

potential competitors. The main action of antibiotics was thought for a long time 

to be solely harmful to other organisms. Since the beginning of the 21st century 

more and more evidence exits that antibiotics are not only weapons against 

competitors. Antibiotics have been shown to trigger altered gene expression in a 

concentration dependent manner, whereby every component induces a very 

specific microbial response and can be toxic at high concentrations [6]. In the 

thesis we will focus on prokaryotes (bacteria) and their interactions with 

antibiotics. 

The discovery and introduction of manmade antibiotics in the 1930s 

initiated a period of drug innovation and utilization in the clinical and 

agricultural sector. But soon after the introduction, antibiotic resistant bacteria 

appeared in hospitals, where initially most antibiotics were being used [7]. 

Antibiotics are commonly used for the treatment of infectious diseases. Such 
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antimicrobials are also applied as prophylaxes for reducing the risk of infection 

resulting from complex medical interventions, such as organ transplants and 

cancer chemotherapy [8]. 

In addition, antibiotics were introduced in the agricultural sector for non-

therapeutic purposes as growth promoters to improve food conversion [8]. With 

the dramatic increase of antibiotic use in the past 80 years, microbes have 

evolved strategies to become and remain drug resistant. Bacteria can get 

resistant through phenotypic adaptation, mutation or the transfer of mobile 

elements in order to protect or substitute the drug target, detoxify the cell 

through increased efflux or prevent the drug accumulation inside the cell (table 

1). For instance, β-lactam antibiotics impede proper biosynthesis of the cell 

wall. Some bacterial species are able to induce overproduction of enzymes, so 

called β-lactamases, that can hydrolyze this drug. Other organisms can profit 

from the transfer and expression of mobile elements that encode for β-

lactamases. Resistance to the antibiotic class of quinolones is mainly brought 

about by alterations of the drug target. As quinolones bind to the enzyme gyrase 

which is involved in DNA replication, resistance can evolve by mutations that 

change the quinolone binding pocket and thus prevent inhibition of the gyrase 

activity. In addition, decreased expression of porins or increased expression of 

multidrug efflux pumps results in a reduced accumulation of the drug inside the 

cell.  

Nowadays, resistance has become a threat to human health as only very few 

last resort antibiotics are available that still show antimicrobial activity against 

resistant strains from common pathogens. As innovative strategies or new 

antimicrobial components are lacking, international organizations, such as the 

World Health Organization (WHO), and researchers raise alarms about the 

increasing number of drug resistant microbes [9, 10]. The European 

Commission estimated in 2011 that within the EU antibiotic resistance caused 

25,000 human deaths annually and extra healthcare costs and productivity losses 

of at least € 1.5 billion [8]. 
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Table 1. Modes of action and resistance of commonly used antibiotics adapted from 
reference Morar and Wright (2010) [11]. 

 
Drug resistance is not exclusively a recent phenomenon. The metagenomic 

analysis of ancient DNA isolated from 30,000-year-old Beringian permafrost 

sediments demonstrated the existence of a highly diverse collection of genes 

encoding resistance to β-lactam, tetracycline and glycopeptide antibiotics [12]. 

The dramatic overuse of antibiotics in the past 80 years created a selective 

pressure for antibiotic resistance genes that have since then spread among a 

variety of different bacterial species and over long distances. The tetracycline 

conferring resistance gene tetM, for example, was found in staphylococci, 

streptococci, enterococci, clostridia, listeria and enteric bacteria [13]. A broad 

host range plasmids, like the RP1 that encodes resistance to ampicillin, 

tetracycline and kanamycin and that originated in a species of Pseudomonas, 

enables the transfer of (multiple) resistance determinants to most, if not all 

Gram-negative bacteria [14]. 

Antibiotic class Example Target Mode(s) of resistance 

β-lactam Penicillins 
(ampicillin, 
amoxicillin); 
Cephalosporins 
(cephamycin) 

Peptidoglycan 
biosynthesis 

Hydrolysis, efflux, 
altered target 

Quinolone Enrofloxacin, 
Ciprofloxacin 

DNA replication Acetylation, efflux, 
altered target 

Tetracycline Minocycline, 
Tigecycline 

Translation  Monooxygenation, 
efflux, altered target 

Aminoglycoside Gentamicin, 
Streptomycin 

Translation Phosphorylation, 
acetylation, 
nucleotidylation, efflux, 
altered target 

Glycopeptide Vancomycin, 
Teicoplanin 

Peptidoglycan 
biosynthesis 

Reprogramming 
peptidoglycan 
biosynthesis 

Macrolide Erythromycin, 
Azithromycin 

Translation Hydrolysis, 
glycosylation, 
phosphorylation, efflux, 
drug target 
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To understand why we face an epidemic of antibiotic resistant bacteria the 

following sections will be used to highlight (1) factors that increase the 

antibiotic concentration in the environment and (2) genetic and physiological 

effects of antibiotics that drive the acquisition of resistance.  

 

1. Factors that increase the antibiotic concentration in the environment 

1.1. Overuse and misuse in hospitals 

Human health care faces increasing emergence and spread of antibiotic resistant 

bacteria worldwide. In many cases, only few antimicrobials remain for effective 

treatment. In particular methicillin-resistant and vancomycin-tolerant 

Staphylococcus aureus and gram-negative bacteria producing extended 

spectrum β-lactamases (ESBLs) with resistance to multiple other antibiotics 

pose a threat to human health [15]. Because of their ability to cure infections, 

antibiotics have become indispensable. At the same time there is a substantial 

unnecessary use of antimicrobial compounds, effectively selecting for resistant 

microbes [16]. Inadequate treatment can be avoided by clinicians who ensure 

the selection of the appropriate antimicrobial with activity against the identified 

pathogen. A clinicians duty must be that antibiotic administration follows 

requirements such as adequate dosing, proper interval administrations and 

avoidance of unwanted drug interactions and patients should adhere strictly to 

the instructions they receive from their prescribing physicians [15]. Misuse of 

antimicrobial compounds could be avoided by educating staff and by focusing 

on improving adherence to guidelines for the use of antimicrobial agents.  

Unfortunately, misuse of drugs is still a widespread and common 

phenomenon. For example, Werner et al. (2011) showed that 39% of all 

requested therapeutic fluoroquinolones were inappropriate among hospitalized 

patients in the MetroHealth Medical Center (Ohio, US), whereby the most 

frequent errors were deviation from standard use for viral or non-infectious 

diseases and inappropriate length of treatment [17]. Despite the intention to cure 

patients, 27% of treatment showed even adverse effects including 

gastrointestinal problems, colonization by resistant pathogens, or Clostridium 

difficile infection. The misuse of antibiotics does not leave the host unaffected, 

even though the individual might seem healthy. The effect of ciprofloxacin 

treatment of a usual 5 days course on 3 healthy individuals showed a dramatic 
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and immediate antibiotic induced decrease in the phylogenetic diversity of the 

microbial gut ecosystem. Abundance of about a third of the bacterial taxa was 

affected [18]. The bacterial community was reassembled after approximately 4 

weeks, but several taxa did not recover within 6 month. 

The widespread use of antibiotics has most likely already induced changes 

in the human microbiome. In 2009, Sommer et al. investigated the microbial 

community of 2 unrelated healthy individuals who had not been treated with 

antibiotics for at least one year [19]. Half of the identified resistance genes in 

aerobic cultured isolates were identical to the ones found in major pathogens, 

even though this fraction represents only a small subset of the gut community. 

The pure existence of these resistance genes in healthy individuals can result in 

rapid enrichment, selection and further spread of resistance upon antibiotic 

exposure.  

The reduction of excessive antibiotic use in hospitals is beneficial in the 

battle against the emergence of antibiotic resistance. Restricting fluoroquinolone 

usage to its minimum in an intensive care unit for 6 months resulted in a 75.8% 

reduced prescription rate of this antibiotic class [20]. Subsequently, the 

frequency of resistant P. aeruginosa dropped from 71.3 to 52.4%. Several 

studies showed similar trends upon the limitation of antibiotic usage indicating 

that restricting is an intervention of prime importance [21-23].  

After their use in man, antimicrobials enter the sewer system. Depending on 

their polarity, water solubility and persistence, antibiotics are released into 

rivers or accumulate with sewage sludge [24]. Transfer of resistance conferring 

plasmids has been demonstrated to occur in aquatic environments, such as 

seawater [25]. Individual drug concentrations in the aquatic environment are 

found to be rather low [26, 27], but the additive effect of antibiotics sharing the 

same mode of action could present a stressful environment for sensitive 

bacteria, inducing cellular protection mechanisms or bacterial mutagenesis (see 

section 2.2) and in turn select for resistance.  

 

1.2. Overuse in agriculture 

Antibiotics are commonly administered to food-animals for prophylactic and 

therapeutic use. Subtherapeutic quantities of antibiotics are also administered in 

many countries to healthy food-animals as it enhances the growth rate and feed-
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to-weight ratio for poultry, swine, and beef cattle [28, 29]. Soon after the 

introduction of antibiotics in livestock in the 1950s a warning against evolving 

resistance was issued in response to the discovery of transferable 

oxytetracycline resistance in Salmonella enterica Serovar Typhimurium [30]. 

Another wakeup call in the early 1990s was the link between growth promoting 

avoparcin usage and glycopeptide-resistant enterococci isolated in humans and 

this has led to a reduction of antibiotics in livestock all over Europe [31, 32]. 

Resistance genes can be transferred to the microbiota of farm workers that can 

pass them on to family members [33, 34]. 

Reduction in antibiotic usage for food-animals has been shown to reduce 

resistance level in microbes. In Denmark, for example, 73% of Enteroccocus 

faecium isolates in broiler chickens were vancomycin-resistant before growth 

promoting antibiotics were prohibited. Following a ban in 1997, the resistance 

level dropped to 6% in 2000 [35]. This and similar outcomes resulted in the ban 

for the use of all antibiotics as growth promoting agents in 2006 all over 

Europe. In the Netherlands the total sales of antibiotics for veterinary use 

dropped from 519 tons in 2009 to 244 tons in 2012, corresponding to an overall 

decrease of 53% that has been observed across all life stock sectors [36].  

Unfortunately, the drastic reduction of antibiotic usage for food-animals 

does not solve the worldwide threat of antimicrobial resistance overnight. If 

there is no reservoir for susceptible bacteria available to recolonize the host, 

elimination of resistance determinants occurs very slowly, if at all. Frei et al. 

(2001), for example, demonstrated that gram-positive bacteria isolated from 

intestines of broilers were resistant to bacitracin, even though only their parental 

generation was treated with this drug. This study illustrates the possibility of the 

transfer of resistance determinants to descendants without any antibiotic 

pressure and shows the difficulty of eliminating resistance genes from the 

environment [37]. 

Evaluations about antibiotic usage in food-animals vary widely, whereby 

estimates indicate that 50 - 80% of the total antibiotic production is still 

consumed in livestocks [38]. After the ban on using antibiotics as growth 

promoters in the EU, more therapeutic antimicrobials had to be used in some 

countries in order to control animal diseases. In Denmark, for example, it was 

reported that after an initial halving of antibiotic usage in food animals, the 
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amount of therapeutic antimicrobials increased again by more than 10% over 

the last ten years [39]. Once administered, veterinary antibiotics are excreted 

through animal urine and feces and are often not entirely removed during 

sewage treatment [40], causing accumulation of resistance genes in the soil. In 

the Netherlands, for example, the abundance of 18 different major antibiotic 

resistance gene classes found in the soil increased in the last 70 years [41]. 

Especially tetracyclines were found to be at least 15 times more abundant than 

in 1970 demonstrating the clear link between overuse of antibiotics and the 

accumulation of resistance determinants in the environment. Hamscher et al. 

(2002) studied the distribution and persistence of antibiotics in a field fertilized 

with liquid manure and detected average concentrations of tetracycline of 172 

µg/kg soil at a depth of 30 cm one month after manure application [42]. The fate 

of antibiotics in the soil or groundwater strongly depends on their physical and 

chemical properties. Many substances, such as tetracyclines, are polar and 

barley soluble in water [43]. Thus, antibiotic contamination in aquatic 

environments due to manure application may be restricted to only some 

antibiotic classes. Nevertheless, existence of only small amounts of antibiotics 

in soil can result in the selection of resistant bacteria.  

Food animals can harbor antibiotic resistant bacteria that may spread to soil, 

ground and surface water through the use of manure on agricultural fields [44-

46]. Even though these bacteria might not persist in the environment for a long 

time, resistance conferring genes may be transferred to resident soil 

microorganisms through conjugation. As only less than 1% of the soil bacteria 

are cultivable [47], quantification of horizontal transfer events occurring in soil 

is difficult. Studies using cultivatable organisms or phylogenetic analysis, 

however, suggest that the soil presents a huge reservoir for the transfer of 

resistance genes between bacteria [48, 49]. In addition, many food-borne 

pathogens can end up on meat products during slaughter. Thus, consumers of 

meat are threatened through mishandling of raw meat or insufficient cooking. 

The consumption of raw vegetables grown on manure treated fields turns out to 

be a route of human exposure to antibiotic-resistant bacteria as well [50-52]. 

However, Abriouel et al. (2008) showed that enterococcal isolates from fruits 

and vegetables were much less antibiotic resistant compared to clinical isolates 

[53]. The cycle of treating animals with antibiotics and applying untreated 
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manure on croplands results in spread of resistance genes to indigenous soil 

bacteria through horizontal gene transfer, a dissemination route that could 

transfer resistance back to humans as illustrated in figure 1. The use of similar 

antibiotics in the agricultural and medical sector increases the possibility of 

selection and transfer of resistance genes between animals and man even more. 

Mobile resistance elements, virulence genes and the genomic backbone 

identified in both sectors show significant genetic similarities [54, 55]. 
 

Figure 1. Environmental and social factors driving the acquisition of resistance to 
antibiotics in bacteria. 

 

1.3. Social issues and public misuse 

The increase in internet access enables humans around the globe to order and 

obtain medicines anonymously without consultations with clinicians. Drugs can 

be advertised through the internet and the medical guidance offered is usually of 

low quality. The resulting increase in self-medication selects for resistant 

microbes. Usage in countries with less restrictions regarding drug prescriptions 

and lower costs counters the effect of adherence to strict guidelines elsewhere. 
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Morgan et al. (2011) demonstrated that self-medication and non-prescribed 

antimicrobials are associated with the choice of an inappropriate drug itself, but 

also incorrect dosing [56]. Mostly, inappropriate behavior can be attributed to 

the lack of awareness of the potential consequences [57]. Studies focusing on 

the link between awareness and behavior in European countries showed that 

awareness of antibiotic resistance was lowest in countries facing the highest 

rates of antibiotic resistant microbes. In 2011 the north-south gradient of E. coli 

isolates resistant to third-generation cephalosporins ranged from 3% in Sweden 

to 36% in Cyprus [58].  

Even if people are aware of the problem, international travel contributes to 

the spread of resistant microbes around the globe [59]. A very clear example of 

how international travel can contribute to the spread of resistant pathogens in 

globally distant areas is illustrated by the New Delhi metallo-β-lactamase 1 

(NDM-1). In 2008, NDM-1 was first characterized in isolates of a K. 

pneumoniae and E. coli recovered from a Swedish patient who has been 

hospitalized earlier in New Delhi, India [60]. NDM-1 was produced both by a 

K. pneumoniae isolate from urine and a faecal E. coli isolate from the same 

patient indicating the occurrence of in vivo transfer. Acquisition of the NDM-1 

lactamase compromises the efficacy of almost all β-lactams, including 

carpabenemes that are known as the last resort β-lactams [61]. The 

epidemiological link between NDM-1 and the Indian subcontinent was further 

strengthened by additional isolation of NDM-1 producers from patients in India, 

Pakistan and the UK, whereby many of the UK hospitalized patients had been 

travelling to India or Pakistan within the past year [62]. Up to now, NDM-1 

positive isolates have been reported in 40 countries covering all continents 

except Antarctica, illustrating that the threat of antibiotic resistance transcends 

national borders [63]. Controlling this epidemic spread of NDM-1 and other 

resistance genes requires cooperation between health authorities and elaborate 

strategies to slow down evolution and spread of bacterial resistance. 
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2. Genetic and physiological effects of antibiotics that drive the acquisition 

of resistance 

2.1. Phenotypic heterogeneity 

Antibiotic exposure induces phenotypic and genotypic heterogeneity across an 

isogenic culture [64]. High drug concentrations kill the vast majority of bacteria 

within a bacterial population. A small portion of dormant and refractory 

sensitive bacteria, so called persister cells, remain [64-67]. In contrast to 

resistant bacteria, persisters do not show genetic changes related to resistance, 

whereby tolerance to high drug concentrations is supposed to predominantly 

arise from physiological processes [68]. Regrowth of persisters and subsequent 

drug exposure results in a killing curve identical to that of the original bacterial 

population indicating that the trait is not inherited by the progeny of persisters 

[69]. The phenomenon of transient and non-inherited drug tolerance was mainly 

overlooked, as microbial residues can be eliminated by the host immune system 

in the majority of cases. However, if the antibiotic fails to effectively reach at 

least some cells in vivo or the drug level drops, one single surviving bacterium 

can restart a new cycle of infection and cause a chronic or relapsing disease 

[66]. Because of the low frequency of 10-5 surviving tolerant cells in 

populations of E. coli or P. aeruginosa and the metastable phenotypic tolerance, 

studying persister cells is still challenging [66]. Even though the phenomenon of 

surviving Staphylococcus colonies upon penicillin treatment was first recorded 

in the early 1940’s [67, 70], breakthrough in persister research was reported 

only 40 years later. Moyed and Bertrand (1983) succeeded in isolating persister 

mutants known as hip that exhibit an increased abundance of cells in the 

persister state compared to its E. coli K-12 parental strain [71]. Analysis and 

mapping of this gene locus revealed the contribution of the hipAB operon in the 

formation of persisters. Overexpression of the protein kinase HipA triggers 

growth arrest due to the synthesis of ppGpp by the enzyme RelA. As a 

consequence macromolecular synthesis is inhibited in E. coli, causing growth 

arrest, and enabling resistance to antibiotics which only kill during growth, such 

as β-lactams [72]. The phenomenon of persistence, as well as the underlying 

molecular mechanisms and its relevance within a culture is still under 

discussion and far from being fully understood. An alternative model suggests 

that persistence results from distinct and varying cellular physiologies or 
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processes occurring in every bacterial population [68, 73]. Stochastic 

fluctuations within a culture that is facing high drug dosage could display a 

strategy of cells evading antibiotic lethality by occupying different mechanisms 

and associated phenotypes. In general, heterogeneity of growth rates within an 

isogenic culture and especially after prolonged antibiotic treatment might have 

an important impact on the evolution of antibiotic resistance as well. 

 

2.2. Mutator strains and antibiotic induced mutagenesis  

Genetic changes introduced by spontaneous mutations are a major driver of 

bacterial evolution and adaptation. Success and persistence of mutant variants 

within a bacterial population strongly depends on the cost and benefit of the 

particular mutation on the overall fitness of the variant. E. coli K-12 has a rate 

of deleterious mutations per genome per replication of 2 x 10-4 [74]. The rate of 

beneficial mutations however was found to be only 4 x 10-9 [75]. Because most 

mutations are neither beneficial nor lethal, bacteria prevent excessive 

accumulation of genetic changes by using complex DNA repair mechanisms, 

such as the mismatch repair system (MMR), lowering the replication error rate 

to 10-9 to 10-11 per base replication [76, 77]. Common infections can contain 

1010 organisms and therefore hundreds of resistant cells can be already present 

prior to administration of the antibiotic [78]. Deactivating genes involved in the 

MMR results in 102- to 104-fold increased mutation rates [79, 80]. Changes in 

the genome by mutations are not exclusively linked to actively dividing cells as 

it was assumed in early studies of Luria and Delbrück [81]. It now has been 

shown that mutations may occur also in non-dividing cells and are then 

commonly known as adaptive mutations or stress induced mutagenesis [82, 83]. 

Like phenotypic heterogeneity, increased genetic variability under stressful 

conditions could display another strategy of cells evading antibiotic lethality. 

Modulating mutation rates within a population can increase the probability of 

generation of successful adaptive mutations. Highly variable mutation rates 

result in the so-called mutator phenotype that has been observed at an 

unexpectedly high frequency of at least 1% in pathogenic strains of E. coli and 

S. enterica [84]. As mentioned earlier, most of the introduced mutations are not 

beneficial. Selection should therefore drive the occurrence of mutator strains to 

its lower limit [85]. 
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However, Blazquez et al. (2003) reported a prevalence of mutator mutants 

up to 20% in pathogenic Pseudomonas isolated from the lungs of patients 

undergoing antibiotic therapy [86]. This suggests that natural isolates are 

exposed to situations where mutator phenotypes confer a selective advantage 

[87]. Prolonged antibiotic therapy may select for mutator alleles and can be the 

cause for the emergence of antibiotic resistant bacteria that exhibit mutations in 

multiple gene loci. 

Mutation rates can be modulated on the population level by selecting 

mutator bacteria over non-mutators or by induction of the bacterial stress 

response [87]. Many kinds of stress can result in genetic changes, including 

Single Nucleotide Polymorphisms (SNP), deletions and insertions [88, 89], 

variations in copy number [90], chromosomal rearrangements [91] and 

movement of mobile elements [92]. Within the last 20 years multiple studies 

proved that bacteria are not only passively waiting for the optimal set of 

mutations to appear, but instead are able to induce transient mutagenesis 

mechanisms in response to stress. One of these mechanism is the SOS response 

that has recently been reviewed by Baharoglu and Mazel (2014) [93]. Briefly, 

the SOS response is activated by the formation of single-stranded DNA 

(ssDNA) which can be caused by multiple events, such as DNA damage or 

stalled replication. After the RecA coprotease has bound to the ssDNA in the 

damaged region, the produced filament catalyzes the auto-proteolysis of the 

repressor LexA. Derepression of the SOS regulon, comprised of about 40 genes 

in E. coli [94], initiates expression of the error-prone DNA polymerases Pol-II, 

DinB (Pol-IV) and UmuCD (Pol-V), which are responsible for increased 

mutation rates [95].  

Another mechanism of induced mutagenesis depends on the accumulation 

of RpoS, a specialized sigma factor, and is reviewed in [96]. RpoS-dependent 

gene expression upon stress, nutrient deprivation or entering the stationary 

phase increases resistance not only to the encountered stress, but also to other 

stressful treatments. RpoS interacts with the RNA polymerase and regulates 

directly or indirectly about 500 genes in E. coli, which correlates to 

approximately 10% of the whole genome [97].  
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2.3. Biological cost of mutations conferring antibiotic resistance 

The success of mutations among a population does not only depend on the 

benefits, but also on the biological cost. Experimental studies of the cost of 

resistance have focused on comparing growth rates, survival and the 

competitive performance of susceptible and resistant cells [98]. A number of 

studies reported fitness costs due to chromosomal mutations or plasmid carriage 

[99-101], but the existence of resistance with low or no biological cost [100] 

indicates that the fitness burden of resistance can vary depending on external 

conditions. 

The epidemic of antibiotic resistance in bacteria observed nowadays would 

not occur if every additional mutation that contributes to resistance further 

reduced the strains fitness. Moreover, success of the paired genetic changes is 

strongly affected by the degree and strength of the genetic interaction itself, so 

called epistasis [102]. Interaction between underlying phenotypes causing 

epistasis can be positive in the case of beneficial mutations or negative caused 

by deleterious mutations [103]. A vast majority of allelic combinations 

conferring resistance to different classes of drugs were found to exhibit positive 

epistasis [104, 105]. Thus, the cost of double mutations was smaller than the 

expected cost of each individual and independent mutation. Fitness benefits of 

mutations in the absence of antibiotic pressure [105] preserve mutants even 

when antibiotic usage is reduced. The occurrence of positive epistasis can 

prolong the time expected for elimination of (multi-)drug resistant bacteria in a 

culture. For example, Trindade et al. (2009) demonstrated that some double 

resistances entail no measurable fitness cost, in contrast to the individual 

resistance [104]. Hence reducing solely the antibiotic usage is not likely to 

result in a proportional lowering of resistance levels. Moreover, underlying 

epistatic mechanisms that stabilize the resistant population and restore bacterial 

fitness can result in increased persistence of multi-resistant bacteria in the 

environment, even if the antibiotic pressure is inexistent. 

 

2.4. Random drift and clonal interference 

The accumulation of beneficial mutations is the major driver of adaptation and 

evolutionary processes towards antibiotic resistance. Whether a mutation gets 

fixed in a population is influenced by several factors. First, random genetic drift 
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can affect the diversity of the outgrowing population. Most mutations are lost if 

they occur only at low frequency [106]. In large populations random drift is 

generally considered weak compared to selection [106]. However, random drift 

is believed to play an important role in populations adapting to novel 

environments starting with a small population size. 

Muller (1964) postulated in the context of sexual reproduction that when a 

beneficial mutation reaches a frequency that is high enough, selection dynamics 

become more dominant [107]. If two or more mutations arise in the same 

population, sexually reproducing organisms can recombine to form a fitter 

double mutant. In asexual populations, however, individuals with the highest 

fitness will spread most in the population. Another important fact is the cost of 

each mutation in one individual of the population. Thus, even mutations with a 

large effect on resistance could be outcompeted unless they appear in a genetic 

background supported by compensatory mutations. This so-called ‘clonal 

interference’ between beneficial mutations has several consequences in asexual 

populations for the dynamics of evolution towards antibiotic resistance [106, 

108]. With increasing mutation rate or population size, the chance of fixation of 

the beneficial mutation declines, therefore to be successful, substitutions should 

entail larger fitness gains [109, 110]. However, small effect mutations are more 

common than mutations resulting in larger fitness gains [75]. Thus, double 

mutants have a higher probability to get fixed in a population and large asexual 

populations routinely harbor triple or quadruple mutations [111]. Whether and 

when a single mutation or multiple mutations become dominant in the 

population mainly depends on mutation rate and population size [112]. The 

effect of clonal interference can be studied under laboratory conditions by 

continuous culturing or serial passaging of cells under defined conditions. Lang 

et al. (2013) illuminated the process of adaptation by using whole-genome and 

whole-population sequencing in 40 replicate cultures of Saccharomyces 

cerevisiae [89]. This study showed that individual evolving sub-populations 

harboring multiple genetic changes move synchronously through the population 

and compete with each other. Overall, clonal interference seems to represent an 

optimized adaptive strategy of asexual populations to deal with and rapidly react 

to changing and fluctuating environments.  
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2.5. Protection of a population’s sub-fraction by altruism  

The coexistence of sensitive, intermediate-resistant and highly resistant cells 

growing within a clonal population is well documented [113-115]. Gaining 

resistance conferring mutations at the cost of fitness by a few individuals can 

support the overall adaptation and resistance of the whole population when 

these produce and share the metabolite indole that is involved in stress signaling 

in E. coli [115]. In response to this signal, more sensitive cells overproduced 

drug efflux pumps and induced oxidative stress-protective mechanisms. Thus, 

more sensitive cells were able to survive high drug dosages that would have 

killed them without the support of the more resistant ones (figure 2a). 

Enhancing the survival capacity of more sensitive cells increases the diversity 

within a population. This evolutionary strategy preserves the potential for the 

population to rapidly return to its genetic origin upon drug removal.  

Bacterial growth within a self-produced polymer matrix can enhance 

antibiotic tolerance dramatically due to the exclusion of biocides from the 

bacterial community. This way a so-called biofilm is built-up consisting of 

polysaccharides, DNA and proteins and persistence of e. g. staphylococcal 

infections [116, 117]. A main characteristic of a biofilms structure is the 

heterogeneity within a population’s metabolic activity caused by the gradients 

of nutrients and oxygen within this biofilm [118-120]. Oxygen levels for 

example are high at the outer layers of the biofilm, but low in the center, 

affecting growth, metabolic activity and protein synthesis of bacteria.  

Biofilms offer protection against antibiotics (figure 2b). For example β-

lactam antibiotics act most effectively on rapidly dividing cells and hence are 

not suited to eradicate infections of Staphylococcus or Pseudomonas that are 

characterized by slow growth in biofilm structures [121, 122]. In addition, 

chromosomally encoded β-lactamases expelled into the biofilm matrix can 

degrade penicillin and similar antibiotics before they reach sensitive cells 

located in the biofilm center [123, 124]. Thus, multiple resistance mechanisms 

interact with each other to increase survival in biofilm structures upon drug 

exposure, whereby the outer layer of the biofilm protects the inner center. 
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Figure 2. Protection of a population’s sub-fraction by a) production of signaling 
molecules that induce cellular protection mechanisms and b) biofilm formation from 
antibiotic mediated killing. 

 

2.6. Dynamics of the selection for antibiotic resistance 

Increasing environmental antibiotic concentration, overuse and abuse enhance 

the selection of resistant mutants and the rate of mutation. If the bacterial 

population is not killed immediately by a given drug, cells are exposed to a 

stressful environment and the mutation rate increases. In 1990, Baquero 

described a dangerous range of drug concentrations in which resistant mutants 

were selected with highest frequencies [125]. The correlation of the drug 

concentration and the rise of resistant clones has been characterized extensively 

[78, 126]. When exposing bacteria to antibiotics at concentrations below the 

minimum inhibitory concentration (MIC) outgrowth might be slowed down, but 

the vast majority of the population is not killed and could build up resistance. 

Close to the MIC, the highest propensity for the evolution of resistant clones is 

observed [126, 127]. Further increase of the drug dosage results in a sharp drop 

of viable colonies. The steep decrease in mutant frequency occurs because 

concentrations above the MIC select against the wild-type and consequently the 

number of cells that can evolve into resistant mutants is lowered. At even higher 

drug concentrations intermediate resistant clones are challenged as well. If no 

resistant mutant can be detected, the drug concentration is high enough to 



Chapter 1 

24 

prevent resistant mutants from emerging (MPC, mutant prevention 

concentration). The drug dosage between the MIC and MPC is known as mutant 

selection window (MSW) and resistance is thought to primarily develop in this 

range of concentrations [78, 128, 129]. Antibiotic concentrations below the MIC 

induce de novo acquired resistance as well [127, 130-133]. For example, 

exposing cells to stepwise increasing and sublethal concentrations of three 

different antibiotics separately showed a rapid induction of de novo acquired 

resistance [130]. Within 15 days E. coli got highly resistant to amoxicillin, 

enrofloxacin and tetracycline. Upon removal of the antibiotic amoxicillin and 

enrofloxacin resistance was found to be permanent, indicating underlying 

genetic changes. Feng et al. (2014) showed in a similar approach that cells with 

reduced susceptibility to amoxicillin outcompeted the ancestor in vitro 

whenever antibiotics were present, even at relatively low concentrations [134]. 

Gullberg et al. (2011) reported that the mutant selection concentration (MSC) is 

dependent on the drug-bug combination and on the particular resistance 

mutation. In fact, a reduction of the drug concentration to 230-fold lower than 

the MIC caused enrichment of a particular ciprofloxacin resistant E. coli mutant 

[127]. In agreement with in vitro obtained data, emergence of resistance clones 

in vivo was shown to occur already at very low (2.5% of the therapeutic dose) 

drug dosages in the microbiota of chicken guts [133].  

Sublethal drug concentrations are not only selecting for de novo acquired 

resistance mutations, but also for transfer of resistance conferring genes through 

conjugation. For example, highest conjugation rates of a tetracycline resistance 

conferring plasmid were found to occur at moderate selection pressures [135]. 

Thus, the occurrence of intermediate or fully resistant sub-populations should be 

prevented by applying short and intensive drug treatments to avoid emergence 

and outgrowth of resistant clones. 

 

The research reported in this thesis was designed to identify factors driving 

the evolution and spread of resistance in bacteria. As reviewed above, the 

knowledge about the epidemiology on the one hand and the molecular 

mechanisms on the other hand is considerable. Less effort has been devoted to 

the kind of questions that would allow for the understanding of the 

epidemiology in the framework of the physiology and molecular biology of the 
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organisms involved. The first step towards this goal is to reveal the quantitative 

relationship between the antibiotic use and the acquisition and transmission of 

resistance. Subsequently, development of resistance to different antibiotic 

classes and overall molecular and physiological changes of the cell upon 

acquisition of resistance have to be addressed. Factors affecting the rate of 

transfer of plasmids carrying resistance genes must be identified as well. The 

combination of the different type of results provides a first step towards 

understanding the epidemiology of antibiotic resistance as a result of the 

ecology and physiology of the cell (figure 3). 
 
 

Figure 3. Schematic overview of cellular routes in order to circumvent antibiotic 
mediated cell death. This thesis focuses on the quantitative relationship between 
antibiotic usage and development and dissemination of antibiotic resistance in bacteria 
(framed box). 
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3. Thesis outline 

Development and spread of antibiotic resistance is a major health threat. The 

quantitative relationship between the usage of antibiotics and the development 

and transmission of resistance can identify driving forces of the evolution and 

spread of drug resistance. This insight may in turn provide starting points for 

improved treatment strategies. Chapter 1 reviews the widespread use of 

antibiotics and the occurrence of resistance genes in the environment focusing 

on the correlation between exposure to antibiotics and the rise of antibiotic 

resistance in the past 70 years. In addition, physiological and genomic factors 

are discussed that influence and drive the development and spread of resistance 

in bacteria.  

Acquisition of antibiotic resistance in bacteria is often associated with a 

metabolic burden, resulting in a decreased fitness compared to their susceptible 

counterparts in the absence of the antibiotic. Chapter 2 provides new insights 

on the potential of the model organism E. coli MG1655 to compensate for 

metabolic costs of antibiotic resistance. Changes in transcriptomic profiles of 

cells that were made resistant by stepwise increasing the antibiotic concentration 

are analyzed in the framework of physiological parameters. The overall 

outcome indicates that the effect of the acquisition of resistance consists not so 

much of an extra energy requirement, but more a reduced ecological range.  

Chapter 3 concentrates on the interrelationship between changes in gene 

expression and DNA mutations during the acquisition of resistance to 

amoxicillin, enrofloxacin and tetracycline. The response of sensitive cells to 

sub-lethal drug concentrations is compared to that of resistant cells. Mutations 

in resistance conferring regions are monitored during the buildup of amoxicillin 

and enrofloxacin resistance in order to study the evolutionary pathway leading 

to resistance. Additionally, the effect of subsequent drug removal was 

documented in enrofloxacin adapted bacteria by culturing resistant cells further 

without antibiotics and analyzing the transcriptomic, genomic and resistance 

profile. 

Based on the transcriptomic comparison discussed in chapter 2 and 3, 

selected gene candidates were studied in chapter 4 regarding their potential to 

influence the adaptation in response to increasing concentrations of amoxicillin, 

enrofloxacin and tetracycline. This study focusses on the role of the SOS 
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response, the transcriptional activator gadE, the outer membrane porin ompF 

and the transcriptional regulator involved in superoxide removal soxS in the 

adaptation process. In addition, the potential of E. coli to adapt to antibiotics in 

a non-optimal growth environment, such as a lowered pH and increased salt 

concentrations, is investigated. 

Chapter 5 concentrates on factors that influence the transfer rate of an 

antibiotic resistance conferring plasmid. As transfer of resistance genes from the 

agricultural sector to the human health care is a major health hazard, an ESBL-

carrying E. coli isolate from chicken meat is used as plasmid donor to study the 

influence of parameters, such as cell density, growth rate or antibiotic pressure 

on conjugation rates. Through the use of the Ion Proton next generation 

sequencing technology the resistance conferring plasmid is identified, as well as 

mutations in transconjugant cells that may compensate for plasmid carriage.  

Chapter 6 will summarize and discuss the outcomes obtained in this thesis 

project. Similarities and differences in the buildup of resistance to antibiotics 

belonging to different classes are discussed, as well as the role of adjusting 

central regulatory networks and cellular consequences of becoming resistant. 


