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Discussion 

Within this thesis, the de novo buildup of resistance to different classes of 

antibiotics and subsequent cellular consequences are investigated. The 

conducted research serves to establish a quantitative relationship between drug 

usage and the acquisition and transmission of resistance. Results obtained 

regarding molecular and physiological alterations in resistant cells are used to 

identify common drivers of the acquisition and transfer of resistance that will be 

discussed below.  

 

1. De novo buildup of antibiotic resistance through mutations 

The de novo buildup of resistance to different classes of antibiotics can occur 

rapidly within 60 to 100 generations under laboratory conditions and success 

strongly depends on the resistance conferring mutation that is acquired and 

established within the culture as shown in chapter 2 and 3. No common 

evolutionary pathway for the different types of antibiotics could be observed 

that leads to high levels of resistance. The different mutational outcomes 

indicate a trial and error search for the most optimal set of mutations. The first 

mutation linked to resistance appears at antibiotic concentrations that activate 

the SOS response. Absence of the SOS response results in long adaptation 

plateaus and thus reduced adaptation rates. In fact, cells with a deficient SOS 

response are not able to induce resistance against enrofloxacin, corroborating 

the crucial function of the SOS response as major driver of de novo acquired 

antibiotic resistance on the genomic level. 

Sequencing of more than one colony revealed that one culture does not 

harbor a homogeneous set of mutants. Moreover, recent studies revealed that 

multiple mutations move synchronously through the culture [89] and 

diversifying lineages can coexist for many years within one patient [274]. 

Recently, Hammer et al. (2014) demonstrated that genetically distinct bacterial 

populations interact with each other through the exchange of metabolites 

resulting in increased antimicrobial resistance and virulence properties [275]. 

Thus, diversity within a bacterial community can contribute to the ability to 

tolerate fitness-reducing mutations.  

A subset of mutations that were identified in chapter 3 and 4 could be 

ascribed to confer only low level resistance. For example, genetic alterations 
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that are known from the literature to confer only moderate resistance to 

antibiotics, such as the -11 C -> T alteration in the ampC promoter [198], have 

only been identified at low concentrations of amoxicillin. The moderate increase 

in promoter strength most likely resulted in lower fitness burdens compared to 

other mutations inducing promoter strength to a higher level. The antibiotic 

concentration applied limits the set of mutations that is selected for and hence 

the metabolic costs. Taken together, the data suggests that de novo acquisition 

of resistance is mainly brought by antibiotic induced mutagenesis and the cost 

of resistance conferring mutations determines the mutant(s) that get(s) 

established within a culture.  

The medium composition turned out to be crucial as well. Using complex 

LB medium instead of mineral medium resulted in a higher adaptation rate for 

amoxicillin. Thus, nutrient rich environments, such as fertilized soil, human 

blood or the gastrointestinal tract can present reservoirs that enhance the 

possibility of the de novo buildup of resistance in the presence of sub-lethal 

antibiotic concentrations. 

 

2. The costs of de novo acquired resistance 

Acquisition of antibiotic resistance through mutation or phenotypic adaptation is 

believed to impose a fitness cost compared to the ancestor in the absence of the 

drug [98, 151]. The initial response to sub-lethal concentrations of antibiotics 

causes a broad alteration of the transcriptomic profile in wild-type cells. To 

cope with increased antibiotic concentrations, cells need to invest energy in 

order to overexpress drug efflux pumps or antibiotic degrading enzymes which 

results in a metabolic burden. Exposing bacteria to increasing sub-lethal 

concentrations of antimicrobials allows the cell to adapt to new environments by 

seemingly permanent and very specific changes in gene expression. This change 

of response on the transcriptomic level starting with a broad alteration and 

ending in a changed expression of single genes that contribute to resistance is 

crucial for the current understanding of mechanisms for the compensation of 

fitness costs. The current notion is that during the process of adaptation, 

bacterial cells seem to specifically rewire cellular networks in order to 

compensate for metabolic burdens. In agreement with the outcome of chapter 2 

and 3, the build-up of resistance requires the concerted response of elements 
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and regulatory networks that play a primary role in microbial physiology, 

namely the electron transport chain, the metabolism of amino acids, fatty acids 

or nucleotides, motility and the intrinsic stress response [151, 276, 277]. 

Mostly, studies focus on comparing growth rates to the wild type as 

indicator for the biological costs of resistance. But results of chapter 2 indicate 

that additional cellular strategies can be used to compensate for costly 

mutations. By reducing the ecological range, the organism can grow as well as 

the ancestor and by decreasing the expression of at that moment unneeded 

cellular systems, such as the SOS response in resistant cells, energy can be more 

efficiently directed towards the maintenance of resistance. Alterations in the 

transcriptomic profile and in the regulatory network structure of resistant 

pathogens have been linked to fundamental phenotypic differences among 

microbial species [278, 279], suggesting a variety of strategies for adaptation.  

Upon induction of resistance and subsequent removal of the drug, resistance 

conferring mutations are neither lost nor reversed. Moreover, differential 

expression of genes was reduced and approached wild-type levels without 

changing the resistance nor mutational pattern. This suggests that upon 

reduction of antibiotic usage the fraction of resistant bacteria will decrease 

depending on the overall biological cost of resistance. As mentioned earlier, 

diversity within a bacterial community can ensure collective recovery of 

bacterial fitness comparable to that of the wild-type through the exchange of 

metabolites resulting in increased antimicrobial resistance and virulence 

properties [275]. Thus, reduction of antibiotic usage will lower the fraction of 

resistant bacteria, but they may not be completely eliminated. As soon as 

antibiotics are applied again, resistant bacteria will immediately spread and 

overgrow sensitive microbes. Thus, by finding common weak spots of resistant 

bacteria, such as a reduced ecological range, strategies can be invented to 

specifically select for the sensitive variant.  

 

3. The role of reactive oxygen species (ROS) in the induction of resistance 

As described above, phenotypic adaptation mainly occurs in two steps: first the 

cell responds to drug exposure and later optimization of cellular networks takes 

place to decrease the metabolic burden of resistance. Upon antibiotic exposure 

of sensitive wild-type cells, broad and rather unspecific alterations of the 
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transcriptomic profile are observed. For example, exposure of drug sensitive 

cells to sub-lethal concentrations of enrofloxacin induced expression of genes 

involved in homeostasis of the cellular membrane and respiration as well as the 

regulation of cellular stress response (chapter 3). Expression of soxS that is 

involved in the removal of cell damaging superoxide [280, 281] was not 

significantly changed in enrofloxacin exposed wild-type cells. Upon induction 

of resistance, however, soxS was 64-fold upregulated illustrating the before 

mentioned specific and permanent alterations as part of the cellular phenotypic 

adaption. 

The soxS deletion mutant showed a drastically decreased adaptation rate in 

response to increasing concentrations of enrofloxacin, but also amoxicillin. The 

so-called “radical based theory” proposes that bactericidal antibiotics, such as 

amoxicillin and enrofloxacin, produce reactive oxygen species (ROS) and that 

these fulfil a central role in cell killing [152, 153]. Thus, the role of soxS is in 

line with this radical based theory and is consistent with the existence of a 

central mechanism underlying bactericidal drugs belonging to different 

antibiotic classes.  

In line with the above, bactericidal antibiotics alter cellular respiration and 

induce noxious levels of intracellular hydrogen peroxide triggering a distinct 

oxidative damage response [282]. Dwyer et al. (2014) also found that 

bactericidal antibiotics elevate oxygen consumption suggesting alterations to 

bacterial redox physiology. To counteract elevated ROS formation due to 

increased cellular respiration, resistant cells may use alternative strategies to 

convert glucose to energy and biomass. In amoxicillin resistant cells, studied in 

chapter 2, no induction of genes coding for ROS scavenging enzymes is 

observed. The increased expression of alternative electron acceptors, however, 

suggests a partial metabolic switch from aerobic to anaerobic conditions. 

Amoxicillin resistant cells showed an induction of the fumarate reductase and 

the nitrate reductase A that are induced under anaerobic conditions, but are 

involved in the formation of ROS or reactive nitrogen species (RNS) at the 

same time [283, 284]. Whether cells made permanently resistant to a range of 

bactericidal antibiotics show indeed decreased levels of ROS formation needs to 

be proven.  
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The impact and role of ROS in drug action and the development of 

antibiotic resistance is still under discussion. Intermediate levels of ROS derived 

from antibiotic-induced alterations in metabolism may activate the general 

stress response and promote mutagenesis. In contrast, high ROS levels cause 

cell death by damaging DNA, lipids and proteins [285, 286]. Therefore it seems 

plausible that resistant cells use strategies to combat elevated ROS production, 

such as the overexpression of ROS scavengers that has been observed in 

enrofloxacin adapted cells. Another strategy could be to simply shut down 

respiration. Upon exposure to selected antimicrobials, E. coli and other 

pathogens can adopt a respiration-deficient state known as a small colony 

variant (SCV) and thereby become frequently resistant to antimicrobials [287]. 

Taken together, results obtained in this thesis and other studies indicate that 

resistant bacteria follow two main strategies to combat elevated ROS 

production. Firstly, upregulation of ROS scavenging genes can decrease the 

concentration of ROS inside the cell and/or secondly, a metabolic switch 

towards anaerobic conditions enables the cell to circumvent ROS mediated 

killing. 

 

4. Factors that drive the transfer of resistance conferring genes  

Resistance genes can be transferred from one cell to another by transformation 

(uptake of naked DNA), transduction through viruses or conjugation in which 

DNA is transferred through a pore [288]. The β-lactam resistance conferring 

plasmid pESBL-283 that encodes for a CTM-X-1 β-lactamase very rapidly 

transferred from an E. coli donor strain that was isolated from chicken meat to a 

commonly used E. coli MG1655 lab strain (chapter 5). The genetic information 

encoded on the plasmid itself contributes to rapid transfer and persistence within 

the mixed culture. Bacteria invest a considerable amount of effort in keeping 

themselves free of invading DNA. Restriction-modification systems present the 

primary defense mechanism against foreign DNA. After cleaving foreign DNA, 

linear fragments become substrates for more extensive nucleolytic degradation 

by the RecBCD enzyme that is part of the SOS response [289]. The β-lactam 

resistance conferring plasmid pESBL-283 encoded on the one hand for an anti-

restriction protein and on the other for psiB, a plasmid SOS inhibition protein B, 



General discussion 

125 

blocking the hosts defense mechanism and contributing to the persistence of the 

plasmid within the culture [250].  

Recently Gullberg et al. (2014) demonstrated that the maintenance of a 220 

kbp plasmid depends on the balance between the cost of plasmid carriage and a 

selective pressure in the presence of sub-lethal concentrations of antibiotics or 

heavy metals. By shutting down costly and not necessarily needed cell 

functions, such as motility, E. coli cells are able to compensate for metabolic 

costs [271]. The naturally occurring pESBL-283 was transferred without any 

known pressure as the plasmid did not encode for heavy metal resistance. No 

common genetic alteration in the genomic profile of selected transconjugants 

could be identified and mutations were mostly located in genes involved in 

biosynthesis or assembly of flagellar proteins.  

In urinary tract infections motility and chemotaxis have been suggested to 

contribute to virulence by enabling the organism to escape host immune 

responses [290, 291]. In fact, Lane et al. (2005) showed that non-motile mutants 

were able to colonize the urinary tract during an independent challenge, but 

each of the mutants was consistently outcompeted by the wild-type strain [292]. 

The authors suggest that flagella and flagellum-mediated motility and 

chemotaxis are expressed transiently to aid in colonization and afterwards 

repressed to avoid activation by the immune response. Underlining the 

versatility of stress adaptation strategies, the results of chapter 5 indicate that 

shutting down energy dependent motility systems could be an important driver 

for the spread and persistence of resistance conferring plasmids in the 

environment.  

 

5. Common drivers of antibiotic resistance in bacteria 

5.1. Cell density 

Results of this project in conjunction with earlier studies reveal common drivers 

for the acquisition of resistance through mutations, as well as for phenotypic 

adaptation and horizontal gene transfer. One major driver is the bacterial density 

of the culture itself, that seems to be crucial for the transfer of resistance 

conferring genes and determines the probability of a mutation to become fixed 

in a culture. Only above a certain cell density threshold that enables the 

opportunity for cell-to-cell contact, transfer of resistance genes is observed. In 
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addition, de novo acquisition of resistance by mutation or phenotypic adaptation 

is influenced by the factor cell density in various ways. Large populations can 

increase the number of competing beneficial mutations, and hence are expected 

to increase the intensity of clonal interference [112]. Following this line of 

reasoning, Tan et al. (2012) showed that individual E. coli cells as part of dense 

populations resist eradication by considerably higher drug concentrations 

compared to lower densities [293]. This so called “inoculum effect” is based on 

the amount of antibiotic per cell. This very specific antibiotic load per cell 

determines whether individual cells grow or die, resulting in density-dependent 

metastability that can decide the outcome of an antibiotic treatment. Overall, 

low cell densities inhibit the emergence and transmission of resistance. 

 

5.2. Nutrient availability 

The medium composition has an effect on the de novo acquisition of resistance 

due to mutations and on transfer of resistance through conjugation. In chapter 4 

it is shown that the MIC of E. coli wild type cells is increased for amoxicillin 

and tetracycline when cultured in complex medium instead of mineral medium. 

High-level resistance to amoxicillin was observed within 60 generations when 

cells were cultured in complex medium. In contrast, in order to obtain a 

comparable resistance phenotype in mineral medium the adaptation phase had to 

be prolonged to at least 90 generation. Reduction of nutrient availability results 

in growth arrest. Starved cells and/or not dividing bacteria are partially or 

completely refractory to killing by antibiotics from most, if not all, major 

antibiotic classes [150]. Thus, the more nutrients are available under stressful 

conditions the faster bacteria adapt to their environment and become resistant. 

Any additional stress in the form of a second stressor, be it reduced nutrient 

availability or a lowered pH, leads to prolonged adaptation rates. The process of 

conjugation is also dependent on nutrient availability (chapter 5). If acceptor 

and plasmid donor cells get starved no transfer of resistance conferring genes is 

observed, illustrating the importance of energy availability and bacterial growth 

in the development and spread of antibiotic resistance.  
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5.3. SOS response 

As mentioned earlier, results of this thesis and other studies demonstrate the 

importance of the bacterial SOS response in the acquisition of resistance 

conferring mutations. SOS deficient mutants show decreased adaptation rates in 

response to increasing amoxicillin or tetracycline concentrations or even lack 

the possibility to adapt to certain antibiotics, such as enrofloxacin. Several 

studies have highlighted the role of the SOS response in conjugative DNA 

transfer as well [184, 197, 294]. Antibiotics that inhibit DNA replication and 

cell viability activate the SOS response. This in turn induces mutagenesis and 

promotes high-frequency horizontal transfer events. Taken together, a lack of 

the SOS response extends the adaptation phase or prevents the transfer of 

antibiotic resistance genes [197]. 

 

 

5.4. Compensation of fitness costs results in the persistence of antibiotic 

resistance 

Acquisition of antibiotic resistance through mutations, phenotypic adaptations 

or horizontal gene transfer is supposed to carry a fitness cost in the absence of 

the antibiotic [98, 100]. Single chromosomal mutations that confer antibiotic 

resistance and that are introduced in an isogenic bacterial background or occur 

spontaneously, usually result in a decreased growth rate of the mutant strain 

[100, 295, 296]. Replication and maintenance of accessory elements, such as 

resistance conferring plasmids, can also lead to a decreased bacterial fitness 

[297]. In contrast, results of this thesis show that the cell counteracts initial 

fitness burdens by introducing compensatory mutations, changing cellular 

networks or decreasing the amount of energy channeled into at that moment less 

essential cellular processes. In fact, secondary mutations that compensate for the 

initial cost of resistance are more common than reversion to the sensitive allele 

[99]. This in turn leads to the establishment of the resistant mutant within the 

culture even when the drug is removed afterwards. Thus, the terms fitness cost 

or metabolic burden of resistance does only account for the initial phase of the 

acquisition of resistance and can be overcome by cellular mechanisms that 

enable adaptation to new environments within a short period of time.  
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6. Concluding remarks 

Taken together, the outcome of this project illustrates that a reduction in the 

antibiotic usage might not result in the immediate disappearance of resistant 

bacteria that are already found ubiquitous in human and environmental 

reservoirs. Nevertheless, reducing the environmental antibiotic load to a 

minimum can decrease the chance for de novo acquisition of resistance and 

selection for resistant bacteria. When antimicrobial compounds need to be 

applied, well-calculated drug dosage should prevent the buildup and 

transmission of resistance genes, for example by a short and intense antibiotic 

therapy with drug concentrations exceeding the mutant selection window. Since 

resistant microbes are found ubiquitous nowadays on food [298] or even in 

public transport systems [299], appropriate hygiene becomes highly important 

in order to prevent health threatening infections with multi-resistant 

microorganisms. 

To minimize the probability of de novo acquisition of resistance during 

antibiotic therapy, novel approaches are currently under investigation. The rapid 

evolution of drug resistance and the lack of new antibiotics is spurring attention 

towards multidrug combination treatments. Importantly, however, certain drug-

drug interactions that show increased growth inhibition compared to each 

individual drug were found to increase relative selection in favor of resistance 

[300]. On the other hand, recent studies indicate that the use of drug cycling or 

alternating antibiotic treatments slow down the evolution of resistance [301, 

302]. In general, this study showed that application of a second stressor 

significantly decreases the adaptation rate. Thus, optimizing current treatment 

strategies still creates enormous potential to slow down de novo acquired 

resistance and to gain control over the development and spread of antibiotic 

resistance in microbes.  
 


