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Abstract
Knopp, M. 2018. Mechanisms of Antibiotic Resistance Evolution. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1477. 59 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-0384-0.

The continuing emergence and spread of antibiotic resistant bacteria are a threat to various
applications in modern medicine and impose a strong economic burden on health systems. The
development of new antibiotics is slow and cannot counterbalance the dissemination of resistant
bacteria. Thus, we need to find ways to reduce the rate of antibiotic resistance development. For
this, we need to acquire a deeper understanding of the mechanisms underlying the evolution of
antibiotic resistance.

Here, we investigate the factors that govern how antibiotic resistance mechanisms affect
bacterial fitness and the overall level of resistance. Using porin-deficient mutants of Escherichia
coli, we show that upregulation of alternative porins provides compensatory mechanisms that
can ameliorate the fitness costs associated with resistance. Furthermore, we demonstrate that the
phenotypic effects of antibiotic resistance mutations are largely predictable, both in combination
with each other as well as in different bacterial strains. However, outliers from this trend
exemplify the limitations of solely relying on laboratory strains for the characterization of
antibiotic resistance mechanisms. In contrast, strong epistatic interactions were observed in
mutants evolved at sub-lethal concentrations of streptomycin. Despite these low concentrations
and weak selective pressure, strains of Salmonella Typhimurium evolved high-level resistance,
which followed completely different mutational pathways compared to high-level selection.
Finally, we show that aminoglycoside resistance genes can be selected de novo from the
expression of completely randomized nucleotide sequences. This demonstrates that new genes
can arise from pools of non-coding sequences and that this process is relatively common.

The studies presented in this thesis provide insights into the mechanistic basis of resistance
evolution, including the mutational spectrum causing antibiotic resistance, compensatory
pathways for growth-restoration and the influence of epistatic interactions on the phenotypic
expression of resistance mutations. Understanding these factors in detail will enable us to better
predict and prevent the emergence of antibiotic resistance development, through improvements
in surveillance, treatment regimens and drug development.
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Preface 

In this thesis I present four investigations that were conducted by my co-au-
thors and me during my doctoral studies. The two main questions I address 
are how resistant bacteria evolve from susceptible predecessors and how these 
resistant mutants adapt in the absence of antibiotics. As model systems for my 
studies I chose the two closely related bacteria Escherichia coli and Salmo-
nella Typhimurium. These organisms are extensively studied in laboratories 
around the world, which enables us to compare our results with those from 
other investigations. Using well-defined experimental evolution and selection 
experiments we expose these bacteria to harmful conditions which will con-
sequently cause bacterial adaptation due to genetic alterations. We then se-
quence the genomes of the selected mutants and identify the genetic changes 
that accumulated during the experiment and cause the adaptation. The main 
challenge besides the experimental setup lies in the interpretation of the re-
sults. However, the better we define the underlying scientific questions and 
the selective pressures applied in the experiment, the more coherent the ac-
quired results and the analysis thereof will be. The following studies demon-
strate the rapid and efficient emergence and adaptation of antibiotic resistant 
mutants and illustrate the complex interplay between different resistance 
mechanisms and the genetic context in which they appear. I hope that the stud-
ies presented here provide a substantial contribution to our understanding of 
the mechanistic basis of antibiotic resistance evolution and help to combat this 
emerging threat to modern medicine. 
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Background 

Antibiotics  
The discovery of penicillin by Alexander Fleming and the subsequent thera-
peutic use of antibiotics were major turning points in modern medicine. Once 
life threatening infectious diseases like pneumonia, syphilis, or sepsis caused 
by wound infections became easily curable with little to no side effects. The 
paramount success of penicillin sparked the discovery of numerous new anti-
biotics. Within a few decades most of the antibiotic classes known today were 
discovered and commercialized, a time often referred to as the ‘golden era’ of 
antibiotics. Nowadays antibiotics are one of the pillars of modern medicine 
and used to treat numerous bacterial infections. They are also an essential part 
of various medical procedures including chemotherapy, invasive and replace-
ment surgery, transplantations and neonatal care. Besides human medicine, 
antibiotics are extensively used in agriculture for therapeutic and prophylactic 
purposes and to promote growth of livestock. 

Classes 
Antibiotics represent a diverse group of molecules with profound differences 
in their chemical structure, size, and properties. They can be classified by var-
ious criteria, including their activity spectrum, mode of action, or origin. The 
most commonly used basis for classification, however, is by their chemical 
structure. Typically, agents with the same structural basis also share similari-
ties in the other characteristics. Representative examples of antibiotics and 
antibiotic classes are shown in Figure 1.  

Penicillins, carbapenems, cephalosporins and monobactams belong to the 
ß-lactam group of antibiotics that all share a central structure: the ß-lactam 
ring. These antibiotics are commonly used to treat various bacterial infections 
caused by Gram-positive (penicillins) and -negative bacteria (cephalosporins, 
carbapenems, monobactams). Generally, this class targets a broad-spectrum 
of bacteria and is widely used in clinical settings to treat infectious diseases 
with minimal adverse effects1. Another prominent class of antibiotics are ami-
noglycosides, which include kanamycin, amikacin, gentamicin, tobramycin 
and streptomycin. The central structural component of this class is an amino 
sugar linked to an inositol derivative. The activity spectrum of aminoglyco-
sides includes Gram-negative and some Gram-positive aerobic bacteria. This 
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class can cause severe side effects including ototoxicity and nephrotoxicity. 
Due to these characteristics, aminoglycoside antibiotics have limited, but sig-
nificant, clinical use2. Polymyxins are a class of antibiotics with very distinct 
structural characteristics. They are large molecules and consist of cyclic pol-
ypeptides that are synthesized by bacteria via non-ribosomal peptide synthe-
sis. Due to toxic side effects, they are mostly used as last resort antibiotics to 
treat multidrug resistant (MDR) infections, where they are mainly active 
against Gram-negative bacteria3,4. Quinolone antibiotics have a broad-spec-
trum activity against Gram-negative and Gram-positive bacteria. They are 
composed of a central bicyclic structure, and most quinolones additionally 
contain a fluorine atom (fluoroquinolones). In contrast to aminoglycosides 
and polymyxins, quinolones exhibit mild side effects. The most prominent 
representative of this class is ciprofloxacin, which is used to treat a wide vari-
ety of bacterial infections, like urinary and respiratory tract infections5. Other 
important antibiotics and antibiotic classes include, but are not limited to, tri-
methoprim, macrolides and nitrofurantoin6,7. 
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Figure 1. Examples of important antibiotic classes and their representatives. Shown 
are skeletal structures of various antibiotic molecules. Colors indicate different clas-
ses. Penicillins, cephalosporins, carbapenems and monobactams form the group of 
ß-lactam antibiotics. 

Mechanisms of action 
Generally, antibiotics act by killing bacteria (bactericidal) or inhibiting their 
growth (bacteriostatic). Typical examples of bacteriostatic antibiotics are 
chloramphenicol, tetracyclines or macrolides, while ß-lactam antibiotics, fluo-
roquinolones or nitrofurantoin are bactericidal antibiotics. To enforce their in-
hibitory effects, antibiotics need to disturb central cellular processes, without 
exerting harmful effects to the patient. This can for example be achieved by 
inhibiting an enzyme or pathway that is essential in bacteria, but not in eukar-
yotic cells. Alternatively, antibiotics can inhibit targets that diverged from 
their homologues in eukaryotes to such an extent that a specific binding can 
be achieved to the bacterial variant alone. Figure 2 summarizes the most com-
mon cellular targets of antibiotics in bacteria.  
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Figure 2. Common antibiotic targets in the bacterial cell. Various antibiotics inhibit 
the essential cellular processes of replication, transcription and translation. The cell 
envelope is another target, shown here for a Gram-negative bacterium. Antimicro-
bial peptides, including polymyxins, exert their cytotoxic effect by perturbation of 
membrane integrity. OM, outer membrane; PG, peptidoglycan; IM, inner membrane; 
PBP, penicillin binding protein. 

 

The bacterial cell wall is a major target for many antibiotics, including all ß-
lactams. It is essential to bacteria but not present in eukaryotic cells which 
reduces the risk of strong cytotoxic effects. The bacterial cell wall consists of 
an inner membrane, a periplasmic space and a thick peptidoglycan layer 
(Gram-positives) or a thin peptidoglycan layer followed by an outer mem-
brane (Gram-negatives). The peptidoglycan layer itself is composed of N-
acetylglucosamine and N-acetylmuramic acid disaccharides which are cross-
linked via pentapeptides8. The enzymes involved in peptidoglycan biosynthe-
sis are inhibited by ß-lactam antibiotics causing a loss of structural integrity 
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of the bacterial cell and eventually cell lysis. Besides inhibition of enzymatic 
catalysis, some antibiotics can cause cell death by disruption of membrane 
integrity9. This is a common mechanism for antimicrobial peptides, including 
polymyxins. These molecules can directly interfere with the physical proper-
ties of the membrane and cause bacterial lysis10. 

Proteins involved in transcription and translation are also targeted by anti-
biotics. Rifampicin, for example, binds to the bacterial RNA polymerase and 
inhibits elongation of the newly synthesized transcripts11. Aminoglycoside an-
tibiotics bind the small ribosomal subunit and disturb the elongation of newly 
synthesized amino acid chains resulting in accumulation of mis-translated pro-
teins and eventually cell death12. Another group of antibiotics that target the 
ribosome are the macrolides. Unlike aminoglycosides, these molecules bind 
to the large subunit and block the exit tunnel. This binding also disrupts pro-
tein synthesis and inhibits growth13. Fusidic acid prevents the translocation of 
elongation factor G, which is an essential step during protein synthesis. Quin-
olone antibiotics directly target DNA replication by inhibiting DNA gyrases 
and topoisomerase IV enzymes. This results in erroneous unwinding of DNA, 
introduction of double strand breaks and cell death14. Trimethoprim and sul-
fonamides interfere with the synthesis of tetrahydrofolic acid, an essential pre-
cursor for thymidine synthesis, by inhibition of dihydrofolate reductase or di-
hydropteroate synthetase, respectively15.  

Antibiotic resistance 
With the increasing use of antibiotics, it became clear that the euphoria sur-
rounding these revolutionary ‘wonder drugs’ was partly unjust. Shortly after 
the introduction of most antibiotics, resistant clones emerged, that overcame 
the toxic effects to the bacterial cell (Figure 3). While some antibiotics could 
be used for several years before resistance emerged (tetracycline: introduced 
1950, resistance identified 1959; gentamicin: introduced 1967, resistance 
identified 1979), others were already ineffective against certain resistant 
clones before they were even introduced (Penicillin: introduced 1943, re-
sistance identified 1940). This seemingly paradoxical situation in which re-
sistance is present before the antibiotic is clinically introduced can be ex-
plained by the fact that microbes have encountered antibiotics long before they 
were exploited for medical use. Most antibiotics are present in natural envi-
ronments like soil, where they are produced by various microbes as secondary 
metabolites, to inhibit the growth of competitors and for signaling, possibly as 
quorum sensing molecules16. Thus, evolution selected for the acquisition of 
antibiotic resistance mechanisms in non-pathogenic bacteria before these mol-
ecules were used in clinical settings17. Since antibiotics are chemically diverse 
and inhibit different cellular targets, it is not surprising, that the mechanistic 
basis of resistance to antibiotics is also very diverse. Figure 4 shows major 
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pathways that bacteria have evolved to avoid the deleterious effects imposed 
by antibiotics. 

 
Figure 3. Timeline of different antibiotics showing their discovery, introduction to 
clinical use and the development of resistance. In some cases (daptomycin, chlortet-
racycline, streptogramin B and fidaxomicin), resistance was observed even before 
their clinical use. 

Target alteration 
Antibiotics exert their antibacterial effect by a specific binding to their target. 
To prevent this binding, bacteria can accumulate mutations in the target to 
decrease its affinity to the antibiotic without disrupting its function. This re-
sistance mechanism typically arises by chromosomal mutations and is there-
fore not laterally transferred. For example, mutations in the target-encoding 
genes rpsL, fusA, rpoB or gyrA can increase resistance towards streptomycin, 
fusidic acid, rifampicin or ciprofloxacin, respectively18-21. Another resistance 
mechanism to reduce antibiotic binding is target modification, where the gene 
encoding the cellular target is unaltered, but the protein is post-translationally 
modified to cause a reduction in binding affinity. Resistance can also be based 
on the lack of a target modification, if the antibiotic has a higher binding af-
finity when the modification is present. Thus, loss of the 16S rRNA methyl-
transferase GidB can cause low level resistance to streptomycin22. Besides a 
direct alteration of the antibiotic target, resistance can also be caused by later-
ally transferred homologous genes with a low affinity for the antibiotic that 
can functionally replace the inhibited cellular target23-25. This type of re-
sistance is frequent among methicillin resistant Staphylococcus aureus. In a 
susceptible strain, the penicillin binding protein (PBP) 2a is inhibited by 
methicillin, causing cell death. Resistant strains often encode an additional 
PBP2a. This variant has a lower binding affinity towards ß-lactam antibiotics, 
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including methicillin, causing loss of susceptibility26. For certain antibiotics, 
resistance can be achieved by overexpression of the target. Here, the target 
enzyme is still susceptible but the overproduction causes sequestration of the 
antibiotic and a small fraction of the essential enzyme remains active and can 
catalyze the essential metabolic function27,28. 

 
Figure 4. Schematic overview of antibiotic resistance mechanisms. Bacteria have 
evolved many ways to avoid the cytotoxic effects of antibiotics, including decreased 
import, increased export, enzymatic modification and target modification/overex-
pression/bypass. 

Functional inactivation 
A very effective way to achieve high-level resistance is by functional inacti-
vation of the antibiotic29,30. This can be achieved by a chemical modification 
of the antibiotic that is catalyzed by enzymes expressed in the resistant cell. 
The most prominent examples of this class of enzymes are ß-lactamases, 
which confer resistance by hydrolysis of the conserved ß-lactam ring present 
in all ß-lactam antibiotics (Fig. 1). Besides hydrolysis, various enzymatic re-
actions have been described that inactive antibiotics, including aminoglyco-
side acetyltransferases, rifampicin ADP-ribosyltransferases and macrolide 
phosphotransferases. Notably, resistance mediated by functional inactivation 
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of antibiotics is often not limited to the enzyme-producing cell, but can also 
allow growth of susceptible bacteria by a local reduction of the active antibi-
otic concentration (indirect resistance)31. 

Decrease of intracellular concentration 
To exert their inhibitory effect, antibiotics need to bind their target. Since these 
targets are often located inside the cell, antibiotics need to cross the cell enve-
lope and reach sufficient intracellular concentrations. Bacteria have therefore 
evolved different mechanisms to prevent antibiotic accumulation inside the 
cell, which can be achieved by actively exporting antibiotics out of the cell or 
decreasing antibiotic uptake. In contrast to target alterations or enzymatic 
functional inactivation, resistance mediated by decreased intracellular antibi-
otic concentration is often less specific and effective against multiple antibi-
otics simultaneously. 

Export of antibiotics by efflux pumps 
Bacteria possess a wide array of efflux pumps to prevent the accumulation of 
antibiotics. These pumps are widespread amongst bacteria, where their major 
role is in sustaining a normal cell homeostasis by exporting toxic compounds. 
In addition, they also show activity for several antibiotics. While some pumps 
have a narrow substrate spectrum, others can export many different antibiot-
ics. One prominent example is the AcrAB-TolC efflux pump. This multi-pro-
tein complex belongs to the resistance-nodulation-division (RND) superfam-
ily and consists of an inner membrane component (AcrB), a periplasmatic 
adapter protein (AcrA) and an outer membrane component (TolC)32. It func-
tions as an antiporter using H+ influx to export a wide range of antibiotics and 
other toxic compounds including chloramphenicol, tetracyclines and fluoro-
quinolones33,34. Expression of AcrAB-TolC is regulated by a complex net-
work. The main activators of expression are the transcription factors MarA, 
SoxS and Rob which recognize a 19 bp consensus sequence (sox-mar-rob 
box) upstream of acrAB and tolC35. MarA and SoxS are transcriptionally reg-
ulated by MarR and SoxR and proteolytically degraded by the protease 
Lon36,37.  Expression of acrAB is additionally regulated by AcrR, a transcrip-
tion factor that binds upstream of acrA and represses transcription38. Addition-
ally, AcrR was shown to affect expression of the mar-sox-rob regulon39. Ex-
pression of AcrAB-TolC is induced by various signal molecules, including 
aromatic compounds, superoxides and salicylate40,41, but can also be achieved 
by mutational inactivation of the repressors. Thus, loss-of-function mutations 
in marR and acrR are rapidly selected in vitro and in vivo in presence of certain 
antibiotics42-45. 



 21 

Porins and their role in outer membrane permeability 
Besides active efflux of antibiotics, bacteria can reduce the intracellular con-
centration of these harmful compounds by preventing their influx. The cell 
wall and membrane of bacteria function as a barrier to the environment, ex-
cluding toxic compounds. Gram-negative bacteria are especially impermeable 
to many compounds, including antibiotics, owing to the composition of their 
cell envelope, which consists of an inner membrane, a periplasmic space and 
an additional outer membrane (Figure 5). The outer membrane is not ener-
gized by an electrochemical gradient or ATP and thus does not contain energy-
dependent specific transporters. To allow uptake of nutrients this membrane 
contains outer membrane proteins (OMPs), many of which form aqueous 
pores that allow passive diffusion of small molecules. The three major porins 
of E. coli are OmpC, OmpF and PhoE. OmpC and OmpF expression is mainly 
regulated by the small RNAs micC and micF as well as the two-component 
system (TCS) EnvZ-OmpR, which responds to multiple environmental sig-
nals. While both OmpC and OmpF require OmpR for high-level expression, 
the extent to which each porin is expressed depends on the phosphorylation 
state of OmpR. For example, under high-osmolarity conditions OmpR is phos-
phorylated by the sensor kinase EnvZ, which allows it to bind to the high af-
finity OmpR binding sites upstream of ompC. This results in increased tran-
scription of ompC and repression of ompF46,47. Under low-osmolarity condi-
tions, the expression pattern reverses and OmpF becomes the predominant 
porin. With its slightly larger pore size, OmpF can then promote an increased 
influx of nutrients48,49. While porins allow beneficial compounds to passively 
diffuse into the periplasm where they can be actively imported by energy-de-
pendent specific transporters in the inner membrane, small toxic compounds, 
including many antibiotics, can use these non-specific channels to cross the 
outer membrane. Thus, mutations that either decrease or abolish expression of 
porins, or substitutions that reduce the pore properties, can increase resistance 
to many different antibiotics50,51. While porin loss itself usually only decreases 
susceptibility to a small extent, it can result in strong synergistic effects with 
other resistance mechanisms52. The third major porin, PhoE, is mainly re-
pressed under laboratory conditions and only induced after certain conditions 
such as high salt or low phosphate53. Expression is regulated via the TCS 
PhoR/PhoB and the Pst system. Under phosphate starvation, PhoB is phos-
phorylated by PhoR, which induces DNA binding and activation of transcrip-
tion of the PHO regulon. 
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Figure 5. Regulation of porin expression in Escherichia coli. The outer membrane is 
permeabilized by the three major porins OmpC, OmpF and PhoE. The two-compo-
nent system EnvZ/OmpR senses osmolarity and regulates expression of ompC and 
ompF together with the small RNAs micC and micF. At high osmolarity, ompC ex-
pression is favored while ompF is repressed, while at low osmolarity, ompF is ex-
pressed and ompC is repressed. Expression of phoE, a member of the PHO regulon, 
is under control of the two-component system PhoR/PhoB, which induces expres-
sion upon phosphate starvation sensed by the Pst system54,55. 
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Bacterial fitness 
The fitness of a bacterium is defined by its ability to (i) survive, (ii) replicate 
and (iii) transmit between hosts or environments. Naturally, these traits can 
have a different impact on fitness depending on the habitat of the bacterial 
cell. Not only is the fitness differently defined for various bacteria, but it can 
also drastically change for an individual cell during its lifetime. For example, 
if a toxic compound like an antibiotic is added to a mixed microbial popula-
tion, fitness will almost exclusively be defined by the ability to withstand an-
tibiotic pressure and to survive until the antibiotic is degraded or diluted out. 
With most of the competing bacteria gone, nutrients are available in abun-
dance, and fitness will be dependent on the maximum growth rate of the bac-
terium. After the nutrients are depleted and there is no influx of new nutrients, 
it can become crucial to transmit to a new environment where nutrients are 
available again. This can, for example, be facilitated by a flagellum, which 
allows bacteria to follow a chemical gradient. Thus, bacterial fitness is strictly 
context-dependent and cannot be comprehensively assessed by an individual 
measure.  

Methods of fitness determination 
Different methods have been developed to assess the fitness of a bacterium, 
but due to the variability in fitness determinants, no single method can com-
prehensively determine the absolute fitness across different hosts and environ-
ments. However, several isolated fitness components can be measured with 
high accuracy.  

One of the fastest, cheapest and easiest ways to determine the fitness of a 
bacterium is by comparing the maximum exponential growth rate. In this ex-
perimental set-up, a strain is considered less fit if it has a slower doubling time 
compared to another strain. Doubling times can be easily assessed using opti-
cal density measurements of a growing culture. This can be achieved by trans-
ferring aliquots of the growing culture into a spectrophotometer, or by fully 
automated systems like a BioscreenC Reader (Oy Growth Curves Ab Ltd). 
Results acquired by this method are sensitive enough to detect differences in 
maximum growth rate of approximately 3%. Since bacteria are grown in mon-
ocultures, growth can be observed under highly controlled conditions, with 
variable temperature and growth medium or supplements. The studies pre-
sented in this thesis use exponential growth rate as a proxy for bacterial fitness 
since it allows large-scale characterization of many strains. 

Another method of fitness determination based on growth is competition 
assays. Here, two or more strains are co-cultured and a fraction of the culture 
is periodically transferred into fresh medium. At set time points, the relative 
amounts of the different strains are determined by using genetic markers that 
allow distinction on plates, in a flow cytometer or by deep sequencing. The 
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benefit of this method is that it allows assessment of the exponential growth 
rate as well as lag and stationary phases. Also, it allows an estimation of com-
petitive fitness, since the different bacteria are in direct competition with each 
other. This however can also be a disadvantage if the bacteria affect each other 
in ways that are undesirable in the experimental setup.  

Apart from growth, survival can also be a major fitness determinant. Vari-
ous phenotypic assays are available to determine the ability of a strain to with-
stand different stresses, including acid, bile salt, heat or high/low osmolarity. 
These assays are often used to mimic conditions during host colonization. For 
example, E. coli encounter high levels of bile salts in the gastrointestinal tract 
or strong acids in the stomach. Therefore, a high tolerance to these conditions 
can be crucial in natural environments. The most complex and possibly most 
relevant measure of fitness of a pathogen is an animal infection/colonization 
model. For this, the animal is infected/colonized with one or more bacterial 
strains. The route of infection/colonization is variable and depending on the 
scientific question asked. At certain time-points, bacterial counts can be de-
termined from feces or from organs after the animal is sacrificed. While in 
vivo fitness determinations are very useful and undoubtedly necessary for cer-
tain scientific questions, they are expensive, time consuming and should be 
avoided if possible due to ethical considerations. 

Fitness effects of antibiotic resistance mechanisms 
In the presence of antibiotics, resistant mutants have an obvious fitness ad-
vantage over susceptible strains. However, in the absence of antibiotics, the 
acquisition of resistance mechanisms is often accompanied by a biological 
cost. This cost can manifest as a reduction in growth rate or virulence56. The 
causes of the fitness impairment by acquisition of antibiotic resistances are 
associated with their mechanism of action. Since antibiotics target essential 
cellular enzymes, resistance mutants that evade antibiotic killing are often im-
paired in the processes facilitated by these enzymes.  

Target alteration mutations lower the affinity to the antibiotic by introduc-
ing amino acid substitutions. These substitutions in highly conserved proteins 
however often negatively affect the normal function of the protein and lower 
the efficiency and/or stability. Mutations in the RNA-polymerase ß-subunit 
encoded by rpoB, which is the target of rifampicin, can give high-level re-
sistance but reduce transcriptional efficiency and subsequently exponential 
growth rate57,58. Similarly, mutations in the target of streptomycin, the riboso-
mal protein S12 encoded by rpsL, can have deleterious side-effects caused by 
decreased translational elongation rates59. Notably, the mutational spectrum 
causing resistance in rpoB and rpsL is diverse and resistance levels do not 
necessarily correlate with the reduction in growth rate imposed by the muta-
tion. Other examples where target alteration mutations result in a reduced 
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growth rate are fusidic acid resistance caused by fusA mutations60,61 or acti-
nonin resistance caused by fmt mutations62. 

Mutational inactivation of porins or alteration of the channel properties by 
substitutions causes a reduced influx of antibiotics, but also reduces the uptake 
of beneficial compounds that cannot easily diffuse through the outer mem-
brane. Additionally, the export of toxic compounds can also be disturbed. 
Thus, porin-deficient mutants often suffer from a reduced growth rate. For 
example, removal of the two major porins OmpC and OmpF in E. coli causes 
a 20% reduction in exponential growth rate63. Additionally, mutations in 
ompR, which have downstream effects on porin expression, can have a nega-
tive impact on bacterial virulence64. Expression of efflux pumps can have del-
eterious effects by exporting not only antibiotics but also nutrients out of the 
cell. Since this process is energy-dependent, it can cause acidification of the 
cytoplasm. Furthermore, efflux pumps are complex membrane spanning 
structures that can disrupt the membrane composition65,66. 

Finally, enzymes that inactivate antibiotics can exert harmful effects by in-
terfering with cell physiology. This was observed for the ß-lactamase SME-1, 
which can cause a substantial fitness cost that was attributed to the signal se-
quence67. Other ß-lactamases induce changes in the peptidoglycan composi-
tion by causing a decrease in cross-linked muropeptides68. 

Compensatory evolution of antibiotic resistance 
Few resistance mutations are intrinsically cost-free and therefore competitive 
to susceptible strains69. However, if most antibiotic resistance mechanisms are 
accompanied by deleterious effects, why are resistant clones not rapidly out-
competed by susceptible strains in antibiotic-free environments? To avoid ex-
tinction, resistant mutants must often restore their fitness. This can occur via 
a genetic reversion to the wild-type state. In the case of point mutations this 
process is highly unlikely because only one single nucleotide polymorphism 
(SNP) will cause the reversion. It is more likely that resistant mutants acquire 
second-site mutations that compensate for the fitness cost (Figure 6)70,71. 
These compensatory mutations can occur in the same gene that causes the re-
sistance phenotype (intragenic compensation) or in other genes (extragenic 
compensation). Intragenic mutations restore the functionality of the protein 
targeted by the antibiotic, while maintaining the resistance mutations. Extra-
genic mutations typically occur in proteins that interact with the resistance 
determinant, such as in multi-protein complexes. Similar to intragenic muta-
tions, extragenic compensatory mutations cause a restoration of the function-
ality without reverting the original resistance mutation. Thus, compensated 
mutants can be resistant to antibiotics without suffering from the deleterious 
effects caused by the resistance mutations.  This process has been shown for 
various target alteration mutations both in vitro and in vivo70. For example, 
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low-fitness streptomycin-resistant rpsL mutants ameliorate the deleterious ef-
fects on protein elongation rates by intragenic compensatory mutations as well 
as mutations in rpsD or rpsE59,72,73. Similarly, the deleterious effects of rpoB 
mutations in rifampicin-resistant mutants of Salmonella and Mycobacterium 
are alleviated by second-site mutations in rpoB itself57,72 or by mutations in 
rpoA and rpoC that potentially affect interactions with rpoB74. Actinonin-re-
sistant mutants with mutations in the formyl-transferase fmt exhibit signifi-
cantly reduced growth rates. Compensation of the growth defect can be 
achieved not only by intragenic point mutations, but also by amplification of 
metZ and metW75. Cells lacking Fmt cannot formylate the initiator tRNA 
(tRNAi) and are therefore defective in translational initiation, but they are no 
longer dependent on the target of actinonin, the deformylase def, which re-
moves the formyl group from the translated protein. Overexpression of metZ 
and metW (encoding tRNAi) results in increased translation initiation with un-
formylated tRNAs and thus compensates the deleterious effects caused by loss 
of fmt. Various other examples of compensation of low-fitness resistant mu-
tants have been reported. However, these studies mainly focused on resistance 
mechanisms based on target alterations76-78. Compensatory pathways of other, 
broader resistance mechanisms like decreased membrane permeability have 
long been neglected and how the costs associated with these resistance mech-
anisms can be ameliorated remains unknown. 

 
Figure 6. Evolution of low-fitness resistant mutants. Spontaneously occurring mu-
tants are outcompeted by the high-fitness wild-type bacteria in the absence of antibi-
otics. During antibiotic pressure, the susceptible, high-fitness bacteria are killed and 
only the resistant subpopulation will survive. After removal of antibiotic pressure, 
the low-fitness resistant mutants can acquire second-site mutations that compensate 
for the fitness cost imposed by the resistance mutations. The resulting high-fitness 
resistant mutants are competitive in environments with and without antibiotics. 
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Epistatic interactions of resistance mutations 
Epistasis describes the dependency of the phenotypic effect of a mutation on 
the genetic context in which it appears79. Thus, the effect of a mutation in a 
gene can show drastic variation depending on the presence or absence of an-
other mutation in another gene80-82. For example, linear enzymatic pathways 
typically have a very strong potential for epistatic interactions when the pro-
duction of the end-product is considered as the phenotype of interest. Here, 
loss-of-function of any intermediate step will be strongly detrimental and 
cause a collapse of the pathway. However, additional mutations in down-
stream steps will have no further phenotypic effect. Similarly, functional re-
dundancy can also be a strong epistatic force. In a metabolic network where 
two or more enzymes catalyze the same reaction, loss-of-function mutations 
in one of the enzymes can have little to no effect on the phenotype. The path-
way will collapse only if both redundant enzymes are simultaneously inhib-
ited. Epistatic interactions can also occur within a gene. For example, muta-
tions affecting the structural integrity of a protein can have minor effects in a 
protein with strong conformational robustness. However, after the accumula-
tion of several small-effect destabilizing mutations, one additional single-step 
mutation can cause a structural collapse and a complete loss-of-function83. 

Antibiotic resistance mutations and their associated compensatory muta-
tions can also have strong epistatic interactions. As previously discussed, 
streptomycin resistance mutations in rspL are often associated with a reduced 
growth rate due to an increase in proofreading rate and subsequent elongation 
time84-86. Compensatory mutations in rpsL can decrease the rate of proofread-
ing and restore elongation rates to normal levels. While these mutations cause 
an increase in fitness in a streptomycin-resistant rpsL mutant, they can be neu-
tral or even deleterious in a wild-type strain. If a compensatory mutation is 
deleterious in a wild-type background, loss of the resistance mutation in a 
strain carrying both the resistance and compensatory mutation would be costly 
and selected against. Surprisingly, resistance mutations can often compensate 
the growth defects imposed by one another. Several studies have shown that 
strains carrying multiple resistance mutations are often more fit than strains 
that carry only one mutation87-91.  While the molecular mechanisms underlying 
these epistatic interactions are unclear, it is worrying that the acquisition of 
multiple resistances can be under positive selection in absence of antibiotics 
due to their compensatory effects. Considering the strong epistatic interactions 
between resistance mutations, it raises the question how dependent resistance 
mutations are on the general genetic context (i.e. strain background). Consid-
ering the high amount of sequence variation that can exist even between rep-
resentatives of the same species, the potential for epistatic interactions is very 
high. Accordingly, a study comparing fitness effects of rpoB mutations in dif-
ferent strains of Pseudomonas revealed strain-dependent fitness effects of dif-
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ferent mutant rpoB alleles89. Overall, our understanding of epistatic interac-
tions and strain-dependence among antibiotic resistance mechanisms is still 
limited and requires both broad studies to elucidate possible patterns of epi-
stasis as well as specific studies to investigate the molecular mechanisms be-
hind these phenomena. 

Origination and dissemination of antibiotic resistance 
Most antibiotics are produced naturally by soil-dwelling bacteria, where they 
might serve to inhibit growth of a competitor or as signaling molecules, long 
before they were exploited for medical use92,93. Thus, it is not surprising that 
selection drove the origination and dissemination of antibiotic resistance 
mechanisms in these environments prior to their use in the clinic. This is ex-
emplified by the fact that antibiotic resistance genes have been isolated from 
pristine environments that have never been affected by humans including Si-
berian permafrost94 and isolated cave systems95. Prior to human intervention, 
these antibiotic resistance genes were restricted to soil bacteria that live in the 
presence of antibiotic-producing organisms. The excessive use of antibiotics, 
especially for human therapies and agriculture, generated a selective pressure 
that caused the transfer and spread of antibiotic resistance mechanisms from 
these non-pathogenic organisms to human and animal pathogens96,97. 

Factors determining the evolutionary success of antibiotic 
resistance mechanisms 
The ability to predict the dynamics of antibiotic resistance development could 
have a profound impact on the prevention of emergence and dissemination of 
antibiotic resistance. It would allow us to modify treatment duration and 
strength, drug combinations and drug development to minimize the risk of 
resistance emergence. Thus, we need a deeper understanding of what makes 
certain resistance mechanisms successful while others do not spread in vivo. 
Central factors that influence the resistance development include (i) the muta-
tional spectrum and availability of resistance genes that can confer resistance, 
(ii) the level of resistance provided by the mutation or gene, (iii) the associated 
fitness cost, (iv) available compensatory mechanisms and (v) strength of se-
lective pressure98. Most of these factors can be quantified and examined in the 
laboratory using in vitro selections, evolution experiments and phenotypic 
characterizations. The results acquired from these studies have been shown to 
be clinically relevant. For example, mutations that are associated with a low 
fitness cost are most commonly found in clinical isolates of certain pathogens, 
while very costly mutations were absent58,99. However, a precise determina-
tion of these factors can be complicated by epistatic interactions, co-selection 
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and bottleneck effects. Additionally, when assessing the fitness cost or re-
sistance level, it is sometimes necessary to consider that the observed pheno-
types might only manifest in certain strains or growth conditions. For exam-
ple, resistance to the ß-lactam antibiotic mecillinam caused by loss-of-func-
tion of the regulator CysB is conditional, giving high-level resistance on rich 
laboratory growth medium but not in urine100. 

While mutation rates, fitness cost, resistance levels and compensatory path-
ways can be experimentally assessed, the selective pressures encountered by 
bacteria are often more complicated to predict and replicate. Selective pres-
sures can vary depending on multiple factors, including fluctuation of antibi-
otic concentrations over time and in different patients or tissues. At high anti-
biotic concentrations, selection naturally favors resistance mutations that 
cause high-level resistance. Typically, selection of mutants in the laboratory 
is performed above the minimum inhibitory concentration (MIC) of the pa-
rental strain, which only allows growth of resistant mutants even if they are 
accompanied by a severe fitness cost. However, recent studies have shown 
that resistant mutants are also selected at concentrations below the MIC101,102. 
These sub-lethal concentrations have a higher deleterious impact on suscepti-
ble strains than on resistant strains, which results in enrichment of the resistant 
mutant, even if it has a lower fitness in the absence of antibiotics. The so-
called minimum selective concentration, which is the lowest concentration 
that can enrich for a resistant mutant in competition with a wild-type, can be 
more than a hundred-fold less than the MIC. Since many environments are 
contaminated with antibiotics17,103, the question if this low-level exposure can 
not only enrich for pre-existing resistant mutants but also cause their de novo 
emergence is of significant importance. 

Mechanisms of antibiotic resistance gene acquisition 
There are two general mechanisms by which susceptible organisms can ac-
quire antibiotic resistance: either via chromosomal mutations or by horizontal 
gene transfer (HGT) of antibiotic resistance genes. Spontaneous resistance 
mutations occur by chance due to erroneous DNA replication in genes encod-
ing the antibiotic target and decrease the affinity towards the drug (e.g. rpsL 
K42N causing streptomycin resistance, rpoB S531L causing rifampicin re-
sistance or fusA P413L causing fusidic acid resistance). They can also occur 
as loss-of-function mutations in negative regulators, which subsequently re-
sults in de-regulation of genes and resistance due to increased export or de-
creased import of antibiotics (e.g. acrR H115Y43 or marR Q110*104 causing 
activation of efflux and pmrA G53E105 or ompR R209C106 reducing antibiotic 
influx by cell envelope alterations). The resistance levels caused by single 
point mutations can strongly vary for different antibiotics. For example, target 
mutations in rpoB cause high level resistance to rifampicin and are frequently 
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associated with treatment failure107,108. In contrast, multiple small step re-
sistance mutations are needed to develop ciprofloxacin resistance, where no 
single mutation is able to cause high level resistance on its own44,109. Similarly, 
mutations decreasing intracellular antibiotic concentrations only cause small 
decreases in susceptibility, but do so for a larger array of antibiotics. Sub-
strates of the AcrAB-TolC efflux pump include chloramphenicol, quinolones, 
tetracyclines, rifampicin, fusidic acid and ß-lactam antibiotics110,111. Sponta-
neous chromosomal resistance mutations are typically restricted to the ge-
nome they appear in and are not laterally transferred. 

Besides resistance due to chromosomal mutations, bacteria can also acquire 
genes that confer resistance. These resistance genes can encode for proteins 
that bind the antibiotic target and prevent its inhibition. One example is qnrA, 
which encodes a pentapeptide-repeat protein that directly binds to bacterial 
topoisomerases to protect it from antibiotic binding112. Other transmissible re-
sistance genes encode for enzymes that chemically modify the antibiotic re-
sulting in loss of activity. Prominent representatives of these are ß-lactamases 
that hydrolyze the ß-lactam ring of ß-lactam antibiotics, acetyltransferases that 
acetylate aminoglycoside antibiotics and monooxygenases that inactivate tet-
racyclines. The evolutionary origins of these genes are unclear, but it is likely 
that ancestral homologues had metabolic functions. Promiscuous activities for 
antibiotic substrates in these ancestral proteins could have been selected for 
and evolved to modern variants with high affinity113-115.  

Resistance genes are foreign DNA that are incorporated into the bacterial 
genome via HGT mechanisms which include (i) transformation, (ii) transduc-
tion and (iii) conjugation116. Transformation is the direct uptake of exogenous 
DNA from the environment followed by its incorporation into the recipient 
genome. This mechanism of gene acquisition requires the recipient cell to ex-
press certain factors (competence factors) that allow the active import of 
DNA, protect it from degradation and facilitate homologous recombination 
into the host genome. Thus, transformation is limited to naturally competent 
bacteria, which include Helicobacter pylori and Acinetobacter baumannii117. 
Transduction is the phage-mediated transfer of DNA between bacteria. Here, 
the phage-infected donor cell is lysed and its DNA is packaged into phage 
particles. During the subsequent infection of a recipient cell this DNA is in-
jected and can integrate into the genome. The extent by which genetic material 
is exchanged by transduction between different bacterial species is limited by 
the presence or absence of specific receptor molecules that phage particles 
require for attachment. The most common mechanism of horizontal transfer 
of resistance genes is conjugation, where plasmids encoding one or more re-
sistance genes spread between different bacteria. 
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Figure 7. Mechanisms of gene acquisition. This schematic representation depicts 
how a resistance gene (green) can potentially evolve from a susceptible variant gene 
(yellow). Mutations or the duplication-divergence of a pre-existing gene can cause 
evolution of a resistance gene during cell replication. While this process is rare, it 
can potentially occur in any organism. Once established, the resistance genes can 
spread via horizontal gene transfer between different organisms. R, resistant; S, sus-
ceptible. 

De novo gene origination 
New genes can be acquired by HGT or evolve from pre-existing genes via 
duplication and divergence. The latter mechanism relies on a gene that has the 
ability to carry out a weak secondary function, in addition to its main function. 
If the secondary function becomes beneficial, selection can drive the duplica-
tion of that gene and subsequently select for the improvement of the secondary 
function in the duplicated allele by mutations. As a result, the organism will 
have acquired a new gene with a different main function that evolved from a 
promiscuous predecessor118. 

Since HGT and duplication-divergence both require pre-existing genes as 
a substrate for the evolution of new functions, a central question in evolution 
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remains: how did the first genes originate? At some point, genes must have 
emerged from non-functional and non-coding DNA sequences. It is under de-
bate how prevalent de novo evolution in modern organisms is, but growing 
evidence from comparative genomics suggests that it is a continuously ongo-
ing process that gives rise to novel genes in a number of organisms119. 

Pervasive expression of non-coding DNA  
Random proteins and peptides can potentially be encoded at various locations 
in a genome. For example, alternative reading frames or anti-sense expression 
of coding genes can encode for randomized proteins or peptides. While the 
frame encoding a functional protein is under selection, the amino sequence 
encoded in alternative or opposite frames is typically not under selection. Sim-
ilarly, intergenic regions whose functionality lies on the nucleotide level can 
serve as a reservoir encoding peptides of random composition. Transcription 
of non-coding DNA sequences is prevalent120. For example, transcriptional 
termination can be inefficient121 and therefore allow read-through into a down-
stream intergenic region or a downstream gene that is located in the opposite 
direction. Additionally, recent studies have revealed a high abundance of in-
tragenic transcriptional start sites (TSS) in sense and anti-sense direction122,123. 
This is supported by the observation, that a high fraction of randomized se-
quences can serve as active promoters124. Ribosome-profiling experiments 
have revealed that many of the transcripts outside of coding regions do asso-
ciate with ribosomes and are likely to be translated125,126. In fact, it was shown, 
that the majority of peptides predicted by ribosome profiling in Salmonella 
could be verified by western blot analysis127. This potential pool of non-func-
tional peptides could serve as a substrate for the evolution of new genes (Fig-
ure 7). 

Functionality of small proteins and peptides  
Small proteins are inherently difficult to study. Due to their size, they can be 
easily missed by molecular tools such as mass-spectrometry. Additionally, se-
quence comparisons are limited since the small size strongly reduces statisti-
cal power. Therefore, many genomes are annotated using a lower cut-off value 
of around 50-100 amino acids. Despite the bias against small proteins, it is 
becoming more and more evident that this class of proteins is not only abun-
dant but also involved in a variety of cellular functions128,129. For example, the 
29 amino acid protein KdpF has been shown to stabilize the potassium 
transport complex KdpABC in Escherichia coli130. Similarly, the 49 amino 
acid protein AcrZ interacts with the AcrAB/TolC efflux pump131. Other small 
proteins have been shown to function as toxins. These are typically very hy-
drophobic and are predicted to localize in the membrane132. One representative 
of this class that has been studied in depth is TisB. This 29 amino acid peptide 
is involved in persister formation, most likely by insertion into the inner mem-
brane which causes membrane depolarization133-135. Besides transport and 
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toxin systems, small proteins have been linked to cell division (Blr136), chap-
erone activity (FbpB137) and signal transduction (MgrB138). 

 
Figure 8. De novo gene evolution. A gene can originate de novo from randomized, 
non-coding DNA sequences that can be found throughout the genome. The DNA 
needs to be transcribed into a stable mRNA that is accessible for ribosomal assembly 
and subsequent translation. If the produced protein is stable and can provide a bene-
ficial function to the cell, positive selection will drive its increase in expression 
and/or functionality. 

 

Experimental approaches to de novo gene evolution 
Different genes that originated de novo have been identified in all domains of 
life using comparative genomics119,139-141. One major determinant of these 
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genes is their lack of homologues in closely related organisms. This compari-
son must be conducted under very stringent parameters to exclude false posi-
tives from strongly diverged genes. Other evolutionary pathways of gene ac-
quisition, like HGT and duplication-divergence, have been experimentally 
validated in vivo. However, since de novo gene origination from random se-
quences is very unlikely, experimental evidence for this process is scarce. One 
possibility to screen extensive sequence libraries is to use in vitro selections, 
where much higher diversities can be achieved than in biological systems that 
rely on cells to express each individual peptide. Using mRNA-displayed pro-
teins, four variants could be selected from a library of 6x1012 variants that 
showed ATP-binding activity in vitro142. Selection of functional proteins and 
peptides in vivo has been limited to randomization in pre-existing structural 
scaffolds. For example, randomization of variable regions in a four-helix bun-
dle143 has given rise to various peptides of diverse biological functions: One 
set of proteins that emerged from this screen was able to rescue a serine aux-
otrophy caused by deletion of the serine-phosphatase SerB in Escherichia 
coli144. The proposed mechanism by which these peptides restore growth is by 
upregulation of HisB, which can functionally replace SerB145. Another peptide 
selected from this library rescued a ∆fes mutant. Fes functions as a hydrolase 
making iron available to the metabolism. The purified synthetic protein 
showed hydrolase activity in vitro suggesting a function as a bona fide enzyme 
replacing Fes146. These studies suggest that versatile functions can be selected 
from random sequences. However, local randomizations rely on pre-existing 
genes that provide a structural scaffold, which bypasses the lack of a prede-
cessor as a requirement of de novo gene evolution. It remains unclear, at what 
frequency beneficial functions are encoded in completely randomized se-
quences and how frequent de novo genes can emerge from non-coding re-
gions. 
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Current Investigations 

Paper I 
Amelioration of the fitness costs of antibiotic resistance due to 
reduced outer membrane permeability by upregulation of 
alternative porins 
Target alteration mutations can yield high-level resistance to certain antibiot-
ics, but they also often reduce the efficiency of the encoded protein and sub-
sequently bacterial fitness. For example, mutations in rpsL and rpoB can cause 
high-level resistance to streptomycin and rifampicin, but simultaneously re-
duce translational and transcriptional efficiency, respectively57,59. Various 
studies have shown that the deleterious effects of resistance can be amelio-
rated by second-site mutations that restore the functionality of the antibiotic 
target while maintaining the resistance mutation70. However, studies on com-
pensatory pathways of antibiotic resistance mutations have been strongly bi-
ased towards target alteration mutation. In our study, we investigated if and 
how porin-deficient E. coli mutants can ameliorate the cost associated with 
disruptions in membrane permeability. 

Sixteen lineages of an E. coli ompC ompF double mutant with an in-
creased MIC to ertapenem were evolved in rich growth medium for approxi-
mately 200 generations. While the parental mutant had a 15% reduced growth 
rate compared to the wild-type, the compensated clones showed a significantly 
increased fitness, and in some cases fitness was fully restored. Using whole 
genome sequencing, we identified the causal mutations responsible for the ob-
served phenotype. Strikingly, growth compensation followed two distinct 
pathways. One set of mutants acquired loss-of-function mutations in phoR or 
pstS resulting in de-repression of the Pho-regulon and overexpression of the 
porin PhoE, which was confirmed by measuring protein activity of PhoA (an-
other member of the Pho regulon) as well as transcript levels. The second set 
of mutants carried point mutations in hfq, a global regulator involved in small 
RNA activity, or in chiX, which encodes a small RNA. These genetic changes 
did not affect PhoE levels, but upregulated expression of the porin ChiP. Us-
ing deletion and complementation experiments, we showed that both PhoE 
and ChiP were able to reduce the growth defect caused by the loss of OmpC 
and OmpF. Interestingly, compensation via PhoE resulted in a complete loss 
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of resistance, while mutants that compensated via ChiP partly maintained the 
resistance phenotype. 

Porin loss is frequently encountered in vitro and in vivo52,147,148. While a 
decrease in membrane permeability can result in decreased susceptibility, it 
also excludes nutrients from the cell and thus reduces nutritional compe-
tence149. Our study shows that the two major porins OmpC and OmpF can be 
functionally replaced by alternative porins. This can either result in loss 
(PhoE) or maintenance (ChiP) of resistance. Furthermore, upregulation of 
PhoE and ChiP homologoues have been observed in clinical isolates, showing 
that the compensatory mechanisms identified in our study are relevant in 
vivo150,151. 

Paper II 
Predictable phenotypes of antibiotic resistance mutations 
Bacteria develop resistance towards antibiotics in numerous ways. However, 
only a subset of the resistance mechanisms observed in the laboratory occur 
in clinical settings, indicating a bias as to which resistance pathway is evolu-
tionary favored. Factors that determine the ability of a resistant strain to dis-
seminate and persist within complex bacterial populations include the level of 
resistance provided by the resistance gene/mutation and the fitness of the an-
tibiotic resistant strain compared to other resistant mutants or a susceptible 
wild-type in the absence of antibiotics98. The ability to predict the impact of 
these factors and thereby the evolutionary success of resistant bacteria could 
have useful implications with regard to surveillance and treatment regimens. 
Unfortunately, several studies have shown that chromosomal resistance mu-
tations are strongly affected by epistatic interactions, which makes confident 
predictions of their effects in complex genetic backgrounds difficult88,152,153. 
We performed a broad study to address two key questions: (i) Is the pheno-
typic expression, fitness and resistance level, of antibiotic resistance mutations 
influenced by the presence of other resistance mutations and (ii) how depend-
ent are the effects of resistance mutations on the genetic background. 

Thirteen different chromosomal mutations (in the genes rpoB, gyrA, rpsL, 
fmt, fusA, gidB, ompR, marR, mgrB, lon, acrR, cysB and pmrA) were chosen 
to represent a broad spectrum of fitness costs, resistance levels and resistance 
mechanisms. Six of these mutations cause resistance by altering or bypassing 
the target of the antibiotic. Typically, this type of resistance mechanism is as-
sociated with a high-level increase in resistance to a specific antibiotic. In con-
trast, most of the other mutations only cause a small decrease in susceptibility 
but do so to a larger set of antibiotics. This is a common phenotype for muta-
tions that alter antibiotic influx or efflux. Using phage transduction and λ red 
recombineering, we constructed extensive sets of combinatorial mutants in S. 



 37 

typhimurium LT2 and subsequently determined the resistance profile as well 
as the bacterial fitness using exponential growth rates. We observed a strong 
predictability for the majority of combinations of resistance mutation. Only 5 
of 29 mutants exhibited fitness effects that significantly deviated from pre-
dicted value assuming no epistatic interactions. Furthermore, among the 5 ep-
istatic combinations, only two demonstrated sign epistasis (rpsL K42N + fmt 
T12R and lon Q137* + ΔompR). This finding stands in contrast to other stud-
ies reporting high amounts of positive epistasis among resistance muta-
tions88,152,153. 

Given that the effect of a mutation can be dependent on the presence or 
absence of one single additional mutation, how much does the phenotype of a 
mutation change between different strains with tens of thousands sequence 
differences? To address this question, we moved all 13 mutations into ten dif-
ferent strain backgrounds with varying genetic separation to LT2. These in-
cluded representatives of different strains (S. typhimurium 14028 and S. typhi-
murium IVB 5560), different serovars (S. typhimurium Saintpaul, S. typhi-
murium Enteritidis, S. typhimurium Emek and S. typhimurium Indiana), dif-
ferent subspecies (S. indica and S. arizonae) as well as different species and 
genera (E. coli). The generated mutants were then characterized to determine 
if the effects of the investigated resistance mutations were uniform or strain-
dependent. Similarly, to the epistatic robustness the chromosomal resistance 
mutations exhibited in combination with one another, phenotypic effects over 
the whole set of host strains were mostly stable. In particular, target alteration 
mutations had very consistent effects with regard to fitness and resistance lev-
els. Only loss of gidB did not affect susceptibility in two strains (S. arizonae 
and E. coli), which we attribute to the lack of AadA, a protein that was previ-
ously shown to be essential for increased resistance due to gidB loss154. Vari-
ation among regulator mutations was more pronounced. For example, loss of 
ompR did not cause any effect on growth rate or resistance for all tested Sal-
monella strains, while it caused a growth defect of 25% in E. coli along with 
a 10-fold increase in resistance towards ertapenem. Another striking example 
of strain-specific effects was observed for ΔcysB where the fitness cost varied 
between 25 - 49%, while resistance was increased between 3- to 350-fold de-
pending on the strain. 

The impact of antibiotic resistance on bacterial fitness is a crucial trait that 
can determine the evolutionary success of the host bacterium. Prediction of 
fitness defects in various genetic contexts is therefore a key factor in under-
standing and consequently preventing spread of antibiotic resistant strains. 
While several studies have suggested that the phenotypic behavior of re-
sistance mutation is strongly affected by epistasis, we present an extensive 
study on a large set of resistance mutations that shows predictable behavior. 
Multiple factors might contribute to the observations in our study, which in-
clude (i) choice of host organism, (ii) choice of mutant alleles, (iii) exponential 
growth rate as an output for fitness and (iv) extensive whole genome sequence 
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analysis to ensure the absence of off-target mutations. Furthermore, our study 
highlights that while most resistance mutations affect fitness and resistance 
levels in a strain-independent manner, we also identified a few examples of 
strict strain-specificity. Considering that the vast majority of research on re-
sistance mutations is done in laboratory strains, our findings show that trans-
ferability of results in one strain to another strain might cause misinterpreta-
tions of data. 

Paper III 
Evolution of high-level resistance during low-level antibiotic 
exposure 
Antibiotic pollution in the environment is ubiquitous155. Low levels of antibi-
otics can be found in soil, wastewater treatment plants (WWTP), rivers, sea-
water and biomass103,156,157. While contamination with antibiotics can be min-
imized by reducing misuse and overuse of these compounds in the clinic, an-
imal farms or agriculture, some release into the environment is difficult to 
avoid due to the inherent stability of some antibiotic classes158,159. A previous 
study showed that low-levels of antibiotics, despite being far below the MIC 
of a susceptible strain, are high enough to cause enrichment of resistant mu-
tants102. For example, concentrations of ciprofloxacin below 0.5% of the wild-
type MIC were sufficient to cause selection of a resistant strain carrying a 
mutation in gyrA. It was also shown that sub-MIC concentrations caused en-
richment of streptomycin-resistant mutants. High-level streptomycin re-
sistance can be rapidly selected in the laboratory at streptomycin concentra-
tions above the MIC. Genetic analysis has shown that resistance is due to sin-
gle-step mutations in the gene (rpsL) encoding the target of streptomycin (ri-
bosomal protein S12). Depending on the allele, these mutants can exhibit very 
high resistance levels accompanied by either a small or large fitness cost160. 

Since the selective pressure at sub-MIC is different from selection above 
MIC, it raises the question if also the resistance level and mutational spectrum 
of the evolved clones is different. To address this question, we isolated re-
sistant mutants from the sub-MIC evolution of S. typhimurium LT2 at ¼ of 
the wild-type MIC by plating the populations on plates containing high strep-
tomycin concentrations. Despite the low levels of streptomycin during the 
evolution experiment, all four of these mutants exhibited very high resistance 
levels (>250-fold increase in MIC). Local sequencing revealed that rpsL was 
not mutated and to elucidate the genetic basis of the resistance, we whole ge-
nome sequenced four clones. Results revealed that each clone evolved a mu-
tator phenotype and as a result carried approximately 100 mutations. Recon-
structions of various mutations in combination showed that the resistance phe-
notype can be achieved by the combination of five mutations: gidB Q169*, 
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znuA S19fs, nuoG D264G, trkH T99A and cyoB G283D. These mutations 
were chosen because of mutational overlap between the different clones (gidB, 
znuA, nuoG, cyoB) or previous associations with streptomycin resistance 
(trkH)161. We further investigated the mechanistic basis of resistance and 
showed that resistance is achieved by a combination of different pathways: 
gidB Q169* causes resistance by target alteration, znuA S19fs causes upregu-
lation of aadA, which consequently causes inactivation of streptomycin, and 
trkH T99A, nuoG D264G and cyoB G283D cause a reduction in drug uptake 
presumably by a reduction of the membrane potential. While each pathway 
only results in a mild increase in resistance, combinations of mutations 
showed strong epistatic interactions. The most severe epistatic interaction was 
observed in the quintuple mutant, indicating a very rugged phenotypic land-
scape leading to high-level resistance. 

Bacteria frequently encounter low-level antibiotic exposure155. Our find-
ings show that weak selective pressure can cause evolution of high-level re-
sistance. Furthermore, such resistance is caused by a completely different mu-
tational pattern than what is observed during selection above MIC. This find-
ing raises the concern that many mutational pathways to antibiotic resistance 
are missed by applying lethal selective pressure, which is a common practice 
when studying the evolution of antibiotic resistance in the laboratory. The pro-
nounced epistatic interactions further complicate predictions of resistance 
based on genome sequences or by characterization of the target genes com-
monly associated with resistance. Not only was epistasis abundant, but it 
strongly increased with an increasing order of epistatic interactions. Thus, 
each mutation added another layer of epistatic interactions that obscured clear 
predictions of their effect. Our findings demonstrate, that evolution at differ-
ent antibiotic concentrations can have a drastic impact on the trajectory of re-
sistance development and that sub-MIC selections should be included when 
examining evolution of antibiotic resistance. 

Paper IV 
De novo emergence of peptides conferring antibiotic resistance 
Various models for the evolution of new genes have been proposed and ex-
perimentally validated, including HGT162, gene fusion/fission163 and gene du-
plication and divergence164. While these models are likely responsible for the 
majority of newly evolved genes, they all rely on pre-existing genes to func-
tion. However, the origins of these ancestral genes remain unclear. Recent re-
search has sparked strong interest in de novo evolution of genes from non-
coding sequences. While this process was long believed to be too unlikely to 
occur in modern organisms, recent comparative genomics studies have re-
vealed numerous examples of genes that are likely to have emerged de 



 40 

novo119,139,141. Experimental validation has been limited to the de novo evolu-
tion of functions in a predetermined scaffold. For example, randomization of 
certain positions incorporated into a four-helix bundle have yielded a set of 
functional versatile proteins144,165,166. Still, these studies rely on pre-existing 
structures and do not consequently imitate de novo gene evolution. 

We generated a set of five highly diverse plasmid libraries that encode ran-
domly generated short open reading frames (sORFs) placed in between tran-
scriptional and translational start and stop signals to ensure high level expres-
sion. The sORFs encode peptides ranging from 10 to 50 amino acids. The 
random-10, random-20 and random-50 libraries consist of NNB (N= A, C, G, 
T; B= C, G, T) to reduce the amount of premature stop codons.  Two additional 
libraries encoding 50mers were designed with a biased composition towards 
prebiotic or hydrophilic amino acids. All libraries were transformed into Esch-
erichia coli K-12 BW25113 and subsequently screened for variants that in-
crease antibiotic resistance using lethal selections. From this, we identified 
three unique peptides that were able to increase resistance to all aminoglyco-
sides. The strongest effect was seen for amikacin, where the increase in the 
minimum inhibitory concentration compared to an empty vector control strain 
was up to 48-fold. The peptides showed striking sequence similarities, as they 
were all mainly composed of hydrophobic amino acids. Blast-hit analysis, 
transmembrane helix prediction tools and site saturated mutagenesis strongly 
suggested that the peptides localize in the membrane. This hypothesis was 
confirmed using electron microscopic analysis of immunogold-labeled sam-
ples expressing the peptide fused to a hexahistidine tag. In the membrane, the 
peptides cause a disruption of membrane potential, which is a known re-
sistance mechanism for aminoglycoside antibiotics167. The diminished mem-
brane potential causes a decreased uptake of antibiotics into the cell, as was 
demonstrated using radiolabeled dihydrostreptomycin uptake assays. Selec-
tion of chromosomal mutants with a decreased membrane potential and co-
expression of the de novo resistance peptides revealed that no additional in-
crease in resistance could be conferred by this resistance mechanism, but co-
expression with a target alteration mutant increased resistance even further. 

Our study demonstrates that a random composition of A, C, G and T can 
encode peptides that provide a strong benefit to the host bacterium, namely, 
growth in presence of antibiotic concentrations 48-fold higher than what a 
wild-type strain can tolerate. Advances in sequencing and mass-spectrometry 
technologies have revealed that large fractions of the genome are transcribed 
and translated120,168. This yields a very complex and extensive pool of ’ran-
dom’ transcripts that can be stochastically translated and potentially yield ben-
eficial peptides. Selection of these random sequences may eventually fine-
tune their expression levels and functions, and ultimately result in the for-
mation of a stable new gene. Our study shows that beneficial proteins are en-
coded in randomized libraries at a frequency that can be experimentally de-
tected using in vivo selection. 
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Concluding Remarks 

Treatment complications due to antibiotic resistant bacteria not only cause im-
minent harm by jeopardizing various medical procedures but also impose a 
major economic burden. Development of new antibiotics is scarce, since the 
‘low-hanging fruits’ were picked during the golden era of antibiotic discovery 
and the threat of quickly emerging resistance makes major investments into 
drug development not very profitable. Thus, it is crucial to prevent the spread 
of resistant organisms to maintain the efficacy of antibiotics currently in use. 
To achieve this, we need a comprehensive understanding of the factors that 
influence the origination and dissemination of resistance mechanisms in bac-
terial populations. 

This thesis aims to address these factors from different perspectives:  Paper 
I demonstrates the intricate relationship between antibiotic resistance and bac-
terial fitness and shows how rapidly resistant bacteria can evolve to ameliorate 
the deleterious effects that accompany the resistance mechanism. Compensa-
tory pathways might be abundant for most resistance mechanisms, which has 
profound implications for the prediction of the evolutionary success of a re-
sistance mutation/gene based on its fitness effect. If the fitness effects of an 
antibiotic resistance mutation can depend on the presence or absence of a sin-
gle compensatory mutation, the potential for epistasis in different genetic 
backgrounds with hundreds or thousands of sequence polymorphisms is enor-
mous. Surprisingly, our results in Paper II show that the phenotypic effects 
of resistance mutations are largely predictable in different genetic contexts. 
However, isolated, but significant, outliers to this pattern show that character-
izations of resistance mechanisms are not always transferable between differ-
ent genetic backgrounds. Epistasis can be particularly pronounced between 
resistance mutations affecting the same antibiotic. As seen in Paper III, even 
very small amounts of antibiotics can cause the emergence and enrichment of 
highly resistant mutants. This phenotype is due to multiple small-step muta-
tions that amplify each other’s effect. Given that antibiotic contamination is 
prevalent in many environments, sub-lethal selections are likely to contribute 
to the emergence of antibiotic resistant bacteria. Finally, we demonstrate in 
Paper IV that antibiotic resistance genes can originate de novo. Using expres-
sion libraries of randomized nucleotide sequences, we selected de novo ami-
noglycoside resistance genes. The frequency of these genes in the random se-
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quence pool was surprisingly high, showing that the transcription and transla-
tion of random, non-coding sequences can potentially spark de novo gene evo-
lution in any organism. 

The work presented here expands our understanding of antibiotic resistance 
evolution. In particular, it addresses two fundamental questions: (i) what are 
the constraints to the phenotypic expression of antibiotic resistance mutations 
(Papers I and II) and (ii) what are the mechanisms underlying the emergence 
of antibiotic resistant bacteria (Papers III and IV). This and other studies will 
hopefully enable us to predict and therewith combat the dissemination of an-
tibiotic resistant clones. 
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Future Perspectives 

The projects presented in my thesis offer various opportunities for further 
studies. I want to highlight a few of the aspects that are worth pursuing:  

Paper I describes compensatory pathways in porin-deficient mutants. 
While fitness estimates were restricted to growth rates in rich medium, it 
would be interesting to see how these compensated mutants behave in differ-
ent media or in response to various stresses. Furthermore, I am interested in 
how the loss of OmpR, the major regulator of porin expression, can be com-
pensated. Preliminary experiments have shown that these mutants follow a 
different mutational pathway to higher fitness, suggesting that the fitness cost 
associated with loss of OmpR is not primarily due to reduced OmpC and 
OmpF expression. 

The extensive set of mutants generated in Paper II has so far been used to 
determine MICs and growth rates. The determination of additional phenotypes 
could reveal other layers of strain-specificity or robustness. In particular, I am 
curious if certain mutations offer variable degrees of cross-sensitivity in dif-
ferent genetic backgrounds.  

Paper III revealed that low and high selective pressures both cause the same 
phenotypic outcome, namely high-level antibiotic resistance, but based on 
completely different mutational targets. This implies that there is a ‘dark mat-
ter’ of resistance mutations that have not been assessed by traditional, high-
level selections for antibiotic resistant mutants. Determining if this is a strep-
tomycin-specific phenomenon or a general pattern for resistance development 
could have profound implications on how we execute and interpret experi-
ments that select for antibiotic resistant mutants. 

In Paper IV, we demonstrate how de novo genes can arise from randomized 
sequence libraries. The encoded peptides that we selected showed striking 
characteristics in their sequence composition, cellular function and resulting 
phenotype. Considering the seemingly endless array of phenotypes that can be 
screened with the constructed expression libraries, I am eager to isolate and 
characterize other beneficial sequences that are likely to be present in our pool 
of over 1 billion variants. 
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Deutsche Zusammenfassung 

Antibiotika sind eine Gruppe verschiedenartiger Moleküle, deren Gemein-
samkeit darin besteht, dass sie Bakterien entweder am Wachstum hemmen 
(bakteriostatisch), oder zu deren Zelltod führen (bakterizid). Die meisten me-
dizinisch genutzten Antibiotika werden von Mikroorganismen selbst produ-
ziert, vermutlich um andere Organismen am Wachstum zu hemmen und so 
einen selektiven Vorteil zu erhalten. Es gibt jedoch auch die Vermutung, dass 
Antibiotika in der Natur als Signalmoleküle fungieren, mit denen sich Bakte-
rien untereinander verständigen können. Die Nutzung von Antibiotika in der 
Humanmedizin führte zu einer regelrechten Revolution. Einst gefürchtete und 
lebensbedrohliche Infektionskrankheiten konnten in den 40er Jahren nach der 
großflächigen Einführung von Penicillin, eines der ersten medizinisch genutz-
ten Antibiotika, schnell und ohne starke Nebenwirkungen geheilt werden. In 
den darauffolgenden Jahrzenten wurden die meisten der heute medizinisch ge-
nutzten Antibiotika entdeckt und kommerzialisiert, eine Zeit, die oft als die 
‚goldene Ära’ der Antibiotika bezeichnet wird. Schnell wurde jedoch klar, 
dass pathogene Keime Resistenzen gegen Antibiotika entwickeln können und 
nicht mehr auf die Behandlung ansprechen. Heutzutage breiten sich diese re-
sistenten Bakterien nicht nur immer weiter aus, sondern akquirieren auch im-
mer mehr verschiedenen Resistenzen, so dass manche Infektionen nicht mehr 
behandelbar sind. Dies bedroht nicht nur die Behandlung akuter Infektionen, 
sondern auch prophylaktische Maßnahmen zum Beispiel bei invasiven Ope-
rationen oder begleitend zu einer Chemotherapie. 

Bakterien können generell auf zwei verschiedene Weisen Resistenzen ent-
wickeln: Entweder durch Mutationen, oder durch lateralen Gentransfer. Mu-
tationen entstehen spontan durch ein fehlerhaftes Replizieren der DNA wäh-
rend der Zellteilung. Dies kann dazu führen, dass Antibiotika nicht mehr ef-
fektiv ihr zelluläres Zielprotein inhibieren können. Alternativ können Bakte-
rien auch Mutationen akkumulieren, die ihre Zellmembran 
undurchdringlicher für Antibiotika machen. Lateral transferierte Resistenz ba-
siert auf der Akquisition von kompletten Resistenzgenen, die beispielsweise 
Enzyme codieren können, welche das Antibiotikum chemisch verändern und 
somit unschädlich machen.  Paradoxerweise sind Resistenzmechanismen in 
Abwesenheit von Antibiotika oft hinderlich für Bakterien. Sie können bei-
spielsweise die maximale Wachstumsrate verringern oder zu anderen physio-
logischen Störungen führen, welches die bakterielle ‚Fitness’ verringert. Dies 
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sollte dazu führen, dass Bakterien ohne Resistenzen einen kompetitiven Vor-
teil gegenüber resistenten Bakterien haben und diese verdrängen. Unglückli-
cherweise ist dies nur selten der Fall. Wahrscheinlicher ist, dass resistente 
Bakterien zusätzliche Mutation akquirieren, die dazu führen, dass die Fitness 
des Bakteriums wiederhergestellt wird. Oft bleibt hierbei die ursprüngliche 
Mutation und somit auch die Resistenz erhalten. Dieser Prozess der Fitness-
kompensation ist Grundlage von Studie I, in welcher wir erforschen wie Bak-
terien mit einer verringerten Zellwandpermeabilität ihre verminderte Wachs-
tumsrate wiederherstellen können. Unsere Ergebnisse zeigen, dass der Verlust 
von Porinen, welche als wassergefüllte Kanäle eine grundlegende Funktion 
für den Stoffaustausch zwischen Gram-negativen Bakterien und der Umge-
bung erfüllen, durch die vermehrte Expression alternativer Porine kompen-
siert werden kann, teilweise unter Beibehaltung der erhöhten Resistenz gegen-
über ß-Lactam Antibiotika. Studie II konzentriert sich ebenfalls auf das Wech-
selspiel zwischen Resistenz und Fitness. Hier wurde die Stammspezifität von 
verschiedenen Resistenzmutationen und deren gegenseitige phänotypische 
Beeinflussung untersucht. Überraschenderweise hat sich gezeigt, dass Resis-
tenzmutation größtenteils stammunabhängig agieren und der Effekt auf das 
Bakterium durch die Mutation meist gut vorauszusagen ist. Neben der adapti-
ven Evolution von vorbestehenden Resistenzen befasst sich meine Doktorar-
beit mit der initialen Entstehung resistenter Bakterien. Wir konnten in Studie 
III zeigen, dass selbst minimale Mengen an Antibiotika, wie sie zum Beispiel 
in Abwasser und Kläranlagen zu finden sind, die Selektion von resistenten 
Bakterien stimulieren können. Die so entstandenen Mutanten zeigten eine sehr 
große Resistenz gegenüber dem Aminoglykosid-Antibiotikum Streptomycin. 
Des Weiteren unterscheidet sich das Mutationsspektrum deutlich von dem re-
sistenter Stämme, die unter hohen Streptomycinkonzentrationen selektiert 
wurden. Diese Studie zeigt, welcher Komplexität die Selektion resistenter 
Stämme unterliegt und dass die Replikation von natürlichen Selektionsbedin-
gungen im Labor oft schwierig ist. Studie IV veranschaulicht wie Resistenz-
gene de novo, also von vorher nicht-codierenden Nukleotidsequenzen, entste-
hen können. Durch die Expression komplett zufällig zusammengesetzter Se-
quenzen, bestehend aus den Nucleobasen Adenin, Cytosin, Guanin und Thy-
midin, konnten wir Varianten isolieren, welche die Resistenz von Bakterien 
gegenüber Aminoglykosiden stark erhöhen. Dies zeigt, dass de novo Genevo-
lution möglich ist und experimentell repliziert werden kann.  

Die Evolution und Dissemination von resistenten Bakterien stellt eine 
große Gefahr für die Humanmedizin dar. Nicht nur gefährden diese Stämme 
unsere Möglichkeit Infektionskrankheiten zu behandeln, sondern beschränken 
auch die Möglichkeit der Prophylaxe für eine Vielzahl weiterer medizinischer 
Applikationen. Die Entwicklung neuer Antibiotika schreitet immer langsamer 
voran und wird aller Voraussicht nach nicht genügen, um der Entwicklung 
von Resistenzen entgegenzuwirken. Stattdessen ist es nötig, das Entstehen und 
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die Ausbreitung antibiotikaresistenter Bakterien zu verhindern. Diese Doktor-
arbeit bespricht verschiedene Faktoren, die zu dem evolutionären Erfolg re-
sistenter Stämme beitragen und erweitert unser Verständnis der zugrundelie-
genden Mechanismen. Aufbauend auf diesen und anderen Studien können wir 
hoffentlich Wege finden, Behandlungsdauer, Dosisintensität, Antibiotik-
akombinationen, Resistenzüberwachung, sowie die Entwicklung neuer Anti-
biotika derart zu modulieren um die Gefahr der Resistenzbilden zu minimie-
ren. 
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