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ABSTRACT 
The rates and trajectories of bacterial evolution are determined both by microbial factors and 

environmental parameters. In this thesis I have investigated how bacterial mutation rates and 
selection pressure affect the rate and extent of adaptation to novel environments. Bacterial strains 
with increased mutation rates have been found at high frequencies among pathogenic bacteria. We 
collected natural isolates of E. coli in three different European countries and determined the 
mutation frequency to rifampicin resistance in these strains. In this collection we found an 
enrichment of weak mutator strains and furthermore, weak mutators were more common among 
clinical isolates than among normal flora bacteria. Pathogenic bacteria experience a rapidly changing 
environment in its host and this has been suggested as one explanation for the high frequencies of 
mutator strains found among clinical isolates. We found that mutation supply rate was limiting for 
bacterial adaptation in a pathogenesis model where S. typhimurium was evolved in mice. Here, the 
rate of adaptation could be increased by either increasing population size or mutation rate. An 
increased mutation rate however, often comes at a cost. We could detect a decreased fitness of 
evolved mutator populations in second unselected environments due to accumulation of 
deleterious mutations.  

The course of bacterial evolution is determined by how selection and genetic drift sort among 
genetic variation. Antibiotic resistance development is to a large degree influenced by strong 
selective pressures. Resistance mutations usually confer a fitness cost to the resistant bacteria in 
terms of reduced growth rates and /or virulence. We showed that resistance to the two antibiotics 
fosfomycin and actinonin generally confers heavy fitness costs on the resistant bacteria under 
several different growth conditions. Using mathematical modeling we demonstrated that the fitness 
costs associated with fosfomycin resistance significantly reduced the probability of resistance 
development during antibiotic therapy. The biological cost of fosfomycin resistance is therefore 
suggested to be a significant contributor to the low level of clinical resistance observed for this 
antibiotic. For resistance to develop clinically the possibility to genetically compensate for the 
fitness costs of antibiotic resistance is of importance. We showed that the severe fitness cost of 
actinonin resistance can be compensated for by acquisition of both intragenic and extragenic 
compensatory mutations. Among the extragenic compensatory mutations we identified tRNA gene 
amplifications resulting in over-production of a limiting component for bacterial growth in the 
resistant strains.  

Evolution towards reduced bacterial genome size is associated with an intracellular life-style 
that is characterized by small bacterial population sizes and relaxed selection pressures. We set up 
an experimental system to study the process of genome shrinkage in real time where we mimicked 
the characteristics of an intracellular life-style. We could observe a rapid initial rate of DNA loss 
where large deletions removed substantial amounts of DNA in single events. The data agrees well 
with the observation that genome reduction in bacteria with small genomes initially was a rapid 
process mediated via large deletions. RecA functions have been suggested to be important for the 
decrease in genome size of small genomes. We could however not detect any dependence on RecA 
mediated functions for the deletion formation process in our experimental set-up. 
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INTRODUCTION 
The publication of Charles Darwin’s On the Origin of Species by Means of Natural Selection in 
1859 marked the beginning of evolutionary biology. Evolution is central to our 
understanding of biology, from the history of life on earth to current problems like the 
emergence of antibiotic resistance. Evolution in its simplest form relies on two facts; the 
presence of heritable variation among individuals and a mechanism of sorting between this 
variation. All populations contain individuals that differ from each other in one or several 
characters. Depending on the number of offspring with a specific character each individual 
produces, the frequency of this character within a population will vary from generation to 
generation. This is called descent with modification and, as a consequence, the attributes of 
individuals within a population will change over time. In evolutionary biology two main 
sorting processes operate on the variation in a population - chance and natural selection. 
When natural selection predominates the individuals that are best equipped to meet the 
demands of the existing environment will contribute most to the next generation. 
Evolution by means of natural selection is therefore a directed process toward increased 
fitness and when natural selection operates we talk of adaptive evolution. In this thesis I will 
focus on the mechanisms and trajectories of bacterial adaptation to novel environments and 
how the bacteria Escherichia coli and Salmonella enterica can be used as model systems to study 
adaptive evolution in the laboratory. 

 
Escherichia coli  
Escherichia coli is a member of the family Enterobacteriaceae which also includes well known 
pathogens like Salmonella and Shigella. These bacteria are rod-shaped with a gram-negative 
cell wall and they are easy to cultivate due to their simple growth requirements. E. coli has 
been used for many years as a model system in bacterial genetics, molecular biology and 
biotechnology (217). Together with its close relative Salmonella, E. coli is one of the best 
characterized bacteria and we have detailed knowledge of its genetics, genomics and 
bacterial cell physiology (217). In its natural environment E. coli colonize the lower intestine 
of humans and other mammals and are rarely associated with disease (33, 123, 255). 
Specific clones of E. coli can however give rise to diseases such as enteric/diarrheal disease, 
urinary tract infections (UTI:s), septicemia and meningitis (123). Pathogenic E. coli are 
distinct from commensal E. coli in that strains causing disease express virulence factors 
mediating functions such as adherence, invasion, toxin production and immune evasion 
(123, 205). UTI:s are one of the most common infections caused by a bacterial agent and in 
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more than 70% of the cases the causative agent is E. coli (120, 121). The severity of 
infection ranges from cystitis where the infection is confined to the bladder, to 
pyelonephritis where the bacteria are spread to the kidneys (63, 234). A bacterial infection 
of the bladder can also be asymptomatic (234). Uropathogenic E. coli are associated with 
virulence factors such as fimbriae and pili mediating adhesion, aerobactin for iron uptake 
and production of toxins, for example hemolysin (52, 63, 75, 115, 123, 234).  
 

 
Figure 1. Salmonella typhimurium LT2 

 

Salmonella enterica  
Unlike its close relative E. coli, Salmonella enterica is never encountered as a commensal in 
humans but is always associated with disease (255). Most Salmonella serovars capable of 
infecting humans cause gastro-intestinal disease and are spread via contaminated food and 
water (23, 189). The serovar Typhi is unique in that it is a strict human pathogen which 
gives rise to a severe systemic disease called typhoid fever (192, 193). Salmonella enterica 
serovar Typhimurium LT2 (which will be referred to as S. typhimurium throughout this 
thesis) causes a systemic disease in certain inbred mouse strains that share many similarities 
to typhoid fever in humans (156, 162, 186). The Salmonella infection is initiated upon 
ingestion of the bacteria (156, 186, 193). A small fraction of the bacteria survive the acidic 
environment in the stomach and establish an infection in the small intestine, where the 
Salmonella multiply and displace the normal flora bacteria. The bacteria then cross the 
intestinal epithelium by invading the M cells of the Peyer’s patches and enter the blood 
circulation. Systemic disease in both humans and mice is associated with the capacity of the 
bacteria to survive and replicate in macrophages and. in the late stages of the disease, 
Salmonella can be found in large numbers in the liver and spleen (156, 186, 193). The murine 
typhoid fever model has been used extensively to study the interactions between pathogenic 
bacteria and their host (156, 186). 
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GENERATION OF GENETIC VARIATION 
Generation of genetic variation is fundamental for all evolutionary processes. In bacteria 
genetic variation is created via two main pathways; (i) acquisition of new functions through 
horizontal gene transfer or (ii) de novo by mutagenesis. DNA based microbes differ by 
several orders of magnitude in genome size and per nucleotide mutation rate (67). Despite 
the large variation, the per genome mutation rate is remarkably similar, averaging 0.0033 
mutations per genome per replication cycle (67). Consequently, mutation rates seem to be 
shaped by strong selective pressures that are universal to many types of organisms (64, 228). 
The majority of all mutations are deleterious and a too high mutation rate would result in 
rapid disintegration of the genetic information. In E. coli, deleterious mutations are 
estimated to form at a rate of approximately 2x10-4 per genome per generation (125). To 
counteract the deleterious effects of mutagenesis bacterial cells invest much energy in high-
fidelity replication and DNA repair systems. In E. coli and S. typhimurium spontaneous 
mutations arise with a frequency of approximately 10-10 per base pair per generation (213). 
The low mutation rate is the result of several mechanisms acting to protect the genetic 
information stored in the bacterial genome. These mechanisms can be divided into two 
main groups (i) maintenance of the DNA in an error-free state and (ii) high-fidelity DNA 
replication (105, 166, 209, 213). Like all molecules, DNA is subjected to spontaneous 
chemical reactions and toxic compounds that threaten to destroy the integrity of the genetic 
information. The bacterial cell possesses a plethora of repair system that serves to recognize 
damaged DNA and repair the damage in an error-free manner (209). Errors in the DNA 
can also be introduced during copying of the DNA chromosome. Faithful DNA replication 
relies on three different functions; (i) insertion of the correct base pair by DNA polymerase 
III, (ii) proof-reading by the polymerase and (iii) post-replicative repair (213).  

 
ANTI-MUTATORS AND MUTATORS 
The spontaneous mutation rate in E. coli is not simply a reflection of the lowest possible 
mutation rate attainable. Strains with decreased mutation rate, anti-mutators, have been 
described in both E. coli and bacteriophage T4 (78, 212). In E. coli, the anti-mutator 
phenotype is conferred by increased accuracy of DNA polymerase III and the mutation 
rate is reduced 5-30 fold in these strains (78, 212). Anti-mutators are rare and the strains 
described have been isolated under experimental conditions designed specifically to identify 
mutants with decreased mutation rate. No studies have identified anti-mutators among 
natural isolates or in long-tem evolution experiments performed under laboratory 
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conditions. The reason for the absence of anti-mutators under these conditions is not 
clearly understood, but several explanations have been put forward. First, the anti-mutator 
mutations described can confer a fitness cost in terms of decreased replication rate and they 
are therefore selected against (68, 212). Second, mutations conferring a general anti-mutator 
phenotype might be improbable due to mechanistic constraints (68, 212). An increased 
fidelity of one particular pathway will confer a measurable anti-mutator phenotype only if 
this pathway contributes to at least 50% of all mutations in the bacterial cell (212). Thus, 
increased efficiency of one specific repair pathway contributes very little to overall 
mutagenesis in the cell. 
 
Strains with a mutator phenotype, on the other hand, are easily obtained and have been 
identified in substantial numbers in different collections of bacteria (65, 98, 135, 141, 157, 
188). The most commonly identified defect resulting in a mutator phenotype is loss of 
methyl-directed mismatch repair (MMR) functions (141, 188). The MMR system is 
responsible for correcting post-replicative errors in DNA and a functional MMR system 
requires gene products from the mutSLH, uvrD and dam genes (166, 171, 172). Mutations in 
any of these genes confer an up to 103-fold increase in general mutagenesis (105, 166, 171, 
172). The MMR system is initiated when the MutS protein recognizes and binds to a 
mismatch in the DNA molecule (1, 116, 219, 259). MutL is then recruited to the site of the 
mismatch and the MutSL complex activates the endonuclease activity of MutH (19, 116, 
259). Activated MutH introduces a cut 5’ to the unmethylated GATC sequence closest to 
the mismatch (19, 116, 259). Due to the transient unmethylation of the adenine in GATC 
sequences for a short time period after replication, repair can be specifically targeted to the 
newly synthesized strand (25, 191). After a cut is introduced in the DNA, the UvrD helicase 
unwinds the DNA past the mismatch, the error-containing DNA is digested and the gap 
filled by DNA polymerase III (58, 116, 258). Apart from post-replicative repair, the MMR 
system also functions to ensure the fidelity of homologous recombination with mutants 
defective in MutS and MutL functions displaying an increased rate of recombination 
between homeologous sequences (76, 116, 171, 232, 256, 257, 261). The recombination 
barrier observed between the close relatives E. coli and S. typhimurium, whose DNA 
sequences differ by approximately 15%, is a result of a functional MMR system (204, 257). 
The most potent mutator identified is the mutD5 mutator in E. coli. The mutD gene encodes 
the epsilon subunit of DNA polymerase III and the mutD5 mutant is defective in proof-
reading by the polymerase (73, 138, 142). A mutD5 mutator displays an up to 105-fold 
increase in general mutagenesis under certain growth conditions (138). This high mutation 
rate is an effect of a combination of defective proof-reading by the DNA polymerase and 
saturation of the MMR system (57, 214, 216). Defects in specific DNA damage repair 
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pathways are also known to increase mutation rates (105, 166, 209). The ung gene encodes 
an N-glycosylase responsible for removing uracil from DNA (70, 105, 209). Loss of 
function mutations in the ung gene causes a 10-15 fold increase in the rate of GC → AT 
transitions (70, 105). Oxidized guanines are an important contributor to DNA damage in E. 
coli and S. typhimurium. The bacterial cell therefore invests a lot of energy in oxidative 
damage repair systems (105, 166, 209). The mutT gene encodes a nucleotide triphosphatase 
that is important in cleansing the dGTP pool from 8-oxodGTP (81, 105, 166, 209). 
Mutations in mutT result in an increased rate of AT → CG transversions, due to the 
misincorporation of 8-oxodGTP opposite adenines during DNA replication (81, 105, 166, 
209). If DNA replication takes place before MutT can perform its function, the 8-oxoG-A 
mismatch is recognized by the mutY encoded N-glycosylase (18, 81, 105, 166, 209). The 
misincorporated adenine is excised and replaced by a cytosine. The resulting 8-oxoG-C 
base pair can then be repaired by the MutM N-glycosylase that specifically removes the 
oxidized guanine (81, 105, 166, 209). Mutations in mutM and mutY both result in increased 
GC → TA transversions (81, 105, 166, 209). In addition, mutMY double mutations have a 

multiplicative effect on the rate of GC → TA transversions (81, 105, 166, 209).  

 
BENEFITS OF A HIGH MUTATION RATE 
Strains with increased mutation rate are often represented in collections of natural isolates 
in frequencies exceeding 1% (65, 98, 135, 141, 157, 188). Elevated mutation rates are 
especially common among clinical isolates. One extreme case is illustrated among 
Pseudomonas aeruginosa strains isolated from cystic fibrosis patients, where 20% of the strains 
were found to display a more than 50-fold increase in mutation rate (188). The frequency of 
mutators observed is several orders of magnitude higher than expected from theoretical and 
experimental estimations and suggest an enrichment of mutator strains due to selection (34, 
244). The majority of mutator strains in natural collections are defective for mismatch 
repair (141, 188). As far as we know, a defective MMR system does not in itself confer any 
selective advantage or disadvantage to the bacterial cell (246, 247, 260). The fitness increase 
or decrease of a mutator strain is therefore associated with the mutations they produce (64, 
228). Strains with increased mutation rate form beneficial mutations more rapidly than 
strains with a low mutation rate. In the absence of sexual recombination the whole genome 
is a linkage unit, meaning that mutations are associated with the genome in which they were 
formed. Therefore, when a beneficial allele arises in a mutator cell and increases in 
frequency in the population, so does the mutator allele. This phenomenon is called genetic 
hitch-hiking and, as a consequence, mutator alleles can be indirectly selected for due to their 
association with other mutations (49, 160).  
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Adaptation to novel environments is dependent on the formation of beneficial mutations. 
If the formation of new mutations is the rate limiting step for adaptation, a mutator allele 
can confer a selective advantage due to its association with increased mutation rate (64, 
228). In sufficiently large populations, cells with elevated mutation rates are always expected 
to be present at low numbers. Boe et. al. estimated the frequency of mutator alleles in E. coli 
populations not subjected to strong selective pressures to approximately 3x10-5 (34). When 
mutator alleles are present at such low frequencies, a beneficial mutation is more likely to 
appear in the majority of cells with have a low mutation rate (49, 64, 228). Therefore, if 
adaptation requires only one beneficial mutation, the beneficial effect of a mutator allele on 
the rate of adaptation is very small (64, 167, 228, 244). However, when adaptation is 
associated with a sequential acquisition of several mutations, the advantage of being a 
mutator increases significantly. If the probability of one mutation to arise in a mutator cell is 
1000 fold higher than for the non-mutator cell, the probability of two consecutive 
mutations arising in the same cell is 106-fold higher for the mutator cell (64). Experimental 
evidence shows that sequential selection of beneficial mutations can rapidly increase the 
frequency of mutators in a population to near 100% (56, 64, 153, 167, 185, 228). The 
enrichment of mutator cells in a population is not only observed in experimental settings 
designed to select for increased mutation rate. The spontaneous ascent of mutators in 
populations adapting to novel environments has been observed in several experimental set 
ups (56, 185, 229). Lenski and co-workers evolved twelve lineages of E. coli in glucose 
limited minimal medium for 20,000 generations (53). After 10,000 generations, mutators 
had arisen and become established in three of the twelve lineages (229). Two of these 
mutators arose in the early phase of the experiment when the rate of adaptation was very 
rapid.  

 
DISADVANTAGES OF A HIGH MUTATION RATE 
Mutator strains have been observed to rapidly reach frequencies near 100% in populations 
adapting to novel environments (56, 153, 185, 228). Even though mutator strains are 
frequently encountered in natural isolates, the majority of strains have a non-mutator 
phenotype. Bacteria with a high mutation rate have an increased rate of accumulation of 
deleterious mutations (64, 84, 229). The fitness cost due to such mutations becomes 
apparent in well adapted populations when the advantage of generating beneficial mutations 
no longer exists (64, 228, 244). Some experimental evidence exist that a mutator population 
can evolve toward a lower mutation rate once the rate of adaptation has decelerated (92, 
248). In other experimental settings a high mutation rate was maintained in the bacterial 
populations under long periods of evolutionary stasis (145). There are two possibilities for a 
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bacterium with a high mutation rate to revert to a low mutation rate. Either the 
functionality of a mutated repair mechanism can be regained by acquisition of a back-
mutation, or the mutation rate can be reduced via suppressor mutations. As discussed 
earlier, loss of mismatch repair functions does not in itself confer a fitness cost. Instead the 
fitness costs of a mutator strain are associated with the increased rate of formation of 
deleterious mutations. The rate at which back mutations form is low and, furthermore, 
once such a mutation has arisen in the population, the probability that it will be lost due to 
stochastic events is high since the mutation is not maintained in the population by selection. 
Evolution of a decrease in mutation rate through back mutations, which rely on one 
specific type of mutational event, is therefore highly unlikely. The second possibility 
whereby mutation rates can be reduced through acquisition of suppressor mutations is a 
more probable scenario. Suppressor mutations do not necessarily rely on one specific 
mutational event, and the target for such mutations might therefore be much larger. Also, a 
suppressor mutation can theoretically confer a direct fitness advantage to the bacteria. Such 
a mutation could therefore be maintained in a population through selection long enough 
for the reduced rate of formation of deleterious mutations to have an effect on fitness. 
Reduction of mutation rate through suppressor mutations has been described to evolve 
under laboratory conditions in chemostat experiments (248). The genetic basis of such 
suppressor mutations has not yet been identified and it is therefore hard to estimate their 
prevalence in natural populations of bacteria.  
 
Mutator alleles are selected in bacterial populations due to their linkage with beneficial 
mutations. As evolution experiments in the laboratory are often conducted under asexual 
conditions, they do not take into account the effects of horizontal gene transfer. In natural 
populations of bacteria horizontal gene transfer might play an important role in disrupting 
the linkage between beneficial mutations and a mutator allele (66, 242). Mutator 
populations can acquire a low mutation rate by obtaining a gene copy that is functional for 
DNA repair through horizontal gene transfer. Similarly, a beneficial allele that once arose in 
a mutator background can be transferred to a genome with a low mutation rate.  
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MÜLLER’S RATCHET 
Mutator populations are also more susceptible to extinction than populations with low 
mutation rates (64, 228). Asexual populations constantly face the threat of extinction 
through a phenomenon called Müller’s ratchet. Described by H. J. Müller in 1964, the 
operation of Müller’s ratchet is thought to be one of the driving forces behind the evolution 
of sexual reproduction and recombination (179). All populations will accumulate neutral 
and deleterious mutations due to stochastic processes. The resulting increase in mutational 
load will inevitably result in a ratchet-like loss of the least mutated class from the 
population, followed by decreasing fitness (7, 179, 254). Since the probability that a 
mutation will move toward fixation is directly proportional to the frequency with which it is 
represented in the population, small populations, populations passing through severe 
bottle-necks and populations experiencing high mutation rates are more susceptible to the 
operation of Müller’s ratchet. Once a mutation has become fixed in a population, reversion 
through acquisition of back-mutations is very unlikely. As the rate of back mutations is low, 
the probability is higher for the fixation of a second deleterious mutation than for a 
reversion event to occur. The result is that operation of Müller’s ratchet is virtually 
unidirectional and, if not counteracted, it will ultimately lead to extinction of the population. 
The classical way of opposing the effect of Müller’s ratchet is by reconstitution of the 
“mutation free” genome by means of recombination (179). Fitness can also be restored by 
acquisition of second-site suppressor mutations. The target for suppressor mutations is in 
many instances much larger than the one target for back-mutations and compensation via 
second site mutations constitutes a universal and rapid mechanism to increase fitness (21, 
198). 

  
SOS-INDUCED MUTAGENESIS 
In E. coli and S. typhimurium the SOS-system functions to respond to DNA damage and  the 
induction of this system is associated with increased mutagenesis (108, 124, 250). The SOS-
system is an intricate network of genes involved in cell-cycle control, DNA damage repair, 
recombination and the ability to replicate past DNA lesions. When the inducing signal, in 
the form of single stranded DNA, is present in the cell transcription repression of the SOS 
regulated genes is lifted in an orderly fashion (55, 77, 108, 250). As a first response, cell 
cycle progression and replication is arrested and expression of high-fidelity error repair 
systems up-regulated. If the DNA damage is extensive and the inducing signal persists, 
activity of the error-prone DNA polymerase, Pol V is activated (108, 113, 233, 250). PolV is 
capable of replicating past DNA lesions and has an error rate of 10-4 to 10-3 (95, 233, 238, 
239). The polymerase ensures cell survival by restoring replication, but at the cost of 
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increased mutagenesis. Activation of PolV does not only increase mutagenesis at the site of 
DNA damage, but increased mutagenesis is also observed at non-damaged sites on the 
bacterial chromosome (239). E. coli and S. typhimurium also harbors two additional SOS-
induced polymerases, Pol II and Pol IV (95). Pol II primarily functions in the rapid 
replication restart observed upon SOS-induction and is associated with increased frame-
shift mutagenesis (83, 182, 195, 196, 203). The role of Pol IV in SOS induced mutagenesis 
however is not completely known. Whereas SOS-induction of Pol IV causes extensive 
mutagenesis on the F’ episome, its role in increased chromosomal mutagenesis is still 
unclear (38, 95, 126, 127, 238, 249). The primary function of systems like the SOS-system is 
to respond to and repair DNA damage and thereby enhance cell survival.  
 
A mechanism to produce mutations only when necessary would combine the benefits of an 
increased rate of mutagenesis when adapting to new environments, with a slow rate of 
accumulation of deleterious mutations (36, 201). Induction of error-prone polymerases 
have the potential to increase mutagenesis in response to stress and a controversy exists 
whether such polymerases could have evolved due to their capacity of transiently increasing 
mutation rates, or if they have evolved simply as way to respond to DNA damage (158, 
163, 200, 202, 207, 243). From an evolutionary perspective selection and evolution of a 
system whose sole purpose is to form mutations when necessary is problematic. A genetic 
variant can only be selected in a population on the basis of its present effect on fitness and 
not due to its possible future advantages. In other words, evolution of a system designed to 
transiently increase mutagenesis when needed requires a degree of foresight that is not 
compatible with the fundamental principles of evolution. Nevertheless, several systems 
have been suggested to produce transient increases in mutagenesis in response to stress (27, 
80, 102, 241). The role of DNA damage in these systems is however unclear. If evolution of 
transient mutagenesis in response to stress is possible there should exist systems where 
increased mutagenesis occurs in response to stress in the absence of DNA damage. Such a 
system however still remains to be discovered.   
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ADAPTATION TO NOVEL ENVIRONMENTS 
 
EXPERIMENTAL EVOLUTION 
Bacterial populations are excellent model systems for studying evolutionary processes in 
real time. Their short generation time makes it possible to follow evolutionary processes 
over many generations in a relatively short time period (74). Bacteria are small and large 
populations can therefore be maintained in a limited space, like a test tube. Using defined 
media and growth conditions, the environment can be controlled and replicated for many 
lineages. When an evolution experiment is completed, comparisons between the evolved 
and ancestral states can be performed due to the possibility to store the ancestor in a non-
growing state, for example by freezing (74). Also, the availability of genetic tools makes it 
possible to identify the genetic basis for the evolutionary change observed. Beneficial or 
deleterious effects of mutations and improvement or degeneration of populations are often 
expressed in terms of fitness. In this context fitness is defined as the average reproductive 
success of a genotype or a population in a particular environment. Bacterial fitness is 
commonly measured in competition experiments, where the ancestral and evolved states 
are co-cultured for several generations (144). By introducing a genetic tag, for example an 
antibiotic resistance marker, the change in frequency of the two competitors relative to each 
other can be monitored over several generations of growth. In this way, specific clones or 
whole populations can be compared to a defined standard and changes in fitness estimated.  

 
Periodic Selection 
The standard model for bacterial adaptation in homogenous environments is periodic 
selection (16, 17). One commonly used experimental set-up to study periodic selection is by 
evolving lineages of bacteria in chemostats, where the environment can be controlled and 
kept constant for the duration of the experiment (71). Under these conditions bacterial 
reproduction is strictly asexual and adaptation is dependent on de novo mutagenesis to create 
genetic variation. When a beneficial mutation arises, it will increase in frequency and spread 
in the population until a new genetic variant with higher fitness takes over. This sequential 
substitution of genetic variants with increasing fitness is a characteristic feature of bacterial 
adaptation (16, 17, 71, 74). Periodic selection can be observed by monitoring the frequency 
of a neutral allele in a population. This neutral allele will always be present in a small 
fraction of the population and furthermore, it will constantly increase in frequency over 
time due to its recurrent formation via mutagenesis. However, when beneficial mutations 
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arise in the population they will most often originate in the majority of cells in the 
population that are not carrying the neutral allele (16, 17, 71). A selective sweep of a 
beneficial mutation in the population will therefore result in a drastic decrease in frequency 
of the neutral allele as the more fit variant displaces the original strain. In the time period 
following the selective sweep the frequency of the neutral allele will begin to build up again 
until a new beneficial mutation arises and starts spreading in the population. If the 
beneficial mutation by chance would arise in a cell carrying the neutral allele, this allele will 
increase in frequency in the population concomitantly with the beneficial mutation by 
means of genetic hitch-hiking (160). The selective sweep of a beneficial mutation is thought 
to purge the population of its genetic variation and rapidly evolving populations therefore 
display little genetic variation (71, 74, 99). Experimental evidence though, suggests that this 
might not always be the case (184). In large populations periodic selections need not be 
associated with one “winner” clone displacing all other variants. Rather, several different 
clones giving rise to one “winner” phenotype sweep through the population, thereby 
preserving some of the genetic variation. Smaller populations though, are more sensitive to 
purging of genetic variation after a selective sweep since beneficial mutations are rare 
enough to sweep through the population as individual clones (184). 
 
Contrary to the gradual increase of a beneficial allele in a population, populational fitness 
increases in a step-wise manner. The reason for this phenomenon is that a beneficial allele 
will not have any substantial effect on the over-all fitness of a population until it constitutes 
a substantial fraction of all cells (71, 74). Therefore, the selective sweep of a beneficial 
mutation in the population is only detected as increased fitness of the population in the last 
few generations of displacement. The short periods of rapid fitness increase is followed by 
longer periods of stasis. Under the long periods of stasis, the genetic variation that was lost 
in the previous selective sweep is recreated and new beneficial mutations are formed (71, 
74).  

 
Rate of Adaptation 
The rate of adaptation in a bacterial population is dependent on many different parameters. 
First, the amount of time required for a beneficial mutation to increase in frequency, from 
one single clone, to constituting the majority of cells in a population is dependent on the 
selective advantage of the beneficial mutation (71, 74). This means that big-benefit 
mutations reach fixation in a population more rapidly than mutations with smaller effects 
on fitness. Mutations conferring a large increase in fitness are however rare and beneficial 
mutations are more likely to have a big selective advantage in mal-adapted populations, 
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where there is a large potential for adaptation (87, 190, 208). The rate of adaptation is 
therefore more rapid in the initial stages of adaptation to a new environment. As the 
population becomes more and more adapted to its environment, the potential for big-
benefit mutations is decreased. Adaptation then continues at a much slower rate, by fixation 
of mutations with smaller effects on fitness (74, 245). This has been nicely illustrated by 
Lenski and co-workers. In their experimental set-up twelve lineages of an E. coli strain were 
evolved in glucose-limited minimal medium for 20,000 generations (54). Most of the fitness 
increase took place in the first 2,000 generations and then the rate of adaptation decelerated 
drastically (54, 145). Second, mutation supply rate of beneficial mutations can be limiting 
for the rate of adaptation. When beneficial mutations are rare, populations spend much 
time waiting for the next advantageous mutation to arise (87, 235). Limitations in mutation 
supply rate is a problem especially for small populations and when beneficial mutations are 
rare, e.g. in well adapted populations. Under these conditions, an increase in mutation rate 
can increase the rate of adaptation, and a limiting mutation supply rate is thought to be one 
reason for the enrichment of mutator strains observed among natural isolates (87, 235). 
Third, in small populations fewer genetic variants are present simultaneously. Which 
beneficial mutation that will arise first and start spreading in the population will be 
determined purely by chance events. As mutations with smaller effects on fitness are more 
common and therefore arise more often than big-benefit mutations, small populations tend 
to display a slower rate of adaptation (190). Fourth, adaptation rate can be decreased by 
clonal interference. When two or more beneficial mutations are present simultaneously, 
they will interfere with one another’s spread in the population. Ultimately the most fit 
variant will reach fixation, but the rate of its ascent is reduced compared to if the beneficial 
mutation had arisen singly in the population (15, 87, 190, 208). 

  
Extent of Adaptation 
One fundamental question in evolutionary biology is whether or not evolution is 
reproducible. That is, if a set of bacterial lineages are evolved under identical conditions, 
will the outcome always be the same? If only one optimal genotype exists for each specific 
environment, different lineages of the same bacteria evolved under identical conditions 
would be expected to arrive at the same fitness over time. Sequential substitution of 
beneficial mutations with increased fitness would be predicted to move the population 
closer and closer toward its fitness optimum. If, on the other hand, different genotypes can 
move the population to diverse fitness optima, the outcome in different lineages is not 
expected to be the same (41, 137). Fixation of the first beneficial mutations will move the 
population in one direction or another and shift the population closer toward one specific 
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fitness optimum. In all evolved populations adaptation will result in increased fitness, but 
since different fitness optima need not be equal the extent of adaptation can be different. 
When different fitness optima are possible, the order in which beneficial mutations arise 
and become fixed in a population will be important. Spontaneous mutations are formed by 
stochastic processes and therefore the extent and trajectories of bacterial adaptation are to a 
considerable degree determined by chance events. Using Lenski’s long-term evolution as an 
example once again, the extent of adaptation differed between the twelve evolved 
populations after 20,000 generations when comparing fitness of the evolved lineages (53, 
145). Since the populations had experienced evolutionary stasis for the last 15,000 
generations, a difference in the rate of adaptation with which the populations would 
ultimately reach the same fitness optimum seemed unlikely and the result supports the 
theory of multiple unequal fitness optima (145).   
 
Adaptation to one environment can decrease fitness in a second environment (40, 72). Such 
trade-off effects are produced by either of two mechanisms; (i) mutation accumulation or 
(ii) antagonistic pleiotrophy. The constant rate of formation of new genetic variants results 
in accumulation of neutral mutations in bacterial populations and these mutations can, in a 
second environment, prove to be deleterious. Such trade-off effects due to mutation 
accumulation are especially prominent in populations with increased mutation rate (64, 228, 
244). Antagonistic pleiotrophy is dependent on the fact that mutations conferring increased 
fitness in one environment can, by themselves, decrease fitness in a second environment 
for mechanistic reasons. This phenomenon has been inferred as the reason for fitness 
trade-offs in several experimental studies (54, 72, 149). Due to fitness trade-offs there is no 
one genotype that is the master of all environments. Evolution in static and largely 
homogenous environments will select for highly specialized variants. This is often the case 
in experimental evolution experiments performed under laboratory conditions. In contrast, 
the natural environment for many bacteria is often highly variable. Such conditions tend to 
favor a more generalist life-style where a successful variant is not the master of any one 
environment but is capable of growth under many different conditions (46). 
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EVOLUTION OF ANTIBIOTIC RESISTANCE 
The introduction of penicillins into human medicine in the 1940:s represented a revolution 
in treatment of infectious diseases. Infections that earlier were associated with high 
mortality and morbidity could now be managed with antibiotic therapy (44). Since the 
introduction of antibiotics in medicine, resistance has rapidly arisen and spread in bacterial 
populations. Treatment failure due to antibiotic resistance is an increasing problem and 
multi-drug resistance has rendered infections that once were easily cured very difficult to 
manage (44). For example, clones of Staphylococcus aureus resistant to virtually all available 
antibiotics is a severe problems in many hospitals and multi-drug resistant strains of 
Mycobacterium tuberculosis are rapidly spreading in many countries (210, 227). The usage of 
antibiotics in medicine can be viewed as one enormous evolution experiment and the 
acquisition and rapid spread of antibiotic resistance in bacterial populations is an example 
of the remarkable potential for bacteria to adapt to novel environments. 

 
Antibiotics – Mechanisms of Action and Resistance 
Antibiotics interfere with, for the bacterium, unique and essential cellular functions. A 
common way of classifying antibiotics is by grouping them according to the cellular target 
they inhibit (table 1). The cell-wall is a unique bacterial structure important for maintenance 
of cell integrity. The production of cell wall components is the target for large groups of 
clinically important antibiotics, like penicillins and cephalosporins (148, 197). 
Aminoglycosides and macrolides target the bacterial ribosome, thereby interfering with 
protein synthesis (61, 86, 94). The ribosome is also the target for the newest group of 
antibiotics used clinically, the oxazolidinones, and protein synthesis continues to be an 
important target in the development of new antibiotics (45, 88, 109, 131, 147). Antibiotics 
also interfere with different aspects of nucleic aid metabolism. Examples are rifampicin that 
targets mRNA synthesis by inhibiting RNA polymerase, and quinolones which inhibit 
DNA gyrase and thereby interferes with DNA replication (69, 85). Trimethoprim and 
sulphonamides are examples of antibiotics that interfere with the energy status of the cell by 
perturbing folic acid metabolism (42). 
 
Bacteria can gain resistance to antibiotics either by acquisition of resistance determinants 
through horizontal gene transfer, or by mutagenesis. Genetic material can spread between 
bacteria through either of three different processes; transduction, transformation and 
conjugation (62, 161). Horizontal gene transfer of resistance determinants is an effective 
way of spreading resistance genes, both within and between, bacterial populations and it is 
an important contributor to the rapid emergence of antibiotic resistance seen clinically (62).  
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 Table 1. Summary of the most common classes of antibiotics and their  
 mechanisms of action. 

Mechanism of Action Antibiotic 
  
Inhibitor of cell wall biosynthesis Penicillins 

Cephalosporins 
Fosfomycin 
Methicillin 
Vancomycin 
 

Inhibitors of protein synthesis Aminoglycosides 
 Macrolides 
 Oxazolidinones 

Tetracyclines 
Fusidic acid 
Chloramphenicol 
 

Inhibitors of nucleic acid 
metabolism 

Rifampicin 
Fluoroquinolones 
 

Folic acid inhibitors Trimethoprim 
Sulphonamides 

 
 
Mobile resistance determinants often encode enzymes that break down or modify the 
antibiotic, for example β-lactamases that hydrolyze the β-lactam bond in penicillins and 
cephalosporins (60). Resistance genes can also encode alternative versions of the target 
molecule of the antibiotic. This alternative version does not bind the antibiotic and can 
therefore substitute for the susceptible chromosomal copy. One example is the mecA gene 
that confers methicillin resistance (104). Methicillin inhibits cell wall biosynthesis by 
inactivating PBP2 and the mecA gene encodes an alternative version of PBP2 that does not 
bind methicillin (104). Resistance also arises through acquisition of chromosomal mutations 
(39, 107). The cellular concentrations of an antibiotic can be decreased due to inhibited 
uptake or active efflux of a drug. The antibiotic target can be altered such that the antibiotic 
no longer binds to it. Also, the activity of a compound can be decreased through active 
hydrolysis of the compound. The activity of some antibiotics relies on the conversion of a 
pro-drug to its active form by bacterial enzymes. Resistance can then be acquired by 
interfering with this process. In some instances one mutation is sufficient to confer high-
level resistance to an antibiotic, whereas in other cases accumulation of several mutations is 
necessary (39, 107). High-level resistance to fluoroquinolones for example requires the 
sequential acquisition of mutations in at least two genes (135).  
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Resistance Development and stability 
Several factors are important for the development of antibiotic resistance and its stability in 
bacterial populations. Among the factors directly affecting the microbe are; (i) the volume 
of drug used, (ii) the rate of formation of resistant variants, (iii) the biological cost of 
resistance and (iv) the capacity to compensate for such costs.  

 
Volume of Drug Use 
The selective pressure in the form of drug use is essential for antibiotic resistance 
development. Antibiotic resistance determinants have existed in bacterial populations long 
before antibiotics were introduced into medicine and selection has since favored the spread 
of these genetic determinants in bacterial populations (59). Both quantitative models and 
correlations between antibiotic usage and resistance frequencies provide evidence that the 
volume of drug use is important for resistance development (20, 37). Furthermore, 
mathematical models suggest that the decay time of resistance after a decline in drug use is 
much longer than the time required for the emergence of antibiotic resistance. This means 
that once resistance has arisen in a bacterial population it will persist for long periods of 
time (20). 

 
Rate of Formation of Resistant Variants 
The rate of formation of resistant variants in a population is determined by several different 
parameters. For horizontally transferred genetic determinants the dissemination rates of 
resistance genes are important, whereas for chromosomally encoded resistance the 
mutation rate to resistance is a central parameter. The enrichment of mutator strains among 
clinical isolates is considered a risk factor for antibiotic resistance development and mutator 
strains can speed up the rate of resistance development due to their increased rate of 
formation of resistant variants (50). Selection for antibiotic resistance under laboratory 
conditions and in experimental animals has been shown to efficiently enrich for strains with 
increased mutation rates (91, 153). For example, gnotobiotic mice infected with a mutator 
strain of E. coli developed antibiotic resistance following treatment more rapidly than mice 
infected with a wild-type E. coli strain (91). The importance of mutator strains in clinical 
resistance development is more complex. High-level resistance to fluoroquinolones requires 
at least two different chromosomal mutations and often three or more mutations 
contributing to resistance can be identified in clinical isolates (135). Komp Lindgren and co-
workers compared mutation rates with the resistance level to ciprofloxacin in a set of E. coli 
isolates from patients with a UTI. In this strain collection a strong correlation between 
fluoroquinolone resistance and increased mutation rates could be detected (135). A similar 
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enrichment of mutator strains among resistant isolates was, however, not observed in a 
collection of E. coli strains isolated in France (65). There are several possible reasons for the 
observed discrepancies. First, a correlation between mutation rate and resistance could be 
obscured if a low mutation rate has evolved after acquisition of the resistance mutations. A 
high mutation rate is costly due to the increased rate of formation of deleterious mutations 
and a decrease in mutation rate can evolve through several different pathways. Second, the 
enrichment of mutator strains observed in some collections might not be due to their 
increased mutation rate to resistance, but instead other unidentified factors are responsible 
for this enrichment. For pathogenic bacteria the disease pathology with tissue destruction 
and the immune response create a highly variable environment, and such variable 
environments are known to enrich for mutator strains (64, 194, 228). To circumvent the 
influence of disease pathology the correlation between mutation rate and resistance level to 
several commonly used antibiotics was recently investigated in normal flora bacteria (98). 
Mutator strains were observed at higher frequencies in bacteria isolated from patients 
receiving large amounts of antibiotics than among bacteria isolated from healthy 
individuals. Also, a weak correlation between mutation rate and resistance to the 
fluoroquinolone ciprofloxacin could be observed for E. coli strains but, for the other 
antibiotics investigated, there was no correlation between mutation rate and resistance (98). 
Whereas ciprofloxacin resistance is mainly conferred by chromosomal mutations, plasmid 
encoded resistance is more common for the other antibiotics included in the study. Since 
increased mutation rate does not significantly influence the transmission rate of resistance 
plasmids, this can explain the poor correlation between mutation rate and resistance.  

 
Biological Cost of Antibiotic Resistance 
The fitness of a pathogenic bacteria is determined by; (i) the rate of reproduction and death 
within and outside a host, (ii) transmission between hosts and (iii) clearance from an 
infected host (8). Fitness costs of antibiotic resistance can be measured in three ways; (i) by 
retrospective studies where quantitative models are fitted to data of antibiotic use and 
relative frequencies of resistant and susceptible bacteria, (ii) by prospective studies 
measuring transmission rates of resistant and susceptible strains and (iii) by experimentally 
determining the relevant parameters (e.g. growth and death rates, transmission and 
clearance rates) (8). A few retrospective and prospective studies have been published, but 
the significant amount of evidence showing that antibiotic resistance generally confers a 
fitness cost comes from experimental data (Figure 2) (6, 20, 28, 30, 43, 146, 150, 206, 211, 
220). The most common way of estimating biological costs in the laboratory is by 
performing competition experiments between isogenic susceptible and resistant strains,  
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Figure 2. Most resistance mutations (designated R), but not all (R*), confer a 
fitness cost to the resistant bacteria. The fitness cost can be compensated for 
by acquisition of compensatory mutations (RC) or by reverting back to the 
susceptible genotype (S). If separated from the resistance mutation, the 
compensatory mutation by itself can confer a fitness cost.  
 
 

either in laboratory media or in animal models (144). In competition experiments the 
relative performance of resistant and susceptible bacteria is estimated in several 
characteristics of bacterial growth; the length of the lag period, exponential growth rate, 
efficiency of resource utilization and mortality in the presence of host defenses (8). These 
fitness costs are highly dependent on the experimental conditions, and mutations displaying 
no fitness cost in laboratory media can confer high fitness costs in an animal model and 
vice versa (8). The cost of antibiotic resistance has been estimated for many combinations 
of antibiotic, resistance mutation and bacterial species (6, 28-30, 150, 181, 206, 220). One of 
the most extensively studied systems is that of streptomycin resistance in S. typhimurium. 
Streptomycin binds to the 30S subunit of the ribosome, thereby inhibiting bacterial 
translation. Chromosomally encoded resistance to streptomycin in S. typhimurium is then 
mainly conferred by point mutations in the rpsL gene, encoding for ribosomal protein S12 
(32, 35). A few of the identified resistance mutations were seen not to confer any biological 
cost in any of several growth conditions tested, but the large majority of resistance 
mutations conferred decreased virulence in a mouse model and/or decreased growth rates 
in laboratory medium (30-32). In many cases the cost of resistance could be attributed to 
increased translational accuracy, resulting in reduced elongation rate of the ribosome (32). 
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Similar patterns, where a majority of resistance mutations result in decreased fitness due to 
reduced efficiency of a cellular process, are true for many other antibiotics and resistance 
mechanisms (150, 206, 220). In some cases it has been possible to estimate fitness costs in 
clinical isolates (28, 181). When isolating antibiotic resistant strains under laboratory 
conditions, fitness costs can be inferred directly by comparisons with the isogenic 
susceptible strain. For clinical isolates an isogenic susceptible strain is rarely available. 
Evidence for compensatory evolution can then be inferred from the presence of resistance 
mutations that are known to confer a biological cost in strains that do not display the 
expected decrease in fitness. 
  
Compensatory Evolution 
Antibiotic resistant bacteria can decrease the fitness cost associated with resistance by either 
of two different mechanisms; (i) reversion of the resistance mutation or (ii) acquisition of 
second-site compensatory mutations (Figure 2). Reversion of the resistance mutation 
requires one specific mutational event and is always associated with loss of the resistance 
phenotype whereas acquisition of compensatory mutations, on the other hand, is not 
necessarily accompanied by a decrease in resistance level. In addition, the target for second-
site mutations is larger since many different mutations can compensate for the cost of one 
single resistance mutation. The size and structure of bacterial populations has a large impact 
on whether reversion or compensatory evolution will occur (152). In small populations and 
in populations subjected to bottle-necks, all genetic variants are not represented in the 
population and compensatory evolution will be favored over reversions. Compensatory 
mutations need not restore fitness to the same level as for the susceptible parental strain, 
but their numerical superiority will favor compensation over reversion. When population 
sizes are large enough for all genetic variants to be present, selection will favor the most fit 
variant and reversions will be more common than in small populations. Compensatory 
evolution stabilizes antibiotic resistance in bacterial populations (29). In the absence of 
compensatory evolution, resistance is predicted to decline in a population as soon as the 
antibiotic is removed. Selection would then favor the more fit susceptible variant. If the 
fitness cost associated with resistance has been compensated for, the selective disadvantage 
of the resistant strains disappears. In many cases a compensatory mutation decreases 
bacterial fitness when separated from the resistance mutation. This will stabilize resistance 
in the bacterial population even further, since reversion of the resistance mutation in these 
situations results in a reduction in fitness (Figure 2). 
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Compensatory mutations can improve fitness by any of several mechanisms (Figure 3) 
(151) . The conformation and stability of a mutated protein can be restored by intragenic 
compensatory mutations. Similarly the stability of a multi-subunit complex, like the 
ribosome, can be restored by intragenic mutations and extragenic mutations in other 
subunits of the complex (151). Examples of compensation through any of these 
mechanisms have been described for many combinations of resistance and compensatory 
mutations (31, 151, 181, 206, 220). The best studies example is compensation for the cost 
of streptomycin resistance in S. typhimurium (152). Here, resistance is conferred by a 
mutation in the rpsL gene, resulting in an amino acid substitution in the ribosomal protein 
S12 (32, 35). Many different mutations can compensate for the cost of the resistance 
mutation and compensatory mutations have been identified both intragenically in the rpsL 
gene, and extragenically in genes encoding other ribosomal proteins (152). The 
compensatory mutations are thought to restore a stable conformation of the ribosome, 
thereby increasing the translation rate (152). Compensation can also be achieved by 
overproducing a limiting or malfunctioning component by promoter mutations or gene 
amplifications. Finally, requirement of the mutated protein can be circumvented by 
activation of an alternative pathway to perform the same function (151). One example of 
compensation for the cost of antibiotic resistance via the last two mechanisms is found in 
isoniazid resistant Mycobacterium tuberculosis (223). Isoniazid resistance is conferred by the loss 
of KatG catalase-peroxidase activity and the resistance mutations are associated with 
decreased fitness, as KatG function is essential for survival in phagocytic cells (165). Clinical 
isolates of isoniazid resistant M. tuberculosis was observed to have increased expression of 
AhpC alkyl hydroperoxidase, which could substitute for the loss of KatG function (223).  
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Figure 3. Compensatory mutations can compensate for the fitness cost of antibiotic 
resistance via several different mechanisms. Intragenic and intergenic mutations can 
restore a stable conformation of a mutated protein or protein complex. The activity of a 
cellular process can be restored by over expression of a malfunctioning component or by a 
bypass mechanism. The figure is adapted after Maisnier-Patin et. al. 2004. 
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EVOLUTION TOWARDS REDUCED GENOME SIZE 
Bacterial genome sizes vary from 0.6 Mbp to approximately 10Mbp (48). The smallest 
genomes are encountered among bacteria with an endosymbiotic (e.g. Buchnera, 
Wigglesworthia) or parasitic (e.g. Mycoplasma, Rickettsia) life-style (3, 12, 103, 224). A small 
genome size was earlier thought to reflect an evolutionary primitive state from which free-
living species with large genome sizes emerged (251). Recent year’s research and completion 
of many bacterial genome sequencing projects have proven this to be wrong. The small 
genomes have in fact evolved from ancestral bacteria with larger genomes through 
extensive gene loss (10, 129, 174, 252). Small genomes are found among distantly related 
bacteria, all living in continuous close contact with eukaryotic host cells. Thus, a small 
genome seems to be associated with a specific life-style, rather than being an attribute of 
certain phylogenetic groups (10, 129, 174, 252). 
 
 

 
Figure 4. Bacterial genome size is determined by the relative rates of gene acquisition 
and gene loss. The figure is adapted after Mira et. al. 2001. 
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A genome can increase in size by DNA duplications or by acquisition of external DNA 
through horizontal gene transfer (139, 170). Deletions of large segments of DNA and gene 
inactivation, followed by erosion due to deletional bias, constitute opposing forces that 
decrease genome size (Figure 4) (139, 170). Deletion events are more common than 
insertion events and genome size is determined by a balance between selection maintaining 
sequences in the genome and deletional bias removing non-coding or superfluous DNA 
(139, 170). Bacterial genomes are therefore normally densely packed and approximately 
80% of fully sequenced genomes consist of intact open reading frames (ORFs). Also, gene 
length is effectively constant (approximately 1 kbp in length) across genomes. A reduction 
in genome size therefore implies massive gene loss (129, 174, 252). 

 
The Eukaryotic Cell as a Growth Niche 
Obligate parasites and endosymbionts replicate and grow inside eukaryotic cells (129, 174, 
252). Several features associated with this life-style are thought to be important in the 
evolution towards a reduced genome size (178). The eukaryotic host cell is a nutrient rich 
environment that can provide many of the metabolic products needed to sustain growth, 
e.g. amino acids, vitamins, co-factors, nucleotides and carbohydrates (177, 237, 262). A 
large number of genes present in free-living bacterial species are involved in biosynthesis of 
many of these growth intermediates and these genes are made redundant in the intracellular 
growth niche. As a result these genes are no longer maintained by selection and can be lost 
from the shrinking genome (177, 237, 262). The intracellular location of the bacteria also 
results in small population sizes and repeated bottle-necks in each transfer between 
eukaryotic cells (169). The population structure subjects the populations to increased levels 
of genetic drift and mutations in genes that provide beneficial, but not essential, functions 
can become fixed in the populations due to stochastic events (173, 253). Once gene 
function has been lost due to mutation, this gene is targeted for extinction via deletional 
bias (170). The intracellular growth environment is a relatively benign growth niche. As a 
result, selection on efficiency of basic cellular processes is less stringent and mutations can 
become fixed in populations due to inadequate purifying selection. This sheltered growth 
environment also decreases contact with other bacteria and phages, resulting in a decreased 
rate of horizontal gene transfer that could function as a balancing force to genome 
shrinkage through deletions (129, 174, 252). 
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The Process of Genome Reduction 

Reductive evolution of genome size is a combination of large deletions removing 
functionally unrelated genes in one single event, and of smaller deletions gradually eroding 
inactivated genes (175, 176, 225). The relative contribution of these two processes to 
genome reduction has been investigated using the endosymbiont Buchnera aphidicola as a 
model organism. B. aphidicola belong to the γ-proteobacteria, the same group as the well 
characterized free-living enterobacteria. By comparing the small genome of B. aphidicola to 
the close relative E. coli K12, the putative genome of a common free-living ancestor has 
been reconstructed (175, 176, 225). From this comparison, genome reduction appears 
initially to have taken place through a few large deletions occurring soon after establishment 
of endosymbiosis with the aphid host. The initial phase of rapid genome shrinkage was 
then followed by gene inactivation and gradual erosion of DNA (175, 176, 225). Each 
aphid species carries its own specific strain of B. aphidicola and the phylogeny of each B. 
aphidicola strain follows the phylogeny of its host (26). It is therefore possible to date the 
divergence of different strains of B. aphidicola, a task that is otherwise problematic since 
bacteria are not well represented in the fossil record. The result shows that the major 
reduction in genome size took place soon after establishment of endosymbiosis, followed 
by a drastic decrease in reduction rate. The last 50 million years have been characterized by 
evolutionary stasis and different strains of B. aphidicola are remarkably similar in genome 
content and organization (226, 236).  
 
Reductive evolution through gene inactivation followed by deletions can be observed in 
different stages of the process as pseudogenes, or as long spacer regions between intact 
ORFs (11, 82, 170). The genome of Mycobacterium leprae represents a genome in the early 
stages of reductive evolution. Only 50 % of the genome consists of intact ORFs and the M 
leprae genome contains an unusually high number of pseudogenes (51). In late stages of 
genome reduction a high percentage of the DNA in the genome again consist of functional 
ORFs and all pseudogenes have been completely eroded. This is the case for the reduced 
genome of B. aphidicola (224). Bacteria of the genus Rickettsia have a parasitic life-style and 
are associated with small genome sizes. Whole genome sequencing of R. prowazekii revealed 
an unusually high proportion of non-coding DNA of 24%, corresponding to different 
stages of gene degradation (12). Sequence comparisons of different members of the genus 
Rickettsia has made it possible to elucidate rates and patterns of sequence evolution in 
reduced genomes (4, 5, 9, 11, 82). Non-coding DNA is especially informative for this kind 
of analysis. The non-coding DNA is not expected to be subjected to purifying selection and 
mutation rates and nucleotide substitution patterns in these sequences therefore reflect the 
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spectra of mutational processes in the cell. Deletions predominate over insertions in 
Rickettsia genomes reflecting the bias towards deletions in reduced genomes (11). Reduced 
genomes also experience elevated evolution rates that appear to be mainly due to increased 
mutation rate (112). Genes encoding DNA repair functions are to a large degree absent 
from reduced genomes and this can explain the high rate of mutagenesis observed. Also, 
reduce genomes have an unusually  high A-T content, probably as a result of the absence of 
specialized DNA repair systems (9, 12, 112, 224).  
 
Genome rearrangements are common in the evolution of many free-living bacteria. The 
reduced genomes of different strains of B. aphidicola are remarkably similar in gene 
organization, indicating that recombination events are uncommon (226, 236). Several 
potential explanations for this phenomenon have been put forward. First, prokaryotic 
genomes often contain long repeat sequences, for example rRNA operons and IS-elements 
(33, 162). These long repeat sequences are virtually absent in reduced genomes. B. aphidicola 
and R. prowazekii for example only harbors one copy of each rRNA gene and repeat 
sequences in the form of IS-elements and prophages are absent (4, 12, 82, 224). 
Homologous recombination between repeat elements resulting in deletions has been 
important in the evolution of reduced genome size. In this process repeat elements once 
present in the genome has been consumed. Second, the recA gene, together with several 
other genes involved in recombination, is absent from many reduced genomes (12, 224). 
The absence of suitable repeat sequences and the loss of recA have been suggested as 
important contributors to the low level of recombination observed in reduced genomes 
(129, 226, 252). Much emphasis has been put on the lack of functional RecA-dependent 
homologous recombination (106). However, experimental evidence from E. coli and S. 
typhimurium suggest that deletions and rearrangements frequently arise via mechanisms that 
are not dependent on RecA functions (2, 100, 111, 215). The low rate of recombination 
observed in reduced genomes can therefore be the result of a more general loss of 
recombinational capacity due to the absence of several components of DNA repair and 
recombination (226). Third, the absence of recombination events may not be a reflection of 
mechanistic constraints. Rather, gene content and genome organization can be maintained 
due to selection (140). For example, the distance between the origin and terminus of 
replication is important for efficient DNA replication. Also, highly expressed genes are 
often situated close to the origin of replication and they are transcribed in the same 
direction as DNA replication. Recombination events resulting in disruption of gene order 
can then significantly alter the expression level of such genes (106).  
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The Minimal Genome Concept 
Closely associated with evolution toward a small genome size is the concept of a minimal 
genome. How many genes and what functions are needed to sustain a living cell? (136) 
Experimental approaches to determine which genes are essential under a defined set of 
growth conditions include massive transposon mutagenesis, use of antisense RNA to 
inhibit gene expression and systematic inactivation of single genes (79, 110, 114, 132-134). 
However, an essential gene set is not the same as a minimal gene set. Bacterial genomes 
display a high degree of redundancy where several genes can perform similar functions. 
Genes that are not essential when inactivated singly can become essential when other 
functions are absent. Similarly, an essential gene function can be made redundant when 
other genes are deleted simultaneously. Another way to address the question of a minimal 
gene set is by computational analysis (89, 136). In a pioneering analysis, Mushegian and 
Koonin compared the genomes of the first two bacterial species to be sequenced, 
Mycoplasma pneumoniae and Haemophilus influenzae (180). The two bacterial species are only 
distantly related to each other and genes common to the two genomes were proposed to be 
conserved in evolution and to be essential for cell function. In the study 256 genes were 
identified as conserved between the two species and suggested to approximate a minimal 
gene set (180). The addition of more bacterial genomes to the analysis has since then 
reduced this number substantially (89, 136). One draw back of computational analysis is 
that it does not take into account gene functions that are performed by unrelated gene 
copies in different bacteria. Minimal gene sets defined in these kinds of analyses therefore 
tend to underestimate the size of a minimal gene set. Recent analyses have focused on 
defining gene functions that are essential to maintain a living cell (90). Among these 
function are (i) replication and a rudimentary DNA repair system, (ii) interpretation 
(transcription) and expression (translation) of the genetic information, (iii) RNA and 
protein processing, (iv) maintenance of cell structure and cell division, (v) transport of 
substrates over the cell membrane, (vi) generation of energy and (vii) capacity to synthesize 
metabolites not provided by the environment (90). 
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PRESENT INVESTIGATION 
 
The aim of this thesis is to describe patterns and mechanisms of bacterial adaptation to 
novel environments. The specific aims are;  
 

• to determine the mutation rate among natural isolates of E. coli.  
(paper I) 

 
• to determine how mutation rate and population size influence the rate 

and extent of adaptation of S. typhimurium LT2 to mice. (paper II) 
 

• to determine the mechanisms of fosfomycin resistance in E. coli. Also 
to estimate the biological cost of fosfomycin resistance in E. coli and 
evaluate its impact on clinical resistance development. (paper III) 

 
• to identify mutations conferring resistance to actinonin in S. 

typhimurium LT2 and to estimate their effect on bacterial fitness. 
Further to perform compensatory evolution and identify the 
compensatory mutations. (paper IV) 

 
• to reduce the genome size of S. typhimurium LT2 by means of 

spontaneous deletions. Also to identify the deletion junctions and 
evaluate the role of sequence homologies in deletion formation.  
(paper V) 
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RESULTS AND DISCUSSION 
The following presentation is a summary of the main findings in the papers included in this 
thesis. For a detailed description of the methods used and graphical presentation of the 
data, the reader is referred to the specific papers. 

 
Weak Mutators are Enriched in Clinical Isolates (paper I) 
In paper I we determined the frequency of strains with elevated mutation rates among 
natural isolates of E. coli. Strains were collected in three different European countries; 
Spain, Denmark and Sweden. In Spain 100 strains were collected from positive urine 
cultures, 100 strains from blood cultures and 100 strains from stools of healthy volunteers. 
170 strains were collected in Denmark from blood cultures and the Swedish collection 
consisted of 226 strains from urine cultures. In total 696 E. coli strains were included in the 
study. For all strains we determined the mutation frequency to rifampicin resistance, which 
is a common method to estimate mutation rates in bacteria. Based on their estimated 
mutation frequencies, the strains could be categorized into four different groups. Most 
strains (63.3 %) had mutation frequencies in a narrow interval between 8x10-9– 4x10-8, 
corresponding to the modal peak of the distribution. These strains were considered as 
normo-mutable and the mutation frequency to rifampicin resistance observed in this group 
corresponds well to the mutation frequency expected for a repair proficient E. coli strain 
(85). 13 % of the strains had a lower mutation frequency than 8x10-9 and were termed 
hypomutable. Among the E. coli isolates we observed an enrichment of strains with a 
moderate increase in mutation rate (4x10-8 – 4x10-7). This group constituted 23% of all 
isolates and was designated as weak mutators. Also, five strains with a strong mutator 
phenotype were identified, where the mutation frequency to rifampicin resistance was 
above 4x10-7. This high mutation frequency corresponds to that observed for MMR-
deficient E. coli, however the genetic basis for the high mutation rate was not investigated in 
these strains (105, 166, 171, 172).  
 
A clear difference in enrichment of weak mutators could be observed depending on the 
source of isolation. In the collection of Spanish isolates, weak mutators were more 
common among pathogenic E. coli isolated from blood (38%) and urine cultures (25%) 
than among commensal E. coli isolated from stool samples (11%). There was also a 
difference between pathogenic E. coli depending on the site of isolation. Enrichment of 
mutator strains among clinical isolates have been observed in several studies (65, 98, 135, 
141, 157, 188, 218). Among Pseudomonas aeruginosa isolated from cystic fibrosis patients as 
many as 20% of the strains displayed a strong mutator phenotype (188). The life-style of 
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pathogenic bacteria seems to be especially prone to enrich for elevated mutation rates and 
pathogenic bacteria encounter a highly dynamic and heterogeneous environment in its host 
(194). Disease progression, with tissue destruction and activation of the immune system, 
contribute to a rapidly changing environment. Such environmental fluctuations are known 
to enrich for mutator strains due to their increased rate of formation of beneficial mutations 
(64, 228). Population structure is also important in the enrichment for mutators. Strains 
with a high mutation rate are more rapidly enriched in small populations and in populations 
passing through severe bottle-necks (64, 228). Both of these conditions may very well exist 
in the host environment. Strong mutators have been the focus of interest in most studies 
and little attention has been paid to weak mutators. In our study we identified weak 
mutators at far higher frequencies than strong mutators. There are several possible 
explanations for this finding. First, weak mutators might simply form at a higher rate than 
strong mutators due to a larger mutational target. Due to their abundance, weak mutators 
can therefore experience a higher probability than strong mutators of acquiring beneficial 
mutations with which they hitch-hike to higher frequencies in a population. Second, strong 
mutators could be efficiently counter-selected because of their increased rate of fixation of 
deleterious mutations. Due to their lower rate of mutation accumulation, the evolutionary 
success of a weak mutator could therefore be higher over time than for a strong mutator. 
 
A high mutation rate has been suggested as a risk factor for antibiotic resistance 
development and the enrichment of mutator strains among clinical isolates could potentially 
speed up the rate of resistance development (50, 91, 153). If so, mutator strains should be 
more common among antibiotic resistant isolates than among fully susceptible strains. We 
determined the resistance level to ciprofloxacin resistance in a sub-set of E. coli isolates and 
compared the resistance level with mutation rate. We could not detect any correlation 
between mutation rate and ciprofloxacin resistance. These results are in concordance with 
data from a French collection of E. coli strains (65). Increased frequencies of mutator strains 
have however been identified among ciprofloxacin resistant E. coli isolates in other strain 
collections (135). The reasons for the discrepancies observed between different strain 
collections are not clear. The trivial explanation would be that an increased mutation rate is 
not a risk factor for resistance development and the correlation observed in some studies is 
purely incidental. Alternatively, a correlation between resistance and mutation rate could be 
obscured by other factors, for example mutation rate modifiers arising after resistance 
development.  
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Mutation Supply Rate is Limiting for Adaptation of Salmonella to Mice 

(paper II) 
In paper II we investigated the influence of mutation rate and population size on the rate 
and extent of adaptation of S. typhimurium to mice. The laboratory strain S. typhimurium LT2 
cause a typhoid fever-like infection in BALB/c mice (156, 186). In the animal host, the 
bacteria replicate in macrophages and, a few days after infection, bacteria can be harvested 
from liver and spleen in large numbers. We evolved 18 different lineages of S. typhimurium in 
mice by serial passage for approximately 130 generations. Four different combinations of 
population size and mutation rate were used to vary mutation supply rate and fitness of the 
evolving populations was estimated at the end-point (132 generations) and mid-point (66 
generations) of the experiment by performing competition experiments in mice. At the end 
point all populations had increased fitness. However, the fitness increase (s=0.1) was small 
for the populations evolved with the lowest mutation supply rate (i.e. small population size-
low mutation rate) whereas the other evolved populations had reached the same high 
fitness level in mice (s=0.4). In populations evolved with a high mutation rate, the time of 
ascent of beneficial mutations seemed to be limiting for the rate of adaptation. Increasing 
mutation supply rate in these populations, by increasing population size, had little effect on 
the rate of adaptation. In the populations evolved with a low mutation rate however, 
mutation supply rate became limiting. The populations evolved with a small population size 
increased in fitness only marginally and increasing the mutation supply rate, by increasing 
the population size, significantly accelerated the rate of adaptation. By mathematical 
modeling we could estimate an apparent mutation rate for beneficial mutations in these 
lineages to be larger than 10-6/cell/generation. The experimental data is consistent with the 
fixation of two successive beneficial mutations, each with a selection coefficient of 0.2, and 
a target for beneficial mutations as large as 104 base pairs. The large target for beneficial 
mutation suggests that adaptation to mice can be conferred via a large number of single 
nucleotide substitutions or loss-of-function mutations in single genes. 

 
Mutator Strains Evolved in Mice Display Fitness Trade-Offs due to 

Mutation Accumulation (paper II) 
To determine if adaptation to mice resulted in decreased fitness in secondary environments 
we investigated the metabolic potential of the evolved populations. First, we screened the 
evolved populations for auxotrophic mutants that had lost the ability to synthesize specific 
amino acids. In the populations evolved with a high mutation rate, 0.7-39% of the bacteria 
was auxotrophs, whereas the frequency of auxotrophic mutants in the populations evolved 
with a low mutation rate was below 0.08%. We also investigated the capacity to metabolize 
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46 different carbohydrates for one random clone from each evolved population. All clones 
from populations evolved with a low mutation rate had the same metabolic potential as the 
unevolved ancestral strain, whereas clones from the evolved mutator populations had 
defects on at least one of the substrates tested. In conclusion, populations evolved with a 
high mutation rate displayed fitness trade-offs in secondary environments whereas 
populations evolved with a low mutation rate did not. Fitness trade-offs in secondary 
environments are thought to occur either via antagonistic pleiotrophy effects, where a 
beneficial mutation by itself causes decreased fitness in a secondary environment, or via 
mutation accumulation. In this case, antagonistic pleiotrophy is an unlikely explanation, 
since populations evolved with a low mutation rate displayed no fitness trade-offs and the 
fitness trade-offs observed in the mutator lineages were most likely caused by a higher rate 
of mutation accumulation.  

 
Partially Different Spectra of Mutations Confer Resistance to Fosfomycin 

in Resistant Strains Isolated in the Laboratory and in Clinical Fosfomycin 

Resistant Isolates (paper III) 
Fosfomycin is a cell-wall inhibitor mainly used in treatment of UTIs (119, 168). Under 
laboratory conditions fosfomycin resistance develops rapidly with a mutation frequency to 
resistance between 10-7-10-8. However, despite many years of usage the frequency of 
fosfomycin resistant clinical isolates is low, indicating that factors other than the rate with 
which resistant variants form are important for clinical resistance development (122). In 
paper III we isolated a set of fosfomycin resistant mutants of E. coli NU14 under 
laboratory conditions, identified the resistance mutations and estimated their effect on 
bacterial fitness. The results from the in vitro isolated strains were then compared with a set 
of fosfomycin resistant clinical isolates. Fosfomycin resistance in E. coli is mainly conferred 
via inhibited uptake of the antibiotic into the cell through the GlpT and UhpT transport 
systems. The expression of the two transporters is positively regulated by the cAMP levels 
in the cell and full expression of the UhpT system also requires the transcriptional 
regulators UhpABC and an external inducer in the form of glucose-6-phosphate (G6P) 
(117, 164, 187, 221). Fosfomycin resistance is conferred by loss-of-function mutations in 
the genes encoding either the transporters themselves, or in regulatory genes like cyaA and 
ptsI that control the cAMP levels in the cell (118, 119, 168). In the in vitro isolated 
fosfomycin resistant strains, resistance mutations were identified both in genes encoding 
the transporters as well as in cyaA and ptsI genes whereas in the clinical isolates only 
mutations in the transporter genes could be identified. To exclude the possibility that the 
clinical isolates carried unidentified mutations that interfere with the cAMP levels in the cell 
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we tested the ability of the fosfomycin resistant strains to grow on minimal medium 
supplemented with five different carbohydrates. Mutations in genes regulating cAMP levels 
in the cell confer many pleiotrophic effects and mutant strains become defective for uptake 
of several different carbohydrates (199). All fosfomycin resistant mutants isolated in vitro 
with mutations in cyaA or ptsI were unable to growth on at least one of the carbohydrates 
tested whereas no growth defects could be identified in the clinical fosfomycin resistant 
isolates. The results show that fosfomycin resistance is conferred by partially different 
spectra of mutations in the in vitro isolated strains as compared to the clinical fosfomycin 
resistant isolates. The absence of mutations in genes regulating cAMP expression in the 
clinical isolates suggests that this class of mutations is counter-selected under in vivo 
conditions. Reduced cAMP levels are known to decrease adhesion to epithelial cells, since 
pilus biosynthesis is reduced (22). Also, defects in uptake of carbohydrates could reduce 
growth rates both in the bladder and in the intestine. 

 
Fosfomycin Resistance Generally Confers a High Fitness Cost that 

Contributes to the Low Prevalence of Fosfomycin Resistance among 

Clinical Isolates (paper III) 
To estimate the fitness costs associated with fosfomycin resistance we measured 
exponential growth rates in LB and urine. Also, a mathematical model was developed to 
estimate the effect of fitness costs on the probability of resistance development in the 
bladder during antibiotic therapy. The model takes into account known parameters of 
bladder dynamics, e.g. flow rate of urine into the bladder and maximal and minimal volume 
of urine in the bladder before and after emptying (96). Microbial parameters, such as 
growth rate of resistant and susceptible strains and the mutation rate to resistance, were 
estimated in the laboratory. The mathematical modeling showed that fosfomycin resistance 
would develop with a high rate during antibiotic therapy, if the resistance mutations did not 
have any effect on bacterial fitness. However, the probability of resistance development was 
very sensitive to changes in growth rate and even a moderate decrease in fitness would 
drastically reduce the probability of resistance development. By measuring exponential 
growth rates we showed that fosfomycin resistance generally confers a fitness cost to the 
resistant bacteria. Growth rates of the in vitro isolated fosfomycin resistant mutants were 
between 10-25% slower than for the susceptible parental strain, both in LB and in urine. 
For a resistant strain to establish an infection in the bladder during fosfomycin therapy 
growth rate in the presence of the antibiotic is also important. We therefore measured 
exponential growth rates in the presence of a range of fosfomycin concentrations. The 
addition of the antibiotic to the growth medium reduced growth rates of the resistant 
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strains even further compared to when fosfomycin was absent. For the severe fitness costs 
observed, the mathematical model showed that the probability of resistance development in 
the bladder during fosfomycin therapy is improbable. For the clinical fosfomycin resistant 
isolates we lacked access to an isogenic susceptible strain for comparisons. Instead, we 
compared growth rates between a set of fosfomycin resistant and fosfomycin susceptible 
clinical isolates. No significant differences in growth rate could be detected between the 
two groups. The results indicated that either the fitness cost of fosfomycin resistance in the 
clinical isolates had been ameliorated via compensatory mutations, or the clinical isolates 
carry resistance mutations that do not confer a high fitness cost.  
 
Exponential growth rate is only one parameter affecting fitness of uropathogenic E. coli. 
The ability to adhere to uroepithelial cells is also an important virulence factor and other 
studies have shown that fosfomycin resistant E. coli display reduced adherence to epithelial 
cells (47, 52, 63, 93, 130). However, rapid growth in urine is an important virulence factor 
and reduced growth rates in urine will, therefore, have significant effects on the virulence of 
fosfomycin resistant E. coli. Expression profiling of E. coli growing in the bladder of 
infected mice show that genes encoding ribosomal proteins are highly expressed, suggesting 
that the bacteria are growing rapidly (230). Also, uropathogenic E. coli have been 
demonstrated to grow significantly faster in urine than E. coli isolated from feces, indicating 
that rapid growth in urine is a specific trait for these strains (96). The low prevalence of 
fosfomycin resistance observed clinically has been suggested to be dependent on several 
parameters. For many antibiotics, resistance is rapidly enriched in the normal flora after 
treatment and can persist for many years. In these cases, the normal flora can function as a 
reservoir of resistance determinants that can then be transferred to pathogenic strains. 
Fosfomycin therapy does not seem to enrich for resistant strains in the intestinal flora and 
resistance is mainly conferred by chromosomal mutations that do not spread horizontally 
(14, 101). We suggest that in addition to these factors, the biological cost of resistance, in 
terms of reduced growth rates, is an important contributor to the low prevalence of 
fosfomycin resistance observed clinically. 
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Actinonin Resistance Mutations are Associated with High Fitness Costs 

(paper IV) 

For the success of any new antibiotic a low rate of clinical resistance development is 
essential. To evaluate the risk of resistance development clinically, the biological costs of 
resistance, and the ability to compensate for such costs, are important factors to estimate. 
Deformylase inhibitors are a new class of antibiotics targeting a unique feature of bacterial 
translation (88, 154, 155). In paper IV we estimated the biological cost of resistance to the 
classic deformylase inhibitor actinonin, and the capacity to compensate for any such fitness 
costs. We also determined the genetic basis for resistance and compensation. Initiation of 
translation with a formylated methionine is an evolutionary conserved feature of bacterial 
translation. After translation is completed, the formyl group is removed by the enzyme 
peptide deformylase (PDF), a step that is essential for subsequent protein maturation (13, 
24, 88, 183). Actinonin binds to and interferes with the activity of PDF, resulting in 
accumulation of formylated polypeptides in the cell and subsequent cell death. We isolated 
a set of actinonin resistant mutants in the laboratory from S. typhimurium LT2. Resistance 
mutations were identified by sequencing the fmt and folD genes. The fmt gene encodes 
formyl-methyl transferase (FMT), catalyzing the addition of the formyl group to the 
methionyl initiator-tRNA complex (13). The resistance mutations identified in this gene 
were mainly loss-of function mutations that disrupt FMT function. As a consequence, the 
ribosome is forced to initiate translation with an unformylated methionine and the need for 
a functional PDF is thereby by-passed. The folD gene encodes a bi-functional enzyme 
important for the production of the precursor molecule 10-formyl-H4folate, the donor of 
the formyl group (159). Similar to fmt mutations, loss of folD function is thought to reduce 
formylation of the methionyl initiator-tRNA complex. To determine the effect of the 
resistance mutations on bacterial fitness we measured exponential growth rates in LB. The 
majority of all actinonin resistant mutants displayed severely reduced growth rates and the 
effect was especially pronounced in strains carrying mutations in the fmt and folD genes. For 
a subset of the actinonin resistant mutations, fitness was also estimated in a mouse model 
and the results showed that for all but one strain, virulence in mice was severely perturbed. 
The one strain where no cost was identified in the mouse model also had similar fitness as 
the parental susceptible strain in LB, indicating that this strain might carry a resistance 
mutation that does not confer any detectable fitness cost. The severe fitness costs observed 
can be attributed to a decreased translation rate, since initiation of translation with an 
unformylated methionine is a highly inefficient process (97). Taken together, the data show 
that actinonin resistance generally confers a heavy fitness burden on the resistant bacteria.  
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Over-expression of the Initiator tRNA via Gene Amplifications can 

Compensate for the Cost of Actinonin Resistance (paper IV) 
The severe fitness costs associated with actinonin resistance suggests that the rate and 
extent of compensatory evolution will be important parameters to determine when 
evaluating the risk for clinical resistance development. We evolved in total 39 lineages from 
five different ancestral, actinonin resistant strains by serial passage in LB. The ancestral 
strains carried different resistance mutations in either fmt or folD, conferring severe fitness 
costs to the resistant strains (growth rates in LB were reduced between 42% - 76%). The 
first growth-compensated mutant to reach fixation in each lineage was isolated and used for 
further analysis and we could isolate growth-compensated mutants in all evolved lineages. 
Some mutants increased fitness to levels similar to the susceptible wild-type strain, but the 
majority of growth-compensated mutants still displayed a significant fitness cost after 
acquisition of one compensatory mutation. The result indicates that restoring fitness to the 
same level as for the susceptible wild-type strain generally requires a sequential acquisition 
of several compensatory mutations.  
 
Intragenic compensatory mutations were identified in 12 strains by sequencing the gene 
carrying the resistance mutation. The intragenic compensatory mutations identified were 
mainly in the same codon as the resistance mutations, reverting a stop codon to a sense 
codon. In 24 of the growth compensated strains, we could not identify any intragenic 
compensatory mutations and here we used transposon mutagenesis to identify the 
unknown extragenic mutations. In eight strains the transposon linked to the compensatory 
mutation was inserted close to the metZW genes that encode for the initiator-tRNA 
(tRNAi). Southern hybridization revealed gene amplifications spanning the metZW genes in 
all eight strains with a 5-fold to 40-fold increase in copy number. We could also show, by 
Northern hybridizations, that the increase in copy number was accompanied by a similar 
increase in the level of the tRNAi itself. An overproduction of the tRNAi can potentially 
compensate for the decreased translation rate of the resistant strains via either of two 
different mechanisms, or by a combination of both. First, if the mutated FMT enzyme 
retains some activity, over production of the tRNAi might increase the rate of formylation 
by increasing the concentration of one of the substrates (tRNAi) in the enzymatic reaction. 
Second, an over production of the tRNAi can potentially increase the rate of translation 
initiation with an unformylated methionine by simply increasing the proportion of tRNAi 
relative to the elongator tRNAs in the cell. Presently, we can not distinguish between the 
two mechanisms, but the results will have important implications for resistance 
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development. A compensatory mechanism that requires restoration of formylation capacity 
will also concomitantly decrease the resistance level to actinonin. 
 
We further wanted to determine the size of the amplified arrays and the structure of the 
amplification junctions in the growth-compensated strains. The formation of the first 
duplication is the rate limiting step in generating gene amplifications (231). Once the first 
duplication is formed, RecA can act on the large stretches of sequence identity and catalyze 
subsequent amplification via homologous recombination. The metZ and metW genes are 
identical and situated in close proximity to one another on the Salmonella chromosome, only 
separated by a spacer region of 31 bp. This tandem localization of the two genes constitutes 
an already preformed duplication that could potentially have been used to create the 
amplifications identified in the growth compensated strains. To investigate if this was the 
case, we performed PCRs with primers located directly upstream and downstream of the 
two genes. If the homologies in the two identical genes were used as substrates for the 
amplifications, the primers would be expected to produce a PCR product of the same size 
as the amplified array.  
 
 

 
 Figure 5. Model for the evolution of new gene functions by means of gene amplification. 
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However, the PCR products obtained were all of the same size as for the wild type S. 
typhimurium strain and the metZW genes could therefore not have been used as substrates in 
the amplification process. In one of the eight compensated strains carrying gene 
amplifications, we could identify the duplication junction to 460 bp upstream and 1440 bp 
downstream of the start of the metZ gene, giving rise to an amplified array of 1908 bp. Here, 
we could not detect any sequence homologies at the junction. Gene duplications have been 
suggested to constitute a first step in evolution of new gene functions (128, 240). At the 
same time as one gene copy performs the original function, the second copy can evolve 
new functions through mutagenesis. There are two main problems with this theory. First, 
how can elevated copy numbers of a gene be maintained in a population long enough for 
genetic and phenotypic divergence to take place. Long stretches of amplified DNA are 
intrinsically unstable and rapidly segregate via homologous recombination, which rarely 
allows for enough time for diversification. Second, since most mutations will inactivate gene 
function the probability of evolving a new function is very low compared to the probability 
of gene inactivation if there is no selection for functionality of all gene copies. Here, we 
describe a system where gene amplifications can compensate for the cost of a deleterious 
mutation. In this system, both gene number and gene functionality is maintained by 
selection (Figure 5).  
 

Bacterial Genome is a Rapid Process under Laboratory Conditions  

(paper V) 
Evolution towards endosymbiosis is associated with extensive gene loss and concomitant 
reduction in genome size (129, 174, 252). In paper V we set up a simple experimental 
system to study the rate and mechanisms of DNA loss in real time (Figure 6). Different 
lineages of S. typhimurium were serially passaged on hematin agar plates, and with regular 
intervals samples from the evolving lineages were analyzed for DNA loss by performing 
PFGE and DNA microarrays. The evolving lineages were serially passaged by each day 
picking one random colony and streaking it on a fresh agar plate. By introducing a bottle-
neck of one cell in each passage the effect of purifying selection was effectively reduced. 
The majority of mutations, including deletions, are deleterious to bacterial fitness and would 
therefore be lost if purifying selection were not eliminated in the evolving lineages. 
Reduction in population size and passage through severe bottle-necks are also characteristic 
features of evolution towards reduced genome size (129, 174, 252). The intracellular growth 
environment of endosymbionts provides many of the metabolic products needed to sustain 
bacterial growth and genes encoding metabolic functions are almost absent from reduced  

45 



ANNIKA NILSSON                                                                                                                                                             _ 

 
Figure 6. Schematic presentation of the experimental system used for studying genome 
reduction under laboratory conditions.  
 
 

genomes as they have been made redundant during evolution toward endosymbiosis. In 
our experimental set-up we used hematin agar plates to mimic the nutrient rich growth 
environment provided by the eukaryotic cell. The growth medium provides many of the 
amino acids, vitamins, co-factors and carbohydrates needed for bacterial growth and 
thereby selection for many of the metabolic functions encoded for on the Salmonella 
chromosome was thereby relaxed. 
 

We evolved in total 72 lineages of S. typhimurium using this experimental set-up. Twelve 
lineages were evolved with a low mutation rate and 60 lineages with a high mutation rate. 
The MMR system has a stabilizing effect on maintaining genome structure and the MutS- 
mutator strain used in this experiment displayed a 50-fold higher deletion rate than the 
wild-type strain in the mob-gal deletion assay system (143). After 60 cycles of serial passage 
(corresponding to approximately 1500 generations), deletions were identified in four of the 
mutator lineages, whereas no deletions could be detected in the wild type lineages after 300 
cycles of serial passage (~7500 generations). The deletions identified varied in size from 
approximately 173 kbp to 1.2 kbp. From the data we calculated an average rate of DNA 
loss of 2.5 bp/chromosome/generation for the mutator strain and 0.05 
bp/chromosome/generation for the wild-type strain. These rates most likely reflect 
maximal DNA loss rates, since successive deletions will decrease the target size for future 
deletions as the fraction of non-essential genes decreases. The data however, indicate that  
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genome size can be drastically reduced in a, from an evolutionary perspective, very short 
time period. If a generation time of one day is assumed, the above rates suggests that a 
genome can decrease in size by 1 Mbp in 50,000 years. The above calculations are obviously 
associated with a large degree of uncertainty since many factors like generation time, the 
extent of purifying selection and genetic drift, and the decline in deletion rate are unknown. 
Reduction of genome size in endosymbionts is however known initially to have been a 
rapid process with large deletions occurring early in evolution, followed by a gradual 
reduction in deletion rate (236). 
 
To evaluate the dependence of deletion formation on RecA-dependent homologous 
recombination and sequence homologies we identified the deletion end-points in two of the 
spontaneous deletions isolated in the evolution experiment and in four independent 
deletions isolated using the mob-gal deletion assay system. The homologies identified were 
40 bp, 12 bp, 4 bp, 2 bp, 1 bp and 0 bp respectively. Since the RecA system requires 
sequence homologies of at least 25 bp, the results indicate that 5/6 deletions were probably 
formed by RecA-independent processes (222). Reduced genomes typically lack the recA 
gene and they are devoid of repeat sequences (12, 224). The lack of homologous 
recombination functions have been suggested as one explanation for the extraordinary 
genome stability observed in different strains of Buchnera (129, 252). Our data show that 
spontaneous deletions form at high frequencies via other pathways than classical RecA-
dependent homologous recombination. Therefore, loss of repeat sequences and RecA 
function might not be enough to explain the genome stability observed in endosymbionts. 
Reduced genomes have lost many genes involved in DNA repair and recombination, apart 
from RecA, and might therefore carry more general defects in recombination that affects 
several pathways of deletion formation (226). Alternatively, genome size and organization 
can be maintained effectively by selection (106). The evolutionary stasis observed for many 
reduced genomes may therefore be a reflection of selection acting to preserve genome 
organization.  
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CONCLUDING REMARKS 

Bacterial adaptation to novel environments is dependent on the rate of formation of genetic 
variation and on how selection acts on the genetic variation formed. In this thesis I have 
investigated the prevalence of strains with increased mutation rate in natural isolates of E. 
coli and further investigated how mutation rate influences the rate and extent of bacterial 
adaptation under experimental conditions. I have also investigated how strong selection 
pressures influence antibiotic resistance development and determined the genetic basis for 
the changes observed. In addition, I have set up an experimental to study the process of 
bacterial genome reduction. 
 
Increased mutation rate can speed up the rate of bacterial adaptation under conditions 
where the supply of genetic variants is limited (paper II) and bacterial strains with 
increased mutation rates are enriched among natural isolates of E. coli (paper I). The result 
indicates that the supply of genetic variants is often limiting for bacterial adaptation under 
natural conditions. Enrichment of bacteria with increased mutation rates is especially 
prominent among pathogenic bacteria (65, 98, 135, 141, 157, 188). These bacteria 
experience a highly variable environment in their hosts and such environments are known 
to enrich for increased mutation rates (64, 194, 228). A high mutation rate, though, comes 
at a cost in the form of rapid accumulation of mutations that can prove deleterious in 
secondary environments (paper II) (64, 228). The evolutionary success of a mutator strain 
is therefore determined by a balance between the beneficial effect of generating 
advantageous mutations at a high rate and the cost of more rapid accumulation of 
deleterious mutations. Increased frequencies of mutator strains among pathogenic bacteria 
have been suggested to be a risk factor for antibiotic resistance development, due to a more 
rapid rate of formation of resistance mutations (50). The rate of formation of resistant 
variants is only one critical parameter for antibiotic resistance development. Also the 
biological cost of resistance and the ability to genetically compensate for such costs are of 
importance. Most resistance mutations confer a biological cost on the resistant bacteria (8, 
29). We show that resistance to the antibiotics fosfomycin and actinonin generally confers a 
heavy fitness burden on the resistant bacteria (paper III, IV). Fosfomycin is used clinically 
to treat UTI:s and the cost of fosfomycin resistance can significantly reduce the probability 
of resistance development during antibiotic therapy (paper III). Also, the spectra of 
fosfomycin resistance mutations are partially different between resistant strains isolated in 
the laboratory and clinical fosfomycin resistant isolates (paper III). Only a subset of the 
resistant strains isolated in the laboratory are represented among the clinical isolates, 
indicating that many of the resistance mutations identified in the laboratory are counter-
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selected under natural conditions. In many cases the fitness burden of resistance mutations 
can be compensated for via acquisition of second-site mutations (151). Actinonin resistance 
generally confers a high fitness cost to the resistant bacteria that can be compensated for via 
both intragenic and extragenic mutations (paper IV). The intragenic compensatory 
mutations restore function of the mutated protein, whereas the extragenic mutations 
identified are gene amplifications that result in over-production of a limiting component in 
translation initiation. 
Contrary to the evolution of antibiotic resistance, which is characterized by the effects of 
strong selective pressures, evolution toward a reduced genome size is to a large extent 
influenced by genetic drift (129, 174, 252). Many of the characteristics of evolution towards 
a reduced genome size can be mimicked in the laboratory and using such an experimental 
set-up we have observed a very rapid rate of DNA loss in S. typhimurium under laboratory 
conditions (paper V). The results agree well with observations from the reduced genomes 
of endosymbiotic bacteria where genome reduction was initially a rapid process followed by 
long periods of evolutionary stasis (236). Reduced genomes typically lack repeat sequences 
and RecA functions (12, 224). This has been suggested as one of the reasons for 
exceptional stability of genome organization observed in reduced genomes (12, 129, 252). 
Many of the deletions formed under laboratory conditions however, did not depend on 
RecA functions (paper V). Loss of RecA functions alone might therefore not be enough to 
explain the exceptional genome stability observed. 
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