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Bacteria have small, streamlined genomes and evolve rapidly. Their large population sizes
allow selection to be the main driver of evolution. With advances in sequencing technologies
and precise methods for genetic engineering, many bacteria are excellent models for studying
elementary questions in evolutionary biology. The work in this thesis has broadly been devoted
to adaptive evolution and fitness effects of different types of mutations.
In Paper I we experimentally tested the fitness constrains of horizontal gene transfer (HGT),
which could be used to predict how the fixation of HGT events are affected by selection and
fitness effects. We found that the majority of the examined HGT inserts were indistinguishable
from neutral, implying that extra DNA transferred by HGT, even though it does not confer an
immediate selective advantage, could be maintained at transfer-selection balance and serve as
a reservoir for the evolution of novel beneficial functions.
Paper II examined why four synonymous mutations in rpsT (encoding ribosomal protein
S20) reduced fitness, and how this cost could be genetically compensated. We found that the
cause for the fitness reduction was low S20 levels and that this lead to a defective subpopulation
of 30S subunits lacking S20. In an adaptive evolution experiment, these impairments were
compensated by up-regulation of S20 though various types of mutations.
In Paper III we continued the studies of how the deleterious rpsT mutations could be
compensated. The mutations either down-regulated the global regulator Fis or altered a subunit
of the RNA polymerase (rpoA). We found that the decreased S20 levels in the cells causes an
assembly defect of the 30S particles and that the fis and rpoA mutations restored the skewed
S20:ribosome ratio by both increasing S20 levels and decreasing other ribosomal components.
Paper IV examined adaptation of two bacterial species to different growth media. A total of
142 different adaptive mutations were identified and 112 mutants were characterized in terms of
fitness. We found that the experimental variation in fitness measurements could be reduced 10fold by introducing some adaptive mutations prior to the experiment, allowing measurements
of fitness differences as small as 0.04%.
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shine-Dalgarno sequence
Salmonella enterica subsp. enterica ser. Typhimurium
strain LT2
thymine
transfer RNA

Background

Driving forces of evolution and the plasticity of
bacterial genomes
Plasticity
Bacterial genomes are continuously changing in terms of content and genome arrangement. Thus, genetic material is acquired through amplifications
and horizontal gene transfer (HGT), but selection and genetic drift operate
on the genomes and genetic material is lost through deletions, or through
pseudogenization, which is often followed by deletions (Fig. 1). However, in
comparison to eukaryotic genomes, the sizes of bacterial and archaeal genomes are rather constant (Mira et al. 2001). The sequenced bacterial genomes range between 0.14 – 13 Mbp in size (Chang et al. 2011;
McCutcheon and von Dohlen 2011), whereas the size of eukaryotic genomes
span five orders of magnitude (107 – 1011 bp; Mira et al. 2001). One reason
for the small genomes is thought to be an imbalance in the gain and loss
rates of genetic material in bacteria with a bias towards deletions (Anderson
and Roth 1978; Anderson and Roth 1981; Reams et al. 2010). This leads to
strong purifying selection in prokaryotic genomes where genes that are not
used are lost, resulting in high coding densities (∼90%; Mira et al. 2001;
Baltrus 2013) and small genomes. Another postulated reason for prokaryotic
genomes to stay compact is that they are selected to be small in order to enable rapid DNA replication, which in turn would be needed for fast growth
(Mira et al. 2001). However, no relation between genome size and replication rate has been found (Bergthorsson and Ochman 1995; Mira et al. 2001)
and bacterial growth rates instead seem to correlate with translational efficiency (Berg and Kurland 1997; Valgepea et al. 2013).
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Figure 1. Plasticity of prokaryote genomes. The figure is derived from Mira et al.
(2001).

Selection
Natural Selection was first described by Charles Darwin in 1859 in his publication “On the Origin of Species” (Darwin 1859) and is the core mechanism in Evolutionary Theory. Darwin defined natural selection, or “survival
of the fittest” as it was later termed, as: “The principle by which each slight
variation [of a trait], if useful, is preserved”, meaning in broad sense that
individuals with traits that give them higher fitness in a certain environment
will give rise to more offspring than others, which in turn leads to those beneficial traits being spread in the population. This can in the long run lead to
speciation. With this definition of natural selection, the prerequisites for it to
take place are: (i) phenotypic variation, (ii) the possibility for the variation to
be inherited to the next generation, and, (iii) that different variants give rise
to different number of offspring (differential fitness; Levins and Lewontin
1987). With the rise of molecular genetics, scientists have continued to build
on Darwin’s theory of natural selection as to also include Mendelian genetics. In the 1930’s, Neo-Darwinism arose which is said to be the “modern
synthesis” of biology. It explains the process of a gradual increase of genetic
alleles that increases the fitness of their carriers in a population. Later, others
have developed the theory to also accommodate more fundamental chemical
processes (Pross 2011). During abiogenesis (i.e. the process of life arising
naturally from non-living but self-replicating matter), it is generally accepted
that selection commenced at the stages before cellular life occurred and
many agree that selection is tightly connected to the appearance of selfreplicating entities (Follmann and Brownson 2009). Depending on the state
of abiogenesis at which one considers life to commence, the origin of selec14

tion can thus be regarded as either pre-biotic or biotic. However, the emergence of membrane-enclosed self-replicating entities is considered to have
greatly improved the requisites for selection.

Fitness
Hand in hand with the concept of natural selection goes “fitness”, which can
be viewed upon as a measurement of how likely an individual carrying a
certain trait is to survive and reproduce in a population. Robert Fisher also
described the absolute fitness in “Fisher’s fundamental theorem” as: “The
rate of increase in fitness of any organism at any time is equal to its genetic
variance in fitness at that time” (Fisher 1930). The fitness of a certain variant
in a population is always in relation to the environment. The absolute fitness
(|ω|) is defined as: |ω| = 𝑁!"#$% /𝑁!"#$%" , where 𝑁 is the number of individuals carrying the trait before and after the time period of one generation.
Fitness values >1 are therefore considered beneficial, and those <1 deleterious. Another concept of fitness is relative fitness (ω). Here, the fitness of
one genotype is set to 1 and the fitness of all other genotypes is normalized
to this. However, the relative fitness is often described instead by the “selection coefficient” (s), which is defined as s = 1 – ω. In this case, s = 0 is considered selectively neutral and s = 1 indicates complete lethality, whereas
values < 0 are considered beneficial.
The variation that selection is acting on is largely generated through mutations, which include, for example single nucleotide polymorphisms
(SNPs), insertions and deletions. Recombination (sometimes regarded as a
type of mutation) also adds variation by shuffling genetic material and coupling or de-coupling different mutations. Mutations can get fixed or lost in a
population through either selection (as described above), genetic drift, or, a
combination of the two. Genetic drift is the mechanism by which alleles can
go up or down in frequency in a population as an effect of random sampling.
Since it takes many unlikely events to randomly fix a mutation in a large
population (especially if it is deleterious), the effects of genetic drift become
weaker the larger the population and the larger the selection coefficient is. It
is often said that the fate of a mutation is determined by drift if Ne |s|<<1;
where Ne is the effective population size and |s| is the absolute value of the
selection coefficient (Maruyama and Kimura 1980). In other words, selection will see also weak effects on fitness if the population is large enough.
The latter is often thought to be the case with bacterial populations. Effective
population size is the number of reproducing individuals in a population. As
a comparison, the total Ne of Escherichia coli is estimated to be between 105
and 109 (Ochman and Wilson 1987; Bulmer 1991; Hartl et al. 1994; Berg
1996; Charlesworth and Eyre-Walker 2006); whereas it is estimated to only
be 104 for the current human population (Wall 2003). Factors affecting Ne are
for example: bottlenecks, fluctuation in population sizes, spatial- and genetic
15

structures and selective sweeps. For sexually reproducing organisms, factors
such as sex ratios, overlapping generations, spatial dispersion, age and inbreeding are also important (Kimura and Crow 1963; Kimura 1968; Kimura
and Ohta 1969). In most cases, Ne will be smaller, or much smaller, than N
(e.g. Nbacteria is estimated to be between 4 – 6×1030 [Whitman et al. 1998]).
Taken together, the rate of fixation or loss of a mutation in a population
largely depends on s and Ne (Fig. 1), where a deleterious mutation can be
effectively neutral if Ne is small. In addition, deleterious mutations can also
become fixed in a population depending on the potential for compensatory
mutations and genetic coupling to beneficial mutations (“genetic hitchhiking”). The latter can also be inverted for beneficial mutations that are coupled to deleterious mutation and thereby likely to be lost in a population.
However, most mutations found in natural populations are considered neutral or slightly deleterious and depending on Ne, these can persist for a longer
or shorter time in a population. Importantly, if the environment changes,
some of the variants can suddenly become advantageous and selected for.

Mutations
Mutations are any kind of changes in the base composition of the DNA and
the variation that they cause is a prerequisite for evolution. These changes
can be divided into: substitutions, insertions, deletions, duplications, and
inversions or translocations; all of which can vary dramatically in size. Substitutions can be anything from single base substitutions (SNPs) to substitutions of larger areas of the genome such as whole operons. The latter is often
caused by HGT, whereas SNPs often happen during replication or are the
results of failed attempts to repair damaged DNA.
Most mutations occur through errors during replication and include, for
example, slipped strand mispairing, replication bypass and tautomerism. The
single most common type of mutation is duplication, which can form with a
rate of 10-3 per cell and generation (Reams et al. 2010), resulting in steadystate frequencies of duplications in Salmonella typhimurium varying from
10-5 to 10-2 per gene (Anderson and Roth 1978; Anderson and Roth 1981).
Also common are single base pair insertions or deletions (indels) and SNPs,
the latter forming with an estimated relative rate of about 5 × 10-3 per genome and generation in Salmonella (Andersson and Hughes 1996). If the
SNP happens within open reading frames of protein coding genes, they result in either synonymous mutations (no changes in the encoded amino acid
sequence), or, non-synonymous mutations that in turn cause amino acid substitutions. Mutation rates are important for, for example, adaptation and differ for different kinds of mutations and for different organisms (Drake et al.
1998; Roach et al. 2010). Since the focus of this thesis is devoted partially
on HGT and synonymous mutations, more elaborate explanations for these
kinds of mutations are found on page 17 and 38, respectively.
16

Distribution of fitness effects
The distribution of the fitness effects (i.e. the continuum of selective effects
from lethal – to deleterious – to neutral – to beneficial) of new mutations
differ between organisms, genes, whether or not the mutated DNA is coding,
mutation types, starting fitness, environments, etc (Wloch et al. 2001;
Sanjuán et al. 2004; Eyre-Walker et al. 2006; Eyre-Walker and Keightley
2007; MacLean and Buckling 2009; Lind et al. 2010; Firnberg et al. 2014).
Although it is of fundamental importance in the study of evolutionary dynamics (including for example understanding the prevalence of Muller's
ratchet, the stability of the molecular clock, and the evolution of recombination) the distribution of fitness effects is largely unknown (Peck et al. 1997;
Eyre-Walker and Keightley 2007; Lind et al. 2010) and more experimental
tests are needed. As stated above, it is generally thought that most mutations
are deleterious or near neutral and that beneficial mutations are rare (Davies
et al. 1999; Eyre-Walker 2006; Orr 2006; Paper I). The pool of near neutral
mutations has been suggested to open up for new evolutionary trajectories
and increase the “ruggedness” of “fitness landscapes” (Kryazhimskiy et al.
2009).

Clonal interference
Beneficial mutations are usually likely to be fixed in evolving populations
and the traditional view is that occasional rare beneficial “driver mutations”
will sweep a population (Atwood et al. 1951; Paquin and Adams 1983;
Conrad et al. 2011). However, within-population diversity can complicate
the outcome of a competing population. If two or more beneficial mutations
appear simultaneously, the fate of one clone will not only depend on the
population size and its fitness in comparison to the ancestral lineage, it will
also depend on the fitness of the other beneficial mutant(s) in the same population. This means that a beneficial mutation may not become fixed at the
same rate or even become lost if other beneficial mutations are present in the
population at the same time. This concept is termed clonal interference and
primarily applies to asexually reproducing organisms, since recombination
during meiosis can shuffle the alleles.

Horizontal gene transfer
Horizontal gene transfer (HGT) is commonly defined as the transfer and
incorporation of genetic material from one cell to another that is not its offspring. Some, however, also consider hybridization and even sexual reproduction as types of HGT (Seehausen 2004; Boto 2010). More traditionally
though, HGT accounts for conjugation, transduction and transformation (Fig.
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2) and, as such, includes transfers of genes across species boundaries as well
as within species, all within the same generation.
HGT is an important driving force of microbial evolution and is thought
to have played a major role in the evolution of early life forms (Woese 2002)
as well as in the formation of the eukaryotic cell (Spang et al. 2015). As Carl
Woese put it: “The universal ancestor is not a discrete entity. It is, rather, a
diverse community of cells that survives and evolves as a biological unit.”
(Woese 1998). Facing more modern organisms, HGT has been documented
between and within all three domains of life; Bacteria, Archaea and Eukarya
(Andersson 2009; Schönknecht et al. 2014), as well as between viruses and
viruses and what we consider the organismal world (Moreira and BrochierArmanet 2008) . The vast majority of documented HGT events have, however, occurred between prokaryotes (Jain et al. 1999) and for example include the spread of antibiotic resistance genes. There is a positive correlation
between relatedness and number of HGT events (Popa and Dagan 2011) and
it has for example been estimated that 81 ± 15 % of the gene families in prokaryotic genomes have undergone HGT at least at some point during their
evolutionary history (Dagan et al. 2008). The immense amount of HGT
events that are thought to have happened over evolutionary time have led to
debates over if, for example, phylogenetic trees can at all be constructed for
prokaryotes or if their relatedness is better described as a network (Doolittle
1999; Snel et al. 2002; Kurland 2005). Some take this a step further and argue that since bacterial species are not genetically isolated and HGT might
be considered a form of “bacterial sex”, prokaryote species should be
grouped into “superspecies pangenomes”, where, for example, Salmonella
and Escherichia group together (Karberg et al. 2011).
Often, the “pan-genome” (all genes within a species) is many times larger
than the genome of separate lineages of a species. One example is the E. coli
species that has genome sizes of between 4 and 6 Mbp, encoding about 4500
genes. When including all genes present in all sequenced lineages and strains
of this species, the pan genome encodes at least 15,000 genes (Rasko et al.
2008; Vieira et al. 2011), whereas the “core genome” (genes present in all
sequenced lineages) contains only about 2,000 genes. These core genes are
inherited vertically, and typically include highly transcribed genes important
for cell maintenance such as genes associated with transcription and translation (“informational” genes).
On the contrary, those genes commonly transferred and selected are often
genes that give an immediate benefit, such as genes for antibiotic resistance,
pathogenicity, metabolic functions, transport, DNA binding and cell surface
functions (”operational genes” (Rivera et al. 1998; Nakamura et al. 2004)).
Typically, proteins encoded by such genes have low connectivity whereas
proteins with many interaction partners are thought to be more resistant to
HGT, termed the “complexity hypothesis” (Rivera et al. 1998; Jain et al.
1999; Gogarten et al. 2002; Wellner et al. 2007; Wellner and Gophna 2008).
18

It is thought that newly introduced orthologous genes with high connectivity
are unlikely to compete with genes that have coevolved with their cognate
partners for a long time. However, the difference between transferability of
informational and operational genes is a small fraction of the overall observed variation (Hao and Golding 2008). Another reason suggested for the
imbalance of which genes are transferred and not, is that highly expressed
genes are thought to be more likely to be toxic in the new host than genes
with lower expression (Sorek et al. 2007; Park et al. 2012).

19

A

Donor

Recipient cell

C
Bacteriophage
Bacterial
chromosome
Host bacterial cell
(donor cell)

Phage DNA

B

DNA fragments
from donor cell

Recipient
cell

Phage with donor DNA
(transducing phage)
Transducing phage
Recipient host cell

Chromosomal
DNA
Degraded
unrecombined
DNA

Transduced cell
Transformed cell

Figure 2. Major mechanisms of HGT. (A) Conjugation. Plasmids and conjugative
transposons are transferred through pores formed between the donor and the recipient cell. Donor cells first produce a pili-structure with which it attaches to the recipient cell and brings it closer. Single stranded DNA from the plasmid or conjugative
transposon is then transferred through a type IV secretion system, where after both
cells synthesize the complementary strand to the transferred element. Now, both
cells can act as donors. Conjugation is probably the most common way for antimicrobial resistance genes to spread since they are often carried on conjugative plasmids. (B) Transformation – the uptake of naked DNA from the surroundings. Naturally transformable (competent) bacteria can take up any DNA (with the exception
of some bacteria that need an up-take signal) from the environment and incorporate
it in its replicon. Transformation is a programmed process (Bacillus subtilis needs
e.g. 40 genes to be activated during transformation (Solomon and Grossman 1996))
and is thought to be induced through SOS response or even antibiotic exposure
(Dubnau 1999; Charpentier et al. 2012). Three main hypotheses for why transformation has been selected and maintained in many bacteria have been suggested: the
use of the DNA as a food supply (Redfield; Redfield et al. 1997), a function for
chromosomal repair through recombination (Hoelzer and Michod 1991), and to
favor genetic exchange to explore the fitness landscape (Kroll et al. 1998). (C)
Transduction. Bacteriophages (infective agents consisting of DNA or RNA enclosed in a protein capsid) have an intracellular parasitic life style where they use the
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bacterial information machineries to propagate inside the host. The phage particles
sometimes accidentally pack host DNA instead of their own. This can then be transduced to a new bacterium that can integrate the DNA from the previous host into its
chromosome through recombination. Although viral particles are omnipresent, we
know considerably little about them and their contribution in organismal evolution.
The figure was adapted from my bachelor thesis.

Barriers to HGT
Both mechanistic and selective constraints (Fig. 3) for successive transfer
have been suggested and studying these constraints is fundamental for understanding the potential of gene transfer. Following a piece of genetic material that is successfully transferred from one genome to another, a number of
mechanistic constraints will affect its transferability. Firstly, the transferring
DNA needs to be successfully released and passaged to a new host (via conjugation, transduction or transformation). Here, ecological closeness, DNA
degradation rates, host specificity, competence, recognition sequences for
uptake etc. are thought to play important roles (Baltrus 2013). Secondly, the
DNA needs to circumvent host defence mechanisms such as destruction by
restriction endonucleases and CRISPR systems, or silencing by the DNAbinding protein H-NS. Thirdly, the piece of DNA needs to be recombined
into the replicon of the host through either homologous or illegitimate recombination (Exceptions: plasmids and some prophages (like P1) that persist
as extra-chromosomal replicons; Thomas and Nielsen 2005).
Once inside the new genome, the fate of the transferred DNA will depend
on the selection coefficient, the effective population size and the probability
for acquisition of compensatory mutations (Lind et al. 2010). Mutations
compensating for reduced fitness caused by a transferred gene can for example be inactivation (pseudogenization), which is often followed by the gene
being lost through deletions (Fig. 1). Since the acquired genetic material has
not co-evolved with the rest of the genome, the selective constraints on it are
often considered to be relatively large (Fig. 3).
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Figure 3. Selective constraints of HGT at different levels in the central dogma. It is generally thought that the main selective constraint
on HGT is the translational cost or toxic effects of the encoded protein (Baltrus 2013). Another important factor in bacterial genomes is
gene disruption since most bacteria have coding densities of about 95% and the disruption of many genes reduces fitness (Elena et al.
1998).
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Bacterial growth
Bacteria grow (reproduce) by binary fission and the resulting two daughter
cells are genetically identical if no mutational event occurred. When planktonic bacteria are cultivated in liquid batch cultures with a single limiting
nutrient source, the growth often follows five phases: lag phase, exponential
phase, retardation phase, stationary phase, and death phase (Fig. 4A; Novick
1955). During the lag phase, the cells increase in volume but do not multiply. This is a time when the bacteria adapt their gene expression to the new
conditions. However, if for example inoculating with bacteria already
adapted to the same media, this phase is not always visible. Then, the bacteria start to accelerate in growth and the cells quickly enter the exponential
phase. Here the cells multiply at a maximum rate and the biomass increases
exponentially. When one or more nutrients start to become limiting, or alternatively, a toxic substance has accumulated in too high concentrations (e.g.
acetate or ethanol), the growth slows down (retardation phase) and the
growth is no longer exponential (Luli and Strohl 1990). Next, the growth
ceases completely and the cells enter stationary phase. Some cell division
occurs during this phase but no net increase in biomass is evident and there
is a balance between growth and death. Depending on the nutrient source,
this phase commences at different cell concentrations. After some time, all
nutrients are depleted and a net decrease in biomass is visible – the cells
have entered the death phase.
In a complex medium with multiple sources of essential nutrients (Fig.
4B), the bacteria will first utilize the best source (e.g. glucose is the best
carbon and energy source for E. coli and S. enterica). In order to save energy, genetic pathways to utilize substances that are less rich in nutrients are
turned off through catabolite repression, resulting in very low expression of
these genes (Kremling et al. 2015). When the best energy source is depleted,
the cells go through a diauxic shift in which some bacteria will start to express genes needed to utilize the second best nutrient source (e.g. arabinose
is a poorer carbon and energy source than glucose). Thereafter, the bacteria
that have changed their gene expression will start growing in a second
(slower) exponential phase (Solopova et al. 2014).
For some scientific questions, only a certain part of the growth curve is of
interest. To selectively study this part of the growth, the bacteria are kept
growing in a bioreactor (e.g. chemostat or turbidostat) which has a continuous feed of fresh medium and efflux of used medium and bacteria
(Sorgeloos et al. 1976; Morimoto et al. 2015). The culture volume is constant and the bacteria usually grow at a steady state. The rate of media flow
will determine the growth rate of the bacteria.
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Figure 4. Schematic representation of growth curves in (A) minimal medium with a
single energy source, and (B) rich medium. The different phases are color-coded as
depicted in the figure. When the best energy source is depleted in the rich medium,
the bacteria go through a diauxic shift (as indicated with an arrow) and re-program
to use the second best carbon source. In for example the rich medium LB, multiple
such shifts are happening before the bacteria enter stationary phase. Note that the
diauxic shift in this figure has been exaggerated for the sake of illustration

Limitations to growth
Some important factors that constrain the growth of bacteria in batch cultures are nutrient supply (i.e. sources for carbon, nitrogen, phosphorus, sulphur, calcium, magnesium, potassium, iron, and some trace elements), gas
concentrations, water, temperature, pH, osmotic pressure, ionic strength,
inhibitory factors or toxic substances excreted into the medium, and space
(Shiloach and Fass 2005; Bren et al. 2013). In nature, for example predation
and bacteriophage infections can be included as important factors for limitation (Proctor and Fuhrman 1990). In optimal environments, factors such as
enzymatic efficiencies (e.g translation), uptake systems, and other factors
24

that affect the doubling time of all components in the cells become limiting
for growth and the fastest doubling time recorded for bacteria is 9.8 min
(Vibrio natriegens (Eagon 1962). The translation machinery and protein
synthesis have together been described as the single most energy consuming
mechanism under rapid growth and require as much as 70% of the cells resources (Russell and Cook 1995), which is tightly connected to proteins
being the major constituent of cells (Dennis et al. 2004).

Experimental studies of evolution and medium
adaptations
“Molecular biology has to bring evolution to the fore and integrate it fully
— not hold it at arm’s length” - Woese (2002)

During experimental studies of evolution, the aim is to study processes that
occur in experimental populations (Kawecki et al. 2012). Evolutionary studies aim to be reproducible and directly test assumptions and predictions of
the evolutionary theory under controlled conditions. However, the laboratory
set-ups show limitations in sensitivity of, for example, fitness measurements
(discussed in Paper IV), and the environments used are often unrealistic in
comparison to natural habitats. In addition, evolution can be a slow process
that for some organisms is hard to measure. Although experimental studies
have their limitations, they are very important in for example estimates of
evolutionary parameters and trajectories (adaptation), tests of evolutionary
hypotheses and studies of evolution of antibiotic resistance (Herring et al.
2006; Blount et al. 2008; Conrad et al. 2009; Teotónio et al. 2009; Kawecki
et al. 2012; Tenaillon et al. 2012; Lang et al. 2013; Gullberg et al. 2014;
Knopp and Andersson 2015). Moreover, fitness constraints of strongly deleterious mutations can be studied, something often masked by counterselection in natural populations.
A method to study In situ evolution and also to monitor causes of fitness
deficiencies caused by specific mutations is serial passage experiments followed by whole genome sequencing (WGS) and characterization of mutations. In such experiments, populations of the deficient mutants are maintained by regularly transferring part of the population to fresh medium. This
continues until fitness is gained or restored through mutations that ameliorate the original cost. Similar serial passage experiments can also be used to
study adaptations (Barrick and Lenski 2013; Wiser et al. 2013) and spontaneous mutation frequencies, which are tightly coupled to the irreversible
accumulation of random deleterious mutations in asexual organisms (“Muller’s ratchet”; Andersson and Hughes 1996).
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The size of the bottleneck in each passage determines how strong the genetic drift versus selection will be in the experiment. Apart from the bottleneck size, the diversity in the evolving population depends on mutation rate
and the fitness effect of beneficial mutations, and includes for example effects of clonal interference and genetic hitchhiking (page 17). If multiple
mutations appear in the same genome, epistatic fitness effects are often seen
and will affect the fate of the mutations in evolving populations. Bacterial
populations are often large and fixation through drift is an unlikely event. If,
for example, a population of 1011 S. enterica cells with a mutation frequency
of 5 x 10-3 mutations per cell and generation (Andersson and Hughes 1996)
is serially passaged, there will be 5 x 108 mutations appearing in each cycle.
However, if 1 µl (in LB ~6 x 106 cells) is transferred in each cycle, the
chance for a random mutation to be transferred to the next vial is low, and
most mutations will go extinct in each passage. For the few mutations that
are beneficial, however, the bacteria carrying those will replicate at a higher
rate and increase in number in the population before the next passage, increasing their probability of being transferred. With larger bottlenecks, fewer
mutations are lost and mutations that confer small increases in fitness will
have higher odds of being transferred and eventually getting fixed.
Although the chances of exact genetic parallelism has been calculated to
be small (Orr 2005; Dettman et al. 2012; Tenaillon et al. 2012), the outcome
of experimental evolution experiments followed by WGS has in some cases
been found to be very predictable, as for example for the 82 bp deletion in
rph in E. coli evolved in minimal medium or the amino acid substitution at
position 526 in rpoB that leads to rifampicin resistance (Conrad et al. 2009;
Charusanti et al. 2010; Conrad et al. 2010; Brandis et al. 2015). Moreover,
mutations in the primary RNAP-genes in bacteria have been described as be
able to “satisfy virtually any selection” because of their pleiotropic effects on
bacterial phenotypes (Conrad et al. 2010). Interestingly, gene expression
changes between the ancestor and the evolved strain have shown to affect
hundreds of genes, whereas typically only a handful of genes are mutated
(Cooper et al. 2003; Fong et al. 2005; Gresham et al. 2008; Kinnersley et al.
2009; Anderson et al. 2010; Minty et al. 2011). The often-found mutations in
global regulators of expression (e.g. RNAP) could perhaps partially account
for this apparent disconnect between genome variation and gene expression
variation.
In the cases where the aim is to select specific types of mutations such as
those that increase resistance to an antibiotic or ameliorate the cost of a deleterious mutation, general growth medium adaptations can pose a problem. It
can soon become a tedious task to sort out the interesting mutations from the
noise of unrelated medium adaptations (Gullberg et al. 2011). Growth medium adaptations with high fitness effect can quickly become fixed in the population and potentially purge the evolving culture from any interesting mutations with smaller beneficial fitness effects. In such cases, it can be good to
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start the experiment with strains that already have mutations that make them
better adapted to the media (Paper IV).

The Central Dogma
The ambiguous concept of genes
The process of protein synthesis starts at the level of information stored in
DNA – the genes. The DNA is transcribed into RNA that in turn is translated
into proteins, a process that collectively is called the central dogma. Although most biologists would claim that they know what a gene is, precisely
defining the term is difficult (Pearson 2006; Gericke and Hagberg 2007;
Noble 2008) and many parallel definitions coexists. One concept that is often used is the molecular definition, that says that a gene encodes for a functional unit (RNA or protein) and consists of the entire nucleic acid sequence
that is necessary for the synthesis that unit. In its simplest composition, it
consists of a promoter, an open reading frame, and a terminator (Pearson
2006), but multiple genes are often combined in polycistronic operons.
However, genes often also contain regulatory sequences that can be difficult
to define and do not necessarily need to be in close proximity to the reading
frame (in eukaryotes, these can be located millions of nucleotides away and
even be on separate chromosomes). In the gene-centred view of evolution,
genes are instead viewed as inheritable units and the concept implies that
these units act in a selfish manner (Dawkins 1976). Here, multiple open
reading frames could together make up one “gene” since one trait (e.g.
brown eyes) could involve multiple genes. However, in this thesis, the molecular definition has primarily been applied.

Transcription
Transcription is the synthesis of RNA as directed by a DNA template. In
bacteria and archaea, this is primarily done by one RNA polymerase
(RNAP), which catalyses the synthesis of both mRNA and non-coding RNA
(e.g. rRNA and tRNA), whereas in eukaryotes three RNA polymerases cooperates to perform these tasks. The archaean RNAP, however, mostly
shares homology with the eukaryotic RNAPII. RNA polymerases are large
multi-subunit enzymes and the bacterial RNAP is ~400 kDa and consists of
five core subunits: two identical α (α’ and α’’), one β, one β‘, and one ω
subunit. β and β‘, are the largest subunits and together make up the active
center. α’ and α’’ each contain an N-terminal domain (αNTD) that is important during assembly of RNAP and a C-terminal domain (αCTD) that
directly interacts with the promoter DNA. For some promoters, the αCTD
makes specific interactions with transcription factors and UP-element se27

quences, as well as help to regulate the expression of these genes. ω is the
smallest subunit and is important for structure and maintenance of β‘, as well
as recruitment of β‘ during assembly (Mathew and Chatterji 2006). Apart
from the core RNAP, different sigma factors are needed for specific promoter recognition and to form the ~450 kDa holoenzyme, which has one sigma
factor per enzyme. Expression of the core RNAP subunits is inhibited by
ppGpp and DksA in similarity to the translation machinery, and they are cotranscribed with several ribosomal proteins (Lemke et al. 2011). In E. coli,
seven sigma factors are known and function as global transcriptional regulators by each enabling specific binding of a set of promoters and favoring
transcription initiation from those. The sigma factors compete for the binding of the core RNAP and the concentration of the sigma factors is thus one
way of controlling the gene expression in the cells. σ70, which is encoded by
rpoD, is the primary sigma factor and recognizes most promoters in bacteria.
It specifically binds the conserved -10 and -35 sequence elements that are
located about 10 and 35 bp upstream of the transcription start site. Their
consensus sequences are TATAAT and TTGACA, respectively, but being
too close to the consensus sequence can in some cases delay promoter escape, the last step of transcription initiation (Ellinger et al. 1994; Strainic et
al. 1998; Hsu 2002).
RpoS (σ38) is another central sigma factor. It is expressed under late exponential growth and stationary phase but also under a large number of
stress conditions, and up-regulates a cohort of genes needed under suboptimal conditions, when slow growth and energy saving is prioritized (HenggeAronis 2002; Battesti et al. 2015). The other sigma factors include the main
heat shock sigma factor RpoH (σ32) that is turned on at high temperature
and activates transcription of for example proteases and chaperones that are
important during protein quality control (Narberhaus and Balsiger 2003);
RpoE (σ24) another heat chock sigma factor; the ferric citrate sigma factor
FecI (σ19); the flagellar sigma factor RpoF (σ28); and the nitrogenlimitation sigma factor RpoN (σ54). Apart from the sigma factors, 300 specific and general transcription factors have been identified that further modulate the RNAP holoenzyme promoter specificity, respond to different environmental conditions (Ishihama 2012), and either inhibit or activate transcription from certain genes.
Transcription has three major steps: initiation, elongation and termination.
The initiation is highly regulated and usually starts by the binding of positive
transcription factors, usually through helix-turn-helix motifs, upstream of the
core promoter. The RNAP holoenzyme is then recruited to the core promoter
(including -10 and -35 if σ70) and bind to form a “closed complex” on the
duplex DNA. In the next step, the DNA is opened to form the so-called open
complex. This is a rate-determining step in which large conformational
changes including bending and wrapping of the DNA take place, placing the
DNA into the active site of RNAP (Ruff et al. 2015). These initial steps in
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transcription are regulated by for example changes in temperature, nucleotide, salt and solute concentration, promoter DNA sequence, and the binding
of accessory factors and small ligands. The regulation often results in 10 –
1,000-fold differences in activity from a given promoter (Ryals et al. 1982;
Kontur et al. 2010; Lee et al. 2012).
When RNAP is orchestrated around the open DNA template, the sigma
factor is released and elongation begins. Here, RNAP synthesizes the nascent RNA transcript by adding rNTPs in a 5’ ! 3’ manner at a rate of approximately 40 nt per s, using the DNA 3’ ! 5’ strand as a template (termed
DNA template strand). As the transcription bubble goes along, the RNAP
helicase activity unwinds the upstream DNA and rewinds it behind. This is
continued until RNAP reaches a terminator (factor independent termination)
or until the helicase Rho terminates transcription (factor dependent). In
polycistronic operons, this takes place at the end of the operon, meaning that
all genes are sequentially transcribed into the same transcript. Factor independent termination is RNA-based and uses a GC-rich indirect repeat followed by four or more A residues in the template. The indirect repeat will
fold on itself after being transcribed and form a strong hairpin that temporarily stalls the polymerase. Thereafter, the weak U-A bonds in the poly-A
stretch cause the RNA to detach from the DNA and the transcription is terminated. During factor dependent termination, Rho binds to specific recognition sites (termed Rut-sites) on the mRNA; it then migrates along the transcript towards the RNAP by hydrolysing ATP. When RNAP encounter a
GC-rich sequence near the end of the transcript, the polymerase stalls and
enables Rho to catch up. Rho causes the RNA to disassociate by unwinding
the DNA-RNA hybrid and as a result terminating transcription. Transcription and translation are often coupled in bacteria and ribosomes initiate
translation on transcripts simultaneously as they are being synthesized. The
ribosomes work to protect the nascent RNA from degradation and act as
“roadblocks” that prevent Rho from catching up with RNAP. However, if
ribosomes for any reason stall on the transcript, the distance between the
ribosome and the RNAP will grow and the likelihood of Rho binding and
prematurely terminating transcription will increase.

Translation
The elegant, complex and highly coordinated mechanism of mRNA-encoded
protein synthesis is a process synchronized by the most advanced cellular
machines of them all: the ribosome. The ribosome is a large ribonucleoprotein complex that in bacteria measures 200 Å across, and is composed of
three RNA molecules and ~56 ribosomal proteins (r-proteins). The ribosomal RNA (rRNA) molecules include the 16S that together with 21 r-proteins
make up the small ribosomal subunit (30S), and the 23S and 5S rRNA that
together with ~35 r-proteins build up the large ribosomal subunit (50S). The
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rRNA constitutes the larger portion of the mass of the ribosome – approximately two thirds (Fig. 5; Williamson [2009]). Apart from the ribosome
itself, numerous protein cofactors that serve important functions during ribosomal assembly or translation have been described, and 42 different tRNAs
bring amino acids to the growing peptide. The core mechanism performed
by the ribosome, the peptidyl-transfer reaction, is catalysed solely by the
rRNA, and the ribosome is thus a ribozyme (Cech 2000; Nissen et al. 2000;
Selmer et al. 2006). The proteins serve instead merely as structural components.
Translation is a process with four separate stages: initiation, elongation,
termination, and ribosome recycling (Fig. 6). The most complex and regulated phase, and for this work most relevant, is initiation (Marintchev and
Wagner 2004). It is thought to be the rate limiting step in translation and
dependent on proper binding of 30S subunits to a translation initiation region
(TIR) on the mRNA, as well as the binding of the initiator tRNA (fMettRNAfMet) to the peptidyl site (P-site) of 30S and the docking of the 50S subunit to the 30S initiation complex. This process is controlled and coordinated
by the initiation factors IF-1, IF-2, and IF-3. The TIR is composed of the
start codon and the Shine-Dalgarno sequence (SD). The latter is a stretch of
nucleotides with the consensus sequence GGAGG that is located 6 – 9 nt
upstream of the start codon and binds to the anti-SD sequence of 16S (Shine
and Dalgarno 1974). These structures together with the initiation factors
direct the start codon into the P-site of the ribosome and allow proper asso
ciation of fMet-tRNAfMet to the start codon, after which the 50S subunit can
dock the 30S initiation complex and form the 70S initiation complex
(Gualerzi et al. 2001). As with other stages of translation, crystal structures
and cryo-electron microscopy studies of different complexes with ligands
have greatly helped to visualize and understand this process (Carter 2001).
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Figure 5. Tertiary structures of bacterial ribosomal subunits. (A) The 30S subunit bound to initiation factor 1 (IF-1). (B) The 50S
subunit is oriented to visualize the peptidyl-transferase center (PTC) and the exit tunnel. Turquoise ribbons depict 16S and 23S rRNA,
dark gray 5S rRNA, black mRNA, orange S20, red other r-proteins, lilac IF-1, yellow helix 44, and green shows nucleotides that make
up the PTC. The images were prepared through PyMol (www.pymol.org), using the the X-ray crystal structures obtained from Carter
(2001; pdb-code: 1HR0), and Selmer et al. (2006; pdb-code: 2J01) for 30S and 50S, respectively
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In the next stage, elongation, the mRNA is decoded into protein in a fast
and accurate manner (Fig. 6). In this phase, a ternary complex of aminoacylated tRNA (aa-tRNA), elongation factor Tu (EF-Tu), and GTP are brought
to the aminoacyl site (A-site) of the ribosome. If the codon in the A-site
matches the anti-codon of the tRNA (cognate tRNA selection), GTP will be
hydrolysed, Ef-Tu will leave and the aminoacyl stem of the incoming aatRNA will swing into the peptidyl-transferase center (PTC) where the initiator tRNA is located. Here, a peptide bond between the methionine of the
initiator tRNA and the amino acid of the new aa-tRNA will form. Thereafter,
the incoming tRNA is translocated to the P-site and the deacylated tRNA is
released through the exit-site (E-site), a mechanism that is driven by elongation factor G (Ef-G) and GTP hydrolysis (Marina V. Rodnina, Andreas
Savelsbergh 1997). This process is repeated at an average speed of about 20
amino acids per second in E. coli (Dennis and Bremer 1974; Dennis and
Nomura 1974; Young and Bremer 1976) up until the ribosome encounters
one out of three stop-codons in the A-site. These are recognized by the release factors RF1 and RF2, where RF1 specifically recognizes UAA and
UAG and RF2 UAA and UGA. The release factors bind to the A-site and
through hydrolysis of the peptidyl-tRNA trigger release the polypeptide that
is bound to the P-site tRNA (Kisselev et al. 2003). Next, the release factor is
removed by an additional release factor, the GTPase RF3. The two ribosomal subunits need to be dissociated before a new round of translation can
initiate, where the 30S binds either a new mRNA or a downstream TIR on
the same transcript. The dissociation is mediated by ribosome recycling factor (RRF) and GTP hydrolysis by EF-G. Binding of IF3 to the complex enables the release of mRNA and tRNA. IF3 and IF1 then sterically hinder
premature docking of the two ribosomal subunits before the ternary complex
of fMet-tRNAfMet (held by IF2 and GTP) has bound at the P-site to initiate
the next round of translation (Fig. 6).
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Figure 6. Illustration of the four phases of translation. (A – D) Initiation. (A) Binding of mRNA and initiation factor 1 (IF1) to a 30S subunit. (B) Binding of initiator
tRNA. (C) 50S subunit docking. (D) 70S initiation complex. (E – H) Elongation. (E)
Delivery of aa-tRNA. (F) GTP hydrolysis and accommodation. (G) FIG. 6 (continued). Peptidyl-transfer and hybrid tRNA formation. (H) Hydrolysis of EF-G GTP,

33

tRNA translocation and release of E-site tRNA. (I – L) Termination. (I) Binding of
release factor 1 or 2 (RF 1/2) and peptide release. (J) Binding of release factor 3. (K)
Exchange of GDP for GTP on RF3 and release of RF1 or RF2. (L) GTP hydrolysis
and release of RF3. (M – P) Ribosome recycling. (M) Binding of RRF and EF-G.
(N) 50S dissociation. (O) Binding of IF3 and release of tRNA and mRNA. (P) 30S
ready for initiation. The content of the figure was adapted from Tobin (2011).

Transcription of ribosomal RNA is the rate limiting step in ribosomal expression (Paul et al. 2004), and the expression of r-proteins is regulated by
the availability of nascent rRNA (Grundy and Henkin 1992; Zengel and
Lindahl 1994; Bénard et al. 1996; Keener and Nomura 1996; Schlax and
Worhunsky 2003; Dennis et al. 2004; Merianos et al. 2004). Ribosomal
RNA is expressed from seven different operons in E. coli and S. enterica
(rrnH, rrnG, rrnD, rrnC, rrnA, rrnB, and rrnE) and they all share a common
organization: 16S – tRNA – 23S – 5S. Between each component is an internal transcribed spacer that is post-transcriptionally removed through subsequent cleavage by different RNases. Two σ70 dependent promoters (P1 and
P2) are driving the expression of the operons, of which P1 is the most regulated promoter. P1 is also the stronger of the two promoters, and is probably
the strongest promoter in the genome. It is mostly active during moderate to
fast growth (Paul et al. 2004) when most of the cell’s RNAPs are assigned to
transcription from these promoters. During fast growth, rRNA can constitute
up to 85% of the total RNA, which is a significant expenditure for the cells
(Baracchini and Bremer 1991; Bremer and Dennis 2008; Jin et al. 2012). P2
is less used, but is the main promoter active during slow growth
(Kaczanowska and Rydén-Aulin 2007). If the occupancy of RNApolymerase on these promoters is determined solely by external and intrinsic
factors or if promoter occlusion also plays a role is under debate (i.e. transcription from one promoter hinders transcription from the other; Zhang and
Bremer 1996; Zhang et al. 2002; Schneider and Gourse 2003; Dennis et al.
2004).
The complex regulation of P1 has been intensively studied and its activity
is enhanced by for example binding of the global transcription regulator Fis
(see page 42) upstream of the core promoter and by interactions between the
C-terminal domain of the alpha subunit of RNAP (αCTD) with UP-elements
adjacent to the core promoter (Fig. 7; Bokal et al. 1995; Bokal et al. 1997;
Estrem et al. 1998; Ross et al. 1998; Hirvonen et al. 2001). The trans-acting
Fis protein, together with the UP-elements, has been found to increase rrn
expression at least 300-fold (Rao et al. 1994). In addition, Fis has been found
to physically interact with the αCTD while bound to the P1 promoter and
further increase rrn-transcription (Bokal et al. 1995; Bokal et al. 1997). The
composition of the upstream regions of the different rrn-operons, however,
varies and effects of Fis activation at the different rrn-operons have been
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found to differ (Hirvonen et al. 2001). On the other hand, P1 expression is
repressed by the transcriptional regulators H-NS and Lrp (Tippner et al.
1994; Pul et al. 2005). However, these factors do not account for all regulation: both P1 and P2 are targets for rapid regulation by altered levels of nucleotide triphosphates (NTPs), caused by variations in nutrient sources, and
the stringent response alarmone (p)ppGpp, the levels of which are set by the
stress response regulators relA and spoT (Aviv et al. 1996; Murray et al.
2003; Gralla 2005). Increased initiating NTP levels stimulates transcription
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Figure 7. Schematic organization of the rrnB P1 promoter. Recognition sites for the
transcription factors Fis, H-NS, and Lrp are marked in red, blue, and brown, respectively. Activation of transcription from P1 is enhanced by Fis-binding, Fis:αCTD
interaction, UP-elements-αCTD interaction and increased concentration of several
triphosphate nucleotides in the active site of RNAP (NTPs; the latter controls also
P2 expression). Binding of the transcriptional factors H-NS and Lrp to the DNA and
of ppGpp or the DksA:ppGpp complex to the active site of RNAP instead represses
transcription from P1 (factors crossed over in the figure). References: Bokal et al.
(1995), Bokal et al. (1997), Hirvonen et al. (2001), Zhang et al. (2002), Murray et al.
(2003), and Paul et al. (2004b).
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from the two promoters whereas (p)ppGpp and DksA repress expression
(Paul et al. 2004; Perederina et al. 2004). Another level of complexity in the
regulation of rrn-expression is generated by the fact that these operons cluster around the origin of replication and thus appear in higher copy number
during fast growth, when multiple replications forks are fired simultaneously
on the chromosome.
Interestingly, Quan et al. (2015) found no effects on growth rate when deleting up to three rrn-operons and that most of the effect from deleting between four and six operons could be attributed to deletions of tRNA genes
and the introduction of multiple homologous scar sequences in the genome
rather than the loss of the rrn-operons. However, feedback mechanisms
could compensate for the decreased rrn-gene content (Baracchini and
Bremer 1991; Condon et al. 1993), although recent data suggest that rRNA
concentrations in the cells are reflected by rrn-operon copy number (Gyorfy
et al. 2015).
The second component of the ribosomes, the r-proteins, consists in E. coli
and S. enterica of 21 proteins that are devoted 30S proteins (S1 – S21) and
34 50S proteins (L1 – L36). These are primarily organized in polycistronic
operons, with the exceptions of S20, S2, S1, L32, L25, S21, S15, L34 and
L31 which are expressed from monocistronic operons. As mentioned above,
r-protein expression is regulated primarily on a posttranscriptional level by
the availability of naked rRNA. On the other hand other types of regulation
of r-protein expression involves for example repression of RNAP by ppGpp
and DksA, much in the same way as described for rrn-promoters above.
DksA and ppGpp has been shown to strongly regulate for example rpsM,
rpsT and rpsJ (Lemke et al. 2011). Regarding the posttranscriptional regulation, it is thought that the rRNA and ribomsomal RNA transcripts compete
for the binding of the r-proteins. If naked rRNA is available, a large fraction
of the r-proteins will bind and become part of functional ribosomes, whereas
if rRNA is scarce, they will instead bind to sequences of their own (or other)
r-protein transcripts that share structure and sequence homologies with their
binding sites in the rRNA and hinder translation (termed autoregulation;
Bénard et al. 1996; Schlax and Worhunsky 2003; Merianos et al. 2004).
Excessive r-proteins are subject for degradation by for example the protease
Lon together with inorganic polyphosphate (Kuroda et al. 2001).
Ribosomal proteins are mostly small and basic with a globular surface
exposed domain and projections that bury deep into the ribosomal interior. It
has been suggested that most r-proteins when binding to the rRNA (Uversky
2013; Peng et al. 2014). Ribosomal biogenesis and the assembly of rproteins into the ribosomes is a highly cooperative and hierarchical process
(Röhl and Nierhaus 1982; Talkington et al. 2005). The assembly of the 30S
subunit is most studied and best understood (Fig. 8). It is based on e.g. studies of assembly intermediates (i.e. ribosomal precursor particles) that are
separated by sucrose gradients and analyzed through for example 2D gels or
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mass spectrometry. The overall hierarchy traditionally involves primary,
secondary, and tertiary binders (Held and Nomura 1973; Moll et al. 2002;
Culver 2003; Talkington et al. 2005; Shajani et al. 2011). For the 50S subunit, the assembly is much more complex than for 30S, and several alternative
assembly intermediates have been identified. Proteins L3 and L24, and in
some conditions also L20, have been identified as assembly initiator proteins
(Kaczanowska and Rydén-Aulin 2007) and proteins L5, L18 and L25 are
mediating the interaction between the 23S and 5S rRNA (Korepanov et al.
2007).
Proteins that are added late during ribosome biogenesis are generally less
phylogenetically conserved than others and it has been suggested that the
assembly hierarchy could resemble a gradual increase of complexity over an
evolutionary timescale (Mears et al. 2002; Kaberdina et al. 2009). Since the
peptidyl-transfer reaction is catalyzed by the 23S rRNA (Lafontaine and
Tollervey 2001), it is possible that the ribosomes in the beginning had no
structural help from r-proteins. One explanation for the probable gradual
increase in complexity of the ribosomes could be that slightly deleterious or
near neutral mutations accidentally accumulated over time (Ohta 1973) and
that these in a second step can be compensated for by secondary mutations
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Figure 8. 30S assembly hierarchy, adapted from Held and Nomura (1973) and
Sashital et al. (2014). The three major domains of 16S are indicated on top. Arrows
indicate binding dependences and the primary, secondary, and tertiary proteins are
marked to the left. Proteins that were downregulated in the rpsT mutants studied in
Paper II and III are highlighted in bold. aS1 is usually not part of the assembly map
since it binds very weakly. However, Moll et al. (2002) reported that it is dependent
on the binding of S2. Note that discrepancies between this assembly map and other
published hierarchies occur. An example is protein S12, which is often described as
a secondary binder (Xu and Culver 2010).
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that in some cases lead to the acquisition of additional factors or novel rprotein associations (Zuckerkandl 1997). A prerequisite for this hypothesis is
that the mutational target for the compensatory mutations is larger than reverting the slightly deleterious mutation.
Tracing back the history of life, long before the last universal common
ancestor (LUCA) of all life that we see today, it is possible that all reactions
were catalysed by RNA and that all molecular information was stored as
self-replicating RNA. This – the RNA world hypothesis – has become widely accepted and is supported e.g. by its catalytic ability and its ability to store
and duplicate genetic information (Rana and Ankri 2016), as well as by its
central role in translation and in many other reactions in modern cells (Cech
2012).

Codon biases and synonymous mutations
The standard genetic code includes 64 (43) different codons that together
specify 20 amino acids and three signals for termination of translation (Fig.
9). Thus, the majority of the amino acids are encoded by multiple codons
and the genetic code is redundant, where most amino acids are encoded by
between two to six different codons. The synonymous codons are differentially used within the genomes and the ratios are species-specific (Gupta et
al. 2004; Plotkin and Kudla 2011), a phenomenon termed as “synonymous
codon usage bias”, or, simply, “codon usage”. Natural selection together
with neutral processes such as mutational bias and drift account for the synonymous codon usage (Sau et al. 2005; Zhong et al. 2007). Selection acts
differently on different genes within the same genome, resulting in genes
with high selective pressure (usually highly expressed and evolutionary conserved genes) getting a higher codon bias than less expressed genes (Gouy
and Gautier 1982; Bulmer 1991; Stenico et al. 1994).
Since the codon usage is strongly species dependent (Gupta et al. 2004;
Plotkin and Kudla 2011), it has not been easy to provide satisfactory and
universal explanations for the codon usage found in particular genomes
(Zhong et al. 2007). Even though some authors have suggested mutational
biases as major factors influencing codon usage (Stenico et al. 1994;
Shackelton et al. 2006), selective constraints on codon usage seem to be the
favored explanation for at least highly transcribed genes (Fig. 10). Among
those, three explanations stand out to be the most frequently discussed in the
literature: mRNA secondary structure and stability, translational selection,
and compositional constraints.
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Figure 9. The genetic code. The relative synonymous codon usage for highly expressed genes, as well as all genes, is listed for S. enterica for each codon. The decoding abilities for different tRNA species is indicated with circles and connecting
lines, as derived from (Näsvall et al. (2007)

The first two explanations are partly overlapping in the sense that the
folding of the mRNA near the beginning of transcripts has been shown in
multiple studies to play an important role during translation initiation (EyreWalker and Bulmer 1993; Kudla et al. 2009). Stem loops in this region can
inhibit ribosome binding and thus also initiation of translation. In addition,
the codon usage also seems important for mRNA structure other than only at
the beginning of transcripts (Chamary and Hurst 2005; Chursov et al. 2013;
Lind and Andersson 2013; Wan et al. 2014) and the third degenerate codon
site has been shown to contribute most strongly to mRNA stability in mice
and humans (Shabalina et al. 2006). In general, naturally occurring mRNAs
have a higher free energy than would happen by chance, indicating that the
fold of the mRNA is selected (Chursov et al. 2013). The fitness reduction of
synonymous mutations that alter the secondary structure of the mRNA can
be explained by differences in degradation pattern when, for example,
RNase cleavage sites are suddenly more open for RNases to bind. A similar
explanation for the selection of mRNA secondary structure is that it in turn
can affect the protein folding (Orešič and Shalloway 1998; Saunders and
Deane 2010). Local mRNA structure can promote interactions between the
amino-acyl tRNAs and the ribosome or the nascent peptide. This can lead to
pausing of translation that in turn leads to the nascent peptide getting folded
differently within the exit tunnel of the ribosome (Zama 1994; Komar et al.
1999). However, misfolding of proteins as a consequence of synonymous
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40

mutations can also be induced by insertions of slowly translated codons
(Kimchi-Sarfaty et al. 2007).
Apart from initiation, synonymous mutations are known to affect both
translation speed (Andersson and Kurland 1990; Cannarozzi et al. 2010) and
accuracy (Kramer and Farabaugh 2007; Stoletzki and Eyre-Walker 2007).
Regarding the speed, many authors have pointed out the importance of coevolution of the pool of tRNA genes or tRNA isoacceptors with the codon
usage (Varenne et al. 1984; Ikemura 1985; Elf et al. 2003; Rocha 2004;
Welch et al. 2009; Xu et al. 2013), where the codon frequencies in highly
transcribed genes have a linear relationship with the amount of isoaccepting
tRNA (Andersson and Kurland 1990). Moreover, other speed delimiting
factors have been reported to be codon context effects (Shields et al. 1988;
Berg and Silva 1997; Cannarozzi et al. 2010).
Suggestions of compositional constraints for the selected codon usage are
also frequently occurring in the literature (Osawa et al. 1988; Shields et al.
1988; Chiapello et al. 1998; Tsai et al. 2007; Chen et al. 2013). For example,
the GC content in highly transcribed genes seem to be selected differently
than within the rest of the genome (Shields et al. 1988).
For the majority of codon usage studies, genome compositions have been
examined whereas experimental studies of synonymous mutations and their
effects on fitness are scarce. One reason for this is the interconnection of
fitness effects of synonymous mutations – often, mechanistic effects on multiple levels are expected and, in addition, it is hard to directly test hypotheses
experimentally (Lind and Andersson 2013; Fig. 10). Moreover, the fitness
effects are often relatively small and hard to measure. However, the putative
selective advantages of codon usage bias was recently measured experimentally for the first time in bacteria (Brandis and Hughes 2016). The average
cost of changing one codon in the highly translated and tuf gene (high codon
usage bias) was determined with great accuracy to be within the range of 0.2
– 4.2 × 10−4 per codon per generation. The structured 5’ end of the transcript
was disregarded and the primary cost was attributed to sequestration of the
tRNA pool. In Paper II and III, we instead studied the effect of synonymous mutants with much larger costs (up to s = 0.40) and contrary to the
mutations in Brandis and Hughes study, they probably had local sequence
context effects such as changing a protein binding site during autoregulation.
Similarly to Agashe et al. (2016), we found synonymous mutations with high
beneficial effects that could compensate for deleterious synonymous mutations, illustrating that the effects of synonymous mutations can be substantial
and that dN/dS ratios, when used as signature of selection, can be misleading. However, in experimental evolution experiments where growth medium
adaptations are selected, selection of synonymous mutations seems to be a
rare event (Paper IV; Bailey et al. 2014; Agashe et al. 2016).
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Key players
Ribosomal protein S20
In Papers II and III, we used ribosomal protein S20 (RpsT; Fig. 5) as a
model to study fitness effects of synonymous mutations and how these can
be compensated for. S20 is a small ribosomal protein that consist of 86 amino acids and three alpha helices and is almost completely embedded in the
30S ribosomal subunit. Historically, it was given the name L26 since it is
occasionally co-purified with the 50S subunit. However, it is today designated a 30S protein, although it is not clear whether the co-purification with
50S is solely due to contaminations, or, if S20 plays a role also in the 50S
subunit (Herold and Nierhaus 1987; Arnold and Reilly 1999). It is a primary
binder during 30S assembly (Fig. 8) and it has been measured to be among
the quickest to bind (Sykes et al. 2010). Depending on the Salmonella strain,
rpsT null mutations are either lethal or result in very sick mutants (Tobin, C.,
and Näsvall, J., unpublished observation; Tobin et al. 2010). Viable ΔrpsT
mutants have been shown to be defective in translation initiation (Götz et al.
1990; Tobin et al. 2010), and it has been suggested that a loss of interaction
between S20 and helix 44 could cause these defects (Tobin et al. 2010).
rpsT is transcribed from two promoters from which transcruption is
negatively regulated by DksA and ppGpp (Lemke et al. 2011) and RNaseE is
primarily responsible for the degradation of the transcript (Mackie 2000;
Baker and Mackie 2003). S20 is also known to autoregulate its own translation on a post-transcriptional level (Parsons and Mackie 1983). However, in
vitro affinity analyses have failed to show an interaction between S20 and its
transcript, although the 5’-UTR show strong sequence homology with the
16S rRNA binding site of S20 (Donly and Mackie 1988). Even so, it has
been suggested that possibly the unusual start codon (UUG) and the adjacent
leader sequence play a role in the regulation (Parsons et al. 1988).

Fis
In Paper III, we analyzed the compensatory effect of mutations that downregulate the factor of inversion protein Fis. This protein was initially identified by Koch and Kahmann (1986) as a factor that stimulates DNA inversion
of the G factor of phage Mu. Since then it has been associated with global
regulation of transcription and has been found to play an important structural
role in DNA organization, much like the H-NS protein (Kahramanoglou et
al. 2011; Wang et al. 2013; Hancock et al. 2016). It binds as a dimer to the
backbone of DNA and although it selectively binds to DNA sequences with
poor sequence homologies, it binds with high affinity (Hancock et al. 2016).
Upon binding, the dimers stabilize site-specific conformational changes in
the DNA and regulate diverse DNA reactions such as transcription, replica42

tion and recombination (Finkel and Johnson 1992). Transcriptome analyses
of Δfis mutants in S. enterica have identified 885 Fis binding sites and 1646
genes that directly or indirectly are either positively or negatively regulated
by Fis (Wang et al. 2013). In contrast to H-NS, it peaks in expression in early exponential phase but almost completely ceases under stationary phase
(Osuna et al. 1995; Azam et al. 1999; O Cróinín and Dorman 2007). While
highly expressed, it for example plays a major role in the activation of rRNA
expression (Bokal et al. 1997; Appleman et al. 1998; C. A. Hirvonen et al.
2001) and promotes the transition from lag phase to exponential phase
(Osuna et al. 1995).

S. enterica and E. coli as model organisms
The work in this thesis has been conducted using the two model bacteria
Escherichia coli K-12 MG1655 and S. enterica subsp. enterica serovar
Typhimurium str. LT2, designated E. coli and S. enterica in the text (S.
typhimurium in Paper I). Their genomes are similar in size, about 5 Mbp,
and contain 4,400 and 4,600 genes, respectively (McClelland et al. 2001;
Riley et al. 2006). Both species are facultative aerobic, rod-shaped Gram
negative bacteria that belong to the Enterobacteriaceae family, which is part
of the order Enterobacteriales and of the class γ-proteobacteria. E. coli was
used only in Paper IV whereas S. enterica was used in all four papers.
E. coli K-12 is part of the human microbiota. It has been extensively studied and was the first model organism in microbiology. It is also widely used
in biotechnology. It was first collected from a stool sample of a diphtheria
patient in Stanford University in 1922 (Hayashi et al. 2006) but has since
been cured from both the F plasmid and phage lambda using acridine orange
and UV. Its genome sequence was published in 1997 by Blattner et al. and
multiple mutations have been discovered that either were not part of the
original genotype or differ between different research labs, including for
example a frame shift in the rph gene that makes it starve for pyrimidine
(Jensen 1993). Despite its history of multiple rounds of mutagenesis (and
also thanks to it), E. coli K-12 has long been an enormously important model
in microbiology. Much is due to the ease of cultivation and its fast generation time, but the many genetic tools developed for the species and all the
knowledge gathered over the years is probably what is driving its continuous
use today.
On the side of E. coli, S. enterica is becoming increasingly important as a
model organism for bacterial genetics. In favor of this model is, for example,
that it has not been intentionally mutagenized and generalized transduction
of genetic material is easier in this model than in E. coli. S. enterica causes
gastroenteritis in humans but the strain LT2 is attenuated due to a spontaneous mutation in the start codon of rpoS (Swords et al. 1997). It was first iso43

lated in 1940s by Kaare Lilleengen and the genome was fully sequenced in
2001 by McClelland et al.

Gentic modifications
Generalized transduction in E. coli and S. enterica is primarily done using
phage P1 and P22, respectively (Ikeda and Tomizawa 1965; Schmieger
2016). Another, and for this thesis very important, tool for genetic modification is lambda-red based linear transformation (often referred to as recombineering; Datsenko and Wanner 2000; Yu et al. 2000). Building on the
lambda red system and generalized transduction, we have developed a new
methodology to easily move mutations between strains without leaving any
selectable marker or other sequence behind (Näsvall et al. accepted manuscript). This method was primarily used in Paper IV.
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Present investigations

Paper I
Minor fitness costs in an experimental model of horizontal gene transfer in bacteria
Anna Knöppel*, Peter Lind*, Ulrika Lustig, Joakim Näsvall and Dan I. Andersson. Mol. Biol. Evol (2014). 31:1220–1227

Aim
The aim of this study was to experimentally examine the distribution of fitness effects when introducing foreign DNA sequences into a neutral position
in the S. enterica chromosome.
Results and discussion
Random DNA fragments, varying in size from 0.45 to 5 kb, of Bacteroides
fragilis, Proteus mirabilis and human intestinal phage were inserted into a
neutral position of the S. enterica chromosome. The fitness costs of the inserts were determined and correlated to size and origin of insert, GC content,
gene type, and the expression level of inserts. We found that 8 inserts were
deleterious and 90 inserts did not have any detectable fitness effects. When
inducing transcription from a PBAD promoter located at one end of the inserts,
16 transfers were deleterious and 82 did not have any detectable fitness effects. A major fraction of the inserts had minor effects on fitness, implying
that extra DNA transferred by HGT, even though it does not confer an immediate selective advantage, could be maintained at selection-transfer balance and serve as raw material for the evolution of novel beneficial functions. We could not detect any correlation between fitness costs and origin of
insert, GC content or gene type. The fitness costs, however, correlated positively with expression level and the number of inserts with detectable deleterious effects increased under inducing conditions.
Conclusions
This study constitutes an important piece in the puzzle to understand the
nature of constraints on HGTs. To our knowledge, there has been only one
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previous experimental study of random HGT (Sorek et al. 2007), which, in
contrast to ours, focused on genes that are not clonable in E. coli. We found
that a major fraction of the inserts had minor effects on fitness, which could
suggest that HGT could generate a genetic diversity in bacterial populations
that could serve as material for new genes. Whether or not this is the case
will depend on if the rates of conjugation, transduction and transformation in
natural populations are high enough to reintroduce HGT variation lost by
genetic drift.
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Paper II
Compensating the Fitness Costs of Synonymous Mutations
Anna Knöppel, Joakim Näsvall and Dan I. Andersson Mol. Biol. Evol
(2016). 33:1461–1477

Aim
In this study, we aimed to investigate in S. enterica the mechanistic causes of
the deleterious effects of four synonymous mutations in the gene encoding
ribosomal protein S20 and by which means this cost can be genetically compensated.
Results and Discussion
In a previous study (Lind et al. 2010), four synonymous mutations with large
deleterious effects were found in the rpsT gene. Their relative exponential
growth rate in rich media ranged between 0.58 – 0.90 as compared to an
isogenic wild-type control. We found that the reduced fitness of the synonymous mutants correlated with both rpsT mRNA levels and S20 protein
levels, and that increasing the gene copy number of the mutated alleles restored fitness. More specifically, we found that one of the synonymous mutations conferred its effect by decreasing the amount of rpsT transcript in the
cells, whereas the remaining three at least partially conferred their effects at
the level of translation. After evolving the synonymous mutants for 200 generations in LB, the fitness increased for all mutants and whole genome sequencing revealed mutations that in three distinct ways could restore S20
levels. Firstly, at the DNA level, we found mutations that increase rpsT gene
copy number through large duplications including rpsT. Secondly, at the
RNA level mutations were found that increase transcription from the rpsT
promoter (rpoD mutation and secondary intrinsic rpsT mutations), and thirdly, at the protein level, we found mutations that increase translation from the
rpsT transcript (other secondary rpsT mutations). Through specific mutagenesis of the synonymous rpsT alleles followed by selection for increased
growth, we were able to identify 58 additional intrinsic compensatory mutations. These clustered, for example, around the start codon, a region of the
transcript that has been suggested to be important for autoregulation of S20
expression (Parsons et al. 1988). The expression of the various rpsT compensated alleles correlated strongly to fitness and it was evident that as wildtype levels of S20 were reached, the fitness did not increase further, i.e. the
ribosomal pool was fully functional again.
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Conclusion
We suggest that the deleterious effect of the synonymous mutants is due to
reduced S20 levels that in turn lead to dysfunctional ribosomes lacking S20.
These ribosomes are known to have impairments in mRNA binding and
docking of the two ribosomal subunits to form 70S initiation complexes.
This leads to reduced growth and also a vicious circle of less translation of
rpsT mRNA and thereby less S20. Increased S20 levels abolished these effects.
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Paper III
Synonymous mutations that reduce S20 levels can be compensated by
mutations in fis and rpoA
Anna Knöppel, Joakim Näsvall and Dan I. Andersson. – Manuscript

Aim
In this paper, we aimed to determine why mutations that downregulate the
global transcription regulator Fis and a mutation in the αCTD of RNAP were
selected during experimental evolution to compensate the cost of deleterious
rpsT mutations. Two hypotheses were tested: (i) are the mutations general
adaptations to the growth medium, and/or (ii) do they pose a direct compensating effect for the deleterious synonymous mutations. If the latter is true –
was the effect on the level of upregulation of the S20 protein, or did the mutations instead for example downregulate other parts of the ribosome to
match the low S20 levels?
Results and Discussion
Mutations in fis and rpoA have previously been found as general growth
medium adaptations in several studies (Charusanti et al. 2010; Crozat et al.
2010; Crozat et al. 2011; Maharjan et al. 2012; Le Gac et al. 2013). In our
study though, only a fraction of the effect seen for rpoA could be explained
as a medium adaptation and fis did not show any general adaptive effects in
neither growth rate measurements nor competition experiments. Hence, we
concluded that fis and rpoA at least partially conferred a direct compensating
effect for the deleterious rpsT mutations. Both Fis and αCTD have been described in multiple studies to be important for the activation of transcription
from rRNA-operons and interactions between the two further increase the
activation (Bokal et al. 1995; Bokal et al. 1997; Estrem et al. 1998; Ross et
al. 1998; Hirvonen et al. 2001). In fact, the mutation in the αCTD is located
adjacent to a known interaction site for Fis on the rrnB promoter (Bokal et
al. 1995; Bokal et al. 1997). We therefore tested if the skewed ribosome to
S20 ratio found in the synonymous mutants in Paper II was restored by fis
and rpoA, i.e., if the compensatory mutations directly increase S20 levels
and/or decrease other ribosomal components to shift the ratios closer to 1:1.
These tests were performed by measuring r-protein levels through mass
spectrometry (LC-MS/MS) as well as by S20:YFP translational fusions and
YFP transcriptional fusions to the promoters of three different ribosomal
RNA operons. Briefly, the combined results from these data showed that fis
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upregulated S20 levels in both wild-type and synonymous mutant background whereas rpoA only increased S20 levels in the synonymous mutants.
LC-MS/MS analysis showed that the levels of most r-proteins were high in
the synonymous rpsT mutants except for the 30S proteins S1, S2, S12 and
S21, which had equally low levels as S20. When fis was introduced in the
synonymous mutants, the overexpressed r-proteins were decreased, whereas
the levels of the underexpressed 30S proteins instead increased. This resulted
in an overall relative reduction of r-proteins by between 8 – 13% as compared to isogenic control strains. The effect of rpoA on r-protein levels was
less than the effects caused by fis but resulted in increased relative levels of
the downregulated 30S proteins. We further found that rrn-transcription was
decreased by the fis and rpoA mutants.
Conclusion
In this paper, we have demonstrated that mutations in fis and rpoA can remodel the ribosomal concentrations in the cells and that fis mutations directly increase S20 levels which, as is known from our previous study (Paper II),
is beneficial in the S20 deficient rpsT mutants. It was notable that for some
of the fis-mutants and the rpoA mutation, the fitness of the synonymous mutants was restored to wild-type levels (rpoA even above wild-type levels),
although the ribosomal components were low as compared to wild-type. This
raises new questions regarding the ribosomal concentration in relation to
growth rate control.
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Paper IV
Adaptations to Laboratory Conditions in Escherichia coli and
Salmonella enterica
Anna Knöppel, Michael Knopp*, Lisa Albrecht*, Erik Lundin*, Ulrika Lustig*, Joakim Näsvall, and Dan I. Andersson. – Manuscript
Aim
The overall aim of this study was to examine how bacteria can adapt to different types of growth media and the problems such adaptations may cause
in fitness measurements and experimental evolution experiments. More specifically, we aimed to (i) for the first time generate a comprehensive list of
medium adaptations that appear in the model bacterium S. enterica LT2
when grown in batch culture in four commonly used laboratory media and
compare those to mutations found in E. coli adapted to the same conditions,
(ii) genetically re-construct and characterize a large collection of these mutations with regard to fitness and relative growth rate, and (iii), to experimentally examine the cause of the benefit for a subset of the mutants. Finally,
(iv) we wanted to experimentally determine how some of these adaptations
affected the outcome and sensitivity of competition experiments.
Results and Discussion
Much due the advances in the sequencing technology over the last decades,
experimental evolution studies are becoming increasingly important to address various evolutionary questions. Generally, for these types of studies,
growth medium adaptations appear that are not always of interest for the
researcher. In this study we demonstrated that some mutations occurred frequently enough to increase variation in short term experiments and that by
introducing these, the variation in competition experiments decreased by
tenfold so that s < 0.001 were measurable. As comparative studies of medium adaptations in the two model organisms S. enterica LT2 and E. coli
MG1655 are missing, we systematically studied how these bacterial species
adapt to four commonly used growth media. Mutations selected in cultures
passaged in the same media for between 500 – 1000 generations were identified by whole genome sequencing. Candidate adaptive mutations were genetically reconstructed as single mutations and in different combinations,
and the fitness of 112 mutants was tested by growth rate measurements and
competitions. Little overlap was found between which mutations were selected in the two organisms and we found a clear correlation between the
increase in fitness and the number of introduced mutations. For a subset of
the mutations we identified the cause of the benefit of the mutations.
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Conclusion
We found that growth media adaptations can increase variation in short term
competition experiments and that introducing the most important mutations
drastically decreases these fluctuations, allowing us to detect fitness differences as small as 0.05%. Moreover, we have generated a novel list of medium adaptation mutations to four commonly used media in the model organism S. enterica LT2 and compared these to mutations appearing in E. coli
MG1655 in the same media. We have also characterized 112 mutants in
terms of fitness and experimentally identified the benefit of a subset of the
mutations.
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Future perspectives

Paper III
Synonymous mutations that reduce S20 levels can be compensated by
mutations in fis and rpoA

In order to determine if the decreased expression of flagellar genes found in
the rpoA mutants was the cause of the beneficial effect of these mutants, we
are presently investigating whether or not there are any epistatic interactions
between a ΔflhE-D (unable to make flagella) and the rpoA mutation.
We state in Paper III that the compensatory mutation in rpoA is suppressing
the S20 deficient rpsT mutants by specifically increasing S20 levels and that
this is an effect not seen in wild-type background. This is based primarily on
the LC-MS/MS analysis of ribosomal proteins and is further supported by
the RT-qPCR analysis and by the S20-YFP fusions. We claim that the reason
that no effect was seen in the S20-YFP fusions was because they are placed
in a strain with a wild-type copy of rpsT and hence have fully functional
ribosomes and wild-type growth (as shown in Paper II). We would like to
verify this idea by placing the fusions in strains with the deleterious rpsT
mutations to confirm if the rpoA mutation is increasing the expression from
the S20-YFP fusions in this background.
The LC MS/MS experiments were run at multiple occasions and the variation between the different runs was considerable, which can be due to ribosomal proteins being small and basic (Al-Majdoub et al. 2014). Hence, we
are in the process of validating the results, using an independent method
based on YFP translational fusions to a number of ribosomal proteins.
Our results suggest that the synonymous rpsT mutations compensated by fis
and rpoA decrease ribosomal concentrations in the cells, although in some
cases the fitness as well as exponential growth rate is equal or even higher
than the wild-type levels. These data contradict early experiments examining
ribosomal concentrations in relation to growth rate control. Thus, Schaechter
et al. (1958) and Kjeldgaard and Schaechter (1958) showed that the riboso53

mal concentration is in nearly direct proportion with growth rate. One explanation for the observed controversy in our results could be that the ribosomal
pool for unknown reasons translates at a higher rate when Fis levels are low
or the RNAP αCTD is mutated and thus can compensate for the putative
reduction in ribosome concentration. Similar results were obtained by
Valgepea et al. (2013) who found that the translational rate in E. coli in minimal medium can be increased to achieve faster growth. To test this hypothesis, we are currently setting up experiments to measure translational rate in
vivo in wild-type and synonymous mutants with and without fis and rpoA
mutations.
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Concluding remarks

The tools that we are using, including experimental evolution, whole genome sequencing, precise genetic reconstructions and sensitive fitness measurements, make a powerful platform for studying the link between genotype
and phenotype and for observing evolution as it happens. We are just beginning to be able to test fundamental biological hypotheses experimentally,
with questions such as: How does complexity evolve? How is a new gene
born? How does selection operate? We can use these tools to generate important knowledge that can be used to improve human health and living conditions.
The work in this thesis has generated knowledge about fitness effects of a
wide range of mutations (for example, HGT, deleterious synonymous mutations, and adaptive mutations), knowledge that can help us understand different driving forces in evolutionary processes. Our work has examined effects of r-protein deficiencies and the adaptive potential of E. coli and S.
enterica to different growth media, and of S. enterica to low S20 levels. Finally, this work has generated some unexpected results, for example the
demonstration that single synonymous mutations can be compensated
through mutations that lead to reduction of the ribosomal concentration,
generating deeper questions regarding the relationship between ribosome
concentration and growth rate.
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