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Introduction 

Bacteria exist almost everywhere and can grow in a variety of habitats such 
as soil, water, hot springs, radioactive waste, as well as inside the bodies of 
humans and animals. There are about 5 x 1030 prokaryotic cells on earth 
(Whitman et al., 1998). The human flora contains about ten times as many 
bacterial cells as there are human cells in the body. Most bacteria are harm-
less to humans but some can cause infectious diseases. Bacteria have been 
studied by humans ever since Antonie van Leeuwenhoek observed them for 
the first time using a single lens microscope in 1676 (Porter, 1976). Bacteria 
are useful to humans in a wide variety of areas, for example: preparation of 
fermented foods such as cheese, pickles, wine and yoghurt; cleaning up of 
oil spills; dealing with industrial toxic waste; and as an alternative to pesti-
cides. Because bacteria grow quickly and are relatively easy to manipulate 
genetically they have been important research tools in the fields of genetics, 
biochemistry and molecular biology. The information gained from bacteriol-
ogy work can in turn be used to understand more complex organisms.  

This thesis investigates the growth of bacteria in colonies during station-
ary phase. We have found that the rifampicin resistant (RifR) mutants that 
arise during a period of aging accumulate because they grow better than their 
parents in the aging colony, and not because of stress induced mutagenesis 
that has been previously suggested. The RifR growth-advantage mutants 
carry mutations in the rpoB gene encoding a subunit of RNA polymerase, a 
major determinant of bacterial growth. We also found that deletion of the 
rpoS gene encoding RpoS, the sigma factor important during entry into, and 
growth in stationary phase, confers a growth advantage in aging colonies. 
We determined that acetate is an important carbon source used by the RifR 
and RpoS mutants to support their prolonged growth. We also investigated 
compensatory evolution using a RifR mutant with low fitness. Compensatory 
mutations (not reversions) occurred in every lineage and affected the genes 
rpoA, rpoB and rpoC coding for different subunits of RNA polymerase.   

The bacteria used mostly throughout this work are Salmonella enterica 
serovar Typhimurium (S. enterica) and in some cases Escherichia coli 
(E. coli). Both of these are well-characterized model organisms amenable to 
genetic manipulation.  
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Bacterial growth  
The great majority of bacteria that have been cultivated in the laboratory 
reproduce as vegetative cells. The speed at which this vegetative growth 
takes place is breathtaking. Producing an entire functional E. coli or Salmo-
nella cell takes about 20 minutes at 37°C if a suitable carbon source, amino 
acids, and some minerals are provided. A single bacterial cell could produce 
a biomass as large as the entire earth in three days if it had an infinite source 
of nutrients.  

When bacteria are grown in the laboratory they typically show a growth 
curve consisting of five distinct growth phases (Figure 1): lag phase, the 
delay before they start exponential growth (Penfold, 1914, Rolfe et al., 
2012); exponential phase, in which cells divide at a constant rate; stationary 
phase, where conditions become unfavorable for growth and bacteria stop 
replicating (Navarro Llorens et al., 2010); death phase, when cells lose via-
bility (Nyström, 1999); and long-term stationary phase, which can continue 
for years (Finkel, 2006).   

In nature, bacteria constantly face changes in their environment. The cir-
cumstances can change from optimal (e.g. in a laboratory, but sometimes 
also in a eukaryotic host), to periods of nutrient starvation or other stresses 
with extreme variation in osmolarity, temperature or pH. Because of these 
changing conditions many bacteria have evolved to become masters of adap-
tation. Bacteria in nature may spend most of their time in stationary phase. 
This is also the growth phase that has been the main focus of this thesis and 
will be described in more details below.  

 

Figure 1. Typical growth curve of a bacterial population.  
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Synthesis of RNA 
RNA polymerase 
To be able to grow, bacteria like other organisms, need building blocks such 
as nucleotides, amino acids, proteins and lipids, and a variety of enzymes to 
perform important chemical reactions in the cell. Transcription is the “copy-
ing” of a template DNA strand into a complementary RNA transcript. This is 
the first event in gene expression. The ribosome then completes the trans-
formation of genes into functional proteins by the process of translation.  

The synthesis of RNA is carried out by the DNA-dependent RNA poly-
merase (Figure 2) whose structure and function shows conservation from 
bacteria to humans (Pühler et al., 1989, Sweetser et al., 1987). Prokaryotes 
only encode one single RNA polymerase to transcribe rRNAs, mRNAs and 
tRNAs whereas eukaryotes use three different polymerases (Archambault & 
Friesen, 1993). The amount of rRNAs transcribed is directly related to 
growth rate, making the bacterial RNA polymerase an important fitness de-
termining enzyme (Condon et al., 1995). 

 

 
Figure 2. RNA polymerase. The subunits of the core enzyme αββ’ω as well as the 
sigma factor σ are shown. 

The core RNA polymerase consists of five subunits α2ββ’ω. The enzyme 
with its “crab claw” like structure is about 400 kDa, whereby the two α sub-
units make the scaffold and the ββ’ heterodimer forms the catalytic center 
(Zhang et al., 1999). The ω subunit wraps around the β’ C-terminal tail and 
has been suggested to play a role in folding as well as structural stability of 
the β’ subunit (Mukherjee & Chatterji, 1997).  

The core enzyme is capable of catalyzing transcription, but for recogniz-
ing the promoter sequences and initiating transcription an additional factor 
sigma (σ), that interacts with the RNA polymerase, to form the holoenzyme, 
is needed (Burgess et al., 1969). Single stranded DNA enters the RNA pol-
ymerase via the main channel formed by the ββ’ heterodimer. Nucleotides 
come in via the secondary channel and the polymerized RNA leaves via a 
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third one, termed the exit channel (Zhang et al., 1999). The surfaces of all 
channels are highly positively charged and stabilize the nucleic acids by van 
der Waals and polar interactions between the phosphate backbone of the 
DNA or RNA molecules and the amino acid residues of the RNA polymer-
ase (Vassylyev et al., 2007a).  

Sigma factors 
Before the RNA polymerase can begin transcription at a particular promoter 
it must interact with a sigma subunit to form the holoenzyme. The sigma 
subunit has three main functions: to recognize specific promoter sequences, 
to position the RNA polymerase holoenzyme at the target promoter, and to 
facilitate unwinding of the DNA duplex (Wösten, 1998). E. coli and S. enter-
ica use 7 different sigma factors to recognize promoter sequences in DNA 
and initiate transcription by promoting the binding of RNA polymerase to 
the promoters (Ishihama, 2000, Hengge-Aronis, 2002, Helmann & 
Chamberlin, 1988, Ishihama, 1997).  

One of these sigma factors (σ70) is considered to be a housekeeping sigma 
factor and is responsible for directing RNA polymerase to the great majority 
of promoters in the cell under good, or non-stressed, growth conditions 
(Ishihama, 2000, Sharma & Chatterji, 2010). The other 6 sigma factors direct 
RNA polymerase to sub-sets of genes associated with responses to, and sur-
vival of, a variety of different stressful conditions; survival during stationary 
phase (σ38/σS), low levels of nitrogen (σ54), heat shock (σ32), chemotaxis 
(σ28), refolding of denatured proteins (σ24), and iron citrate transport (σ18) 

(Sharma & Chatterji, 2010, Ishihama, 2000).  
RpoS (σ38/σS), the sigma factor that will be described in most detail in this 

thesis, has an important role in the general stress response, directing the ex-
pression of a set of genes whose products are important during nutrient limi-
tation, osmotic challenge, acid shock, heat shock, oxidative damage, and 
during entry into stationary phase (Hengge-Aronis, 2002, Weber et al., 2005, 
Battesti et al., 2011). Directly, or indirectly, RpoS regulates about 10 % of 
the E. coli genome (approximately 500 genes) (Weber et al., 2005). Some 
RpoS-dependent genes are regulated simply by elevated levels of RpoS 
whereas others show highly specific regulation, only being expressed under 
a certain type of stress condition.  

During transcription the different sigma factors compete for the rate-
limiting supply of core enzyme RNA polymerase and the probability of any 
gene being transcribed depends on the concentration of each of the sigma 
factors (Zhou et al., 1992, Zhou & Gross, 1992, Farewell et al., 1998, Maeda 
et al., 2000). The ability to regulate the concentrations of the different sigma 
factors enables bacteria to regulate different sets of genes in response to 
changing environments. The concentration of RpoS is regulated at different 
levels including transcription, translation, protein degradation and protein 
activity (Hirsch & Elliott, 2005, Bougdour et al., 2008, Hengge, 2009, 
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Battesti et al., 2011). Under optimal laboratory growth conditions, RpoS 
levels are very low, but they increase as cells enter stationary phase, or as a 
response to a variety of stresses such as starvation (for carbon, phosphate, or 
magnesium) or unfavourable conditions of temperature, pH, osmolarity, or 
DNA damage (Battesti et al., 2011, Jenal & Hengge-Aronis, 2003). 

Transcription 
Transcription (Figure 3) consists of three stages: initiation, elongation and 
termination. To initiate transcription, the holoenzyme binds to two conserved 
hexamer sequences at positions -35 and -10 in the promoter to form the open 
promoter complex. The DNA duplex around the -10 region melts, the closed 
promoter complex forms, and transcription initiates with nucleoside triphos-
phates (NTPs) as both primer and substrates (Browning & Busby, 2004).  

The elongation stage is entered when the transcript becomes long enough 
to stabilize the transcription complex from dissociating from the DNA tem-
plate. The elongation complex is formed leaving most of the factors involved 
in initiation, including σ, behind (Nudler, 1999). The elongation cycle in-
cludes three basic steps: binding of a NTP complementary to the template 
into the active site; chemical reactions adding the NTP to the RNA chain; 
and translocation of the nucleic acid assemblage to place the next template 
base in the active site (Vassylyev et al., 2007b).  

 

 
Figure 3. Transcription. RNA polymerase is transcribing the information on the 
DNA template strand into mRNA. 

The last stage of transcription is termination, which occurs when the 
elongation complex moves into a terminator sequence along the DNA tem-
plate. Termination sequences can be at the end of a gene or operon, or may 
serve as regulators within a gene. Termination can be either intrinsic or rho-
dependent, and the efficiency of termination is generally regulated by addi-
tional factors (von Hippel et al., 1996, Van Gilst et al., 1997). In growing 
E. coli cells there are around 5000 copies of RNA polymerase, which must 
be distributed between the approximately 4500 transcription units. The activ-
ity of RNA polymerase can also be regulated by DNA sequence elements, 
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RNA polymerase binding proteins, transcription factors and nucleoid-
associated proteins (Grainger & Busby, 2008).  

Growth advantage in stationary phase 
When bacteria are running low on nutrients they enter stationary phase in 
which there is no net accumulation of bacteria. This does not mean, howev-
er, that nothing is happening within the bacterial population during this time. 
RpoS is the sigma factor used to regulate the genes needed for growth in 
stationary phase. Surprisingly, it has been shown that in aging liquid cultures 
mutations in rpoS (the gene coding for RpoS) confer a growth advantage to 
the bacteria (Zambrano et al., 1993, Finkel, 2006). During long-term station-
ary phase in liquid a large proportion of the bacterial population dies while 
one or more subpopulations continue to grow and take over. Bacteria within 
these subpopulation carry mutations that confer a Growth Advantage in Sta-
tionary Phase, a phenomenon abbreviated to GASP (Zambrano et al., 1993, 
Zambrano & Kolter, 1996).  

The first GASP mutation was identified as rpoS819, with a 46-base pair 
duplication near the 3’ end of the rpoS gene resulting in a reduced function 
of the RpoS protein (Zambrano et al., 1993). This duplication causes a frame 
shift, replacing the last 2 amino acids, with 39 new ones and results in a re-
duced function of RpoS. When cells harboring rpoS819 were aged further, 
three new GASP loci were identified, sgaA, sgaB and sgaC (sga for station-
ary phase growth advantage) (Zinser & Kolter, 1999). Each of these muta-
tions enhances the GASP phenotype of the parent rpoS819 mutant in an ad-
ditive way. When added as a minority, GASP mutants have the ability to 
take over the population. Each of these four GASP mutants grow faster on a 
mixture of amino acid monomers compared to the wild-type, whereas in LB 
no difference in growth rate could be detected. These findings led the au-
thors to the hypothesis that GASP mutants scavenge nutrients from dying 
cells. The sgaB gene was later identified as an allele of lrp, encoding a glob-
al regulator (Zinser & Kolter, 2000). Transcription of lrp is activated under 
leucine starvation. Lrp protein regulates over 40 genes and proteins, posi-
tively regulating operons involved in the biosynthesis of amino acids, and 
negatively regulating those involved in catabolic pathways and transport 
(Calvo & Matthews, 1994, Newman et al., 1992). It has been suggested that 
Lrp is important in the transition from the favourable environments found in 
the gut to the harsher conditions met outside of the host.  

Mutations in rpoS have also been shown to confer a growth advantage in 
both glucose- and nitrogen-limited chemostats (Notley-McRobb et al., 
2002). In slow-growing chemostat populations the takeover by rpoS mutants 
was quicker than in faster-growing populations, and the majority of rpoS 
mutations selected were loss of function mutations (Notley-McRobb et al., 
2002).  
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Excretion of acetate during exponential growth 
Metabolism is the set of chemical reactions occurring in all cells to acquire 
and use the energy and molecules needed in order to sustain life. In the fol-
lowing paragraphs, a small part of the metabolic pathways used by bacteria, 
namely that of acetate utilization and production will be described (Figure 4). 

When growing exponentially, E. coli excretes acetate as a major by-
product of its aerobic metabolism (Brown et al., 1977). Excretion of acetate 
occurs whenever the full citric acid cycle (tricarboxylic acid cycle, TCA) 
does not operate, or when the inflow of carbon is greater than the cells can 
handle with respect to other central metabolic pathways (el-Mansi & Holms, 
1989, Farmer & Liao, 1997, Majewski & Domach, 1990). As much as 15 % 
of the glucose may be excreted as acetate when growth on an excess of glu-
cose or other highly assimilable carbon source threatens to inhibit respiration 
(Holms, 1986). The excretion of acetate generates the reducing equivalent 
NAD+ consumed by glycolysis and recycles the coenzyme A required to 
convert pyruvate to acetyl-coenzyme A (acetyl-CoA) (Chang et al., 1999). 
Earlier it was thought that acetate excretion was merely a sign of metabolic 
over-flow. However, there are studies showing that excretion of acetate is 
physiologically advantageous and permits faster growth and growth to high-
er cell densities (El-Mansi, 2004). 

To excrete acetate, the bacteria first decarboxylate pyruvate to acetyl-
CoA. Acetyl-CoA is then either converted to acetate or reduced to ethanol. 
The cell chooses which pathway to use depending on its energy requirements 
or its need to regenerate NAD+. Reduction of acetyl-CoA to ethanol sacrific-
es energy but consumes reducing equivalents, whereas conversion og acetyl-
CoA to acetate generates energy but does not consume reducing equivalents. 
During exponential growth acetate is produced via the Pta-AckA pathway: 
Phosphotransacetylase (Pta) converts acetyl-CoA and inorganic phosphate to 
acetyl phosphate and CoA. Acetate kinase (AckA) converts acetyl phosphate 
and ADP to acetate and ATP (Brown et al., 1977, De Mey et al., 2007).  

Acetate can also be produced directly via the oxidative decarboxylation of 
pyruvate via the activity of pyruvate oxidase, PoxB (Abdel-Hamid et al., 
2001). This reaction reduces flavin adenine dinucleotide (FAD) and produc-
es carbon dioxide (Bertagnolli & Hager, 1991, Bertagnolli & Hager, 1993). 
Transcription of poxB is dependent on RpoS and is up-regulated in early 
stationary phase (Chang et al., 1994). PoxB probably provides energy and 
acetyl groups, for example acetyl-CoA, during the microaerophilic condition 
between exponential growth and stationary phase (Chang et al., 1994).  

Deleting either AckA-Pta or PoxB does not significantly decrease the 
amount of acetate produced. Deleting both pathways however decreases the 
final concentration of acetate to 7 % of that of the wild-type (Dittrich et al., 
2005). This strain excretes a large amount of pyruvate instead. The fact that 
acetate still accumulates in the triple mutant (ackA-pta-poxB) has been noted 
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in other studies (Phue et al., 2010) and has led to the speculation that acetate 
may also be produced via other metabolite pathways. Accumulation of ace-
tate in the media is a signal to increase rpoS transcription (Schellhorn & 
Stones, 1992) whereas acetyl-phosphate appears to be a signal for proteoly-
sis of RpoS, via the covalent modification of the protease RssB (Shin et al., 
1997).  

 
Figure 4. Pathways of central metabolism. The enzymes refered to in the text are 
noted in bold. For acetate metabolism: PoxB, pyruvate oxidase; Acs, acetyl-CoA 
synthetase; Pta, phosphotransacetylase; AckA, acetate kinase and for the glyoxylate 
shunt: AceA, isocitrate lyase; AceB, malate synthase; AceK, isocitrate dehydrogen-
ase kinase/phosphatase. 
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Growth on acetate as a carbon source during stationary phase  
In the transition to stationary phase, when the preferred carbon sources, such 
as glucose, are used up the cells undergo a metabolic switch. They now con-
sume the acetate previously excreted (Prüss et al., 1994). For bacteria to be 
able to utilize acetate as a carbon source it must first be converted to acetyl-
CoA. This conversion can occur via two pathways (Figure 4).  

One of these pathways is via acetyl-CoA synthetase (Acs) (Wolfe, 2005). 
Acs catalyses the formation of acetyl-CoA from acetate with use of ATP via 
an acetyladenylate intermediate (Berg, 1956, Chou & Lipmann, 1952). Ex-
pression of the gene acs is induced by acetate and probably regulated by 
catabolite repression. There is a controversy over which sigma factor is 
mainly responsible for the transcription of acs. In one study it was concluded 
that the acs gene is dependent on RpoS (Shin et al., 1997). In another inves-
tigation it was claimed that sigma70 is the primary sigma factor for tran-
scription of acs (Kumari et al., 2000). For full expression of acs the cAMP 
receptor protein (CRP) and the oxygen regulator (Fnr) are also required 
(Kumari et al., 2000).  

Acetate can also be converted to acetyl-CoA via the AckA-Pta pathway. 
AckA catalyses the conversion of acetate to acetyl phosphate with the cleav-
age of ATP to ADP. Pta mediates the transfer of acetyl from acetyl phos-
phate to CoA. The constitutive AckA-Pta pathway is used when acetate is 
abundant at relatively high concentrations whereas the Acs pathway is a high 
affinity system used at low acetate concentrations (Kumari et al., 1995).  

Use of acetate as a carbon source permits growth after the depletion of 
preferred carbon sources and additionally protects the cells from acidifying 
the surroundings. Cells lacking both the Acs and the AckA-Pta pathways are 
unable to grow on acetate at any concentration (Kumari et al., 1995). Acetate 
can freely permeate the membrane (Repaske & Adler, 1981, Salmond et al., 
1984, Kihara & Macnab, 1981), but the existence of an acetate importer has 
been reported (Gimenez et al., 2003). The gene for the acetate transporter, 
actP, is co-transcribed with acs. It has been suggested that an additional 
acetate transport system might exist and propose that these types of addition-
al systems may be important when the cells scavenge for small concentra-
tions of acetate (Gimenez et al., 2003).  

The glyoxylate shunt 
When the TCA cycle is running (Figure 4), acetyl-CoA (a two-carbon com-
pound) is condensed with oxaloacetate (a four-carbon compound) to form 
citrate (a six-carbon compound). The rest of the cycle is a stepwise oxidation 
of citrate through icocitrate, α-ketoglutarate, succinyl-CoA, succinate, fumu-
rate, malate and finally the regeneration of oxaloacetate. In each round of the 
cycle two carbons are lost, in the form of carbon dioxide, for each entering 
acetyl-CoA molecule. Glucose, a six-carbon compound, generates three ace-
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tyl-CoA molecules whereas acetate, a two-carbon compound, only generates 
one acetyl-CoA molecule. Growth on acetate requires the glyoxylate shunt 
that bypasses the two CO2 evolving steps of the TCA cycle, at the expense of 
energy (Kornberg, 1966). This allows the production of four carbon com-
pounds during growth on two carbon substrates like acetate. The enzymes 
driving the glyoxylate shunt are isocitrate lyase, encoded by aceA and malate 
synthase, encoded by aceB (Vanderwinkel et al., 1963, Wilson & Maloy, 
1987). When these enzymes are activated isocitrate is channelled through the 
shunt instead of into the TCA cycle. AceA catalyses the cleavage of iso-
citrate to succinate and glyoxylate, while AceB catalyses the condensation of 
acetyl-CoA and glyoxylate to malate and HS-CoA.  

The fate of isocitrate is regulated by the phosphorylation and 
dephosphorylation of isocitrate dehydrogenase (IDH), the TCA cycle en-
zyme competing for substrates with AceA (LaPorte, 1993). When bacteria 
grow on acetate IDH is phosphorylated and its activity is reduced. When 
glucose or another preferred carbon source is present the enzyme is 
dephosphorylated and is fully active. This reversible phosphorylation is me-
diated by a bifunctional enzyme, IDH kinase/phosphatase coded for by the 
gene aceK located in the same operon as aceB and aceA. IDH was the first 
example of regulation via phosphorylation in bacteria (Garnak & Reeves, 
1979). Metabolism via the glyoxylate shunt generates less energy than the 
TCA cycle and as soon as a more easily metabolized carbon source becomes 
available the glyoxylate shunt is turned off by catabolite repression 
(Ramseier, 1996). 

We have shown that growth advantage mutants arising in aging colonies 
of S. enterica use acetate as their main carbon source (Paper II). These find-
ings will be described later (page 35). 

Genetic variation 
In 1859 Darwin published his book On the Origin of Species by Means of 
Natural Selection that describes how environmental conditions change the 
genetic content of a population. Mutations are the primary source of genetic 
variation in any organism. These can be caused by external factors, such as 
different chemicals or UV light, or during cellular processes like DNA repli-
cation, recombination and DNA repair. Mutations include single amino acid 
changes, deletions, inversions, and integration of foreign DNA by horizontal 
gene transfer.  

Natural selection, along with genetic drift, plays an important role deter-
mining which mutations become fixed in a population. In bacteria, mutations 
that increase growth rate are likely to increase in frequency due to the posi-
tive benefits of that phenotype (Sniegowski et al., 1997). 
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The acquisition of beneficial mutations can speed up adaptation to new 
environments. Therefore, it might be assumed that a high mutation rate 
would be beneficial simply because it generates more mutations, some of 
which are bound to be beneficial. However, most mutations will be neutral 
or deleterious and therefore the spontaneous mutation rate is generally kept 
very low (Sniegowski et al., 1997). To keep mutation rate at a low level 
bacteria have evolved complex proofreading and repair mechanisms to limit 
changes in their DNA.  

Luria Delbrück experiments 
It is generally believed that mutations occur randomly and that natural selec-
tion favours cells with beneficial mutations. However, ever since the time of 
Darwin it has been discussed whether cells might actively mutagenize their 
own genomes in response to environmental stresses even if those stresses 
were not directly mutagenic. This phenomenon has been named stress-
induced, directed, or adaptive mutagenesis. Two main questions are still 
debated: Do mutations occur in non-growing cells? And can bacteria create 
mutations in response to stress?  

Classical experiments were made over 50 years ago by Luria & Delbrück 
and Lederberg & Lederberg to distinguish between two hypotheses: (i) that 
beneficial mutations in bacteria arise randomly prior to selection, or (ii) ben-
eficial mutations arise after exposure of bacteria to stress (Luria & Delbrück, 
1943, Lederberg & Lederberg, 1952). In these experiments bacteria were 
plated onto phage-containing plates. The phage would kill most of the bacte-
ria but some phage-resistant mutants would grow. If the resistance mutations 
were induced by stress one would expect the frequency of mutants in inde-
pendent experiments to be Poisson distributed. However, independent exper-
iments showed a huge variation in frequency of mutants, a distribution that is 
now called a Luria-Delbrück distribution. This result suggested that the mu-
tations arose before the bacteria were exposed to the stress. The frequency of 
mutants in a particular experiment is dependent on how early in the growth 
of the bacterial culture the first mutation arose. An early mutation event 
would give rise to a high frequency of mutants since the culture would grow 
for many generations before selection. In contrast, a culture in which the first 
mutation arose in a later generation would grow through fewer generations, 
resulting in a lower frequency of mutants at the time of selection.  

For many years it was widely accepted on the basis of the Luria-Delbrück 
experiment that mutations always arise spontaneously and never as a re-
sponse to stress. However, a flaw in the experiments was pointed out 
(Shapiro, 1984, Cairns et al., 1988, Hall, 1992), namely that the selection 
used was lethal and would therefore only be able to detect mutants formed 
before selection.  
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The Cairns system 
New experiments with a non-lethal selection were performed and gave data 
interpreted as suggesting that bacteria are able to regulate their mutation rate 
in response to stress (Cairns et al., 1988, Foster & Cairns, 1992). In the 
Cairns system (Cairns & Foster, 1991), an E. coli mutant carrying a lac dele-
tion on the chromosome and a leaky lac frameshift mutation on the plasmid 
F’128 was used (Figure 5). During the period of growth prior to selection, the 
lac frameshift mutation reverts at a rate of 10-8/cell/generation (Rosche & 
Foster, 2000). However, when 108 cells were plated on minimal lactose agar 
medium, about 100 revertant colonies accumulated over six days. This fre-
quency of Lac+ mutants is much more than would be expected to pre-exist in 
the cultures before plating. It appeared as if the mutations arose in the non-
growing population (on the agar plate) after it was exposed to the selective 
conditions. The initial group of Lac+ mutants, those appearing within the 
first two days after plating, showed a Luria-Delbrück distribution and these 
are probably the result of pre-existing mutations occurring in the non-
selective period of growth. However, the frequency of the Lac+ mutants that 
accumulated, over the following several days fitted a Poisson distribution 
which would be expected if the mutation event had occurred after plating 
(Cairns & Foster, 1991). These results suggested that the non-growing cells 
somehow sense the presence of lactose and respond by inducing the rever-
sion mutation to Lac+ (Foster, 1999, Foster, 2000).  

Models explaining the Cairns system 
Three models have been suggested as explanations for the features of the 
Cairns system. The first two models propose that Lac+ mutants arise in non-
growing populations of bacteria in response to stress. The third model pro-
poses that there is slow growth of sub-populations of bacteria on the selec-
tive plate and that the mutations arise within these populations by normal 
mechanisms and at normal mutation rates.  

Directed mutation model 
This model suggests that bacteria sense starvation and can direct mutations 
to target sites that are likely to restore growth (Foster & Cairns, 1992). Even 
if it is difficult to imagine how this would work mechanistically, several 
specific hypothetical models of this type have been proposed (Davis, 1989, 
Stahl, 1990, Stark et al., 1989). These models were later abandoned since it 
was found that mutations were not specifically “directed” to the lac gene but 
that additional mutations also occurred in other places in the genome in the 
Lac+ revertants (Torkelson et al., 1997). 



 23 

Hypermutation model 
This model proposes that a subset (105) of the non-growing population (108) 
undergo intense genome-wide mutagenesis induced by the experience of 
starvation stress (Hall, 1990). The Lac+ revertants show a 20-fold increased 
likelihood of carrying other unselected mutations compared to the rest of the 
population (Torkelson et al., 1997). According to this model the rest of the 
population remains quiescent. Bacteria in the hypermutagenized subset die 
unless they acquire a Lac+ revertant mutation before they acquire a mutation 
that is lethal (Hall, 1990, Torkelson et al., 1997, Rosenberg, 2001). The hy-
permutation state was proposed to be transient such that when Lac+ re-
vertants had formed the mutation rate went back to a normal low rate.  

The fact that the very high mutation rate required to achieve the observed 
frequency of Lac+ mutants would also result in almost all Lac+ bacteria ac-
quiring at least one lethal mutation is a major problem for this model. This 
objection makes it unlikely that ability to enter the state of hypermutation 
would be of long-term benefit to bacteria (Roth et al., 2003). To produce the 
100 revertants from the subpopulation of 105 non-growing cells a mutation 
rate of 10-3 would be required. This is a 105-fold increase in mutation rate 
compared to the 10-8/cell/generation observed during unselected growth. A 
mutation rate this high has never been observed. A mutation rate of that level 
would on average produce 5 lethal mutations per cell (Roth et al., 2003). As 
a comparison, strong mutator strains show a 103-104-fold increase in muta-
tion rate (Miller, 1996).  

Amplification mutagenesis model 
The amplification model can explain the observed accumulation of Lac+ 
mutants over time within the framework of the experiments of Luria & 
Delbrück, and Lederberg & Lederberg (Luria & Delbrück, 1943, Lederberg 
& Lederberg, 1952). The model proposes that Lac+ mutations occur in grow-
ing cells without any necessary requirement for an increased mutation rate 
(Andersson et al., 1998, Hendrickson et al., 2002, Roth & Andersson, 2004). 
According to the amplification model, stress (for example being a lac- mu-
tant in the presence of lactose as the sole carbon source) serves only as an 
agent of natural selection and does not change the process or rate of muta-
tion. The model suggests that, while the majority of the bacterial population 
is unable to grow on lactose, there are within the population rare pre-existing 
cells with duplications of the leaky lac- gene (Figure 5). These rare cells can 
initiate slow-growing clones duplication of leaky lac- mutation permits very 
slow growth on lactose). Further amplification of the lac- gene (from an ini-
tial duplication to a tandem array of genes) will be favored by selection. 
Amplification results in a larger target for spontaneous mutations and so 
increases the likelihood of a mutation occurring in lac, without requiring any 
change in mutation rate. Selection will also favor cells with a Lac+ mutation, 
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allowing the other copies of the mutant gene to be lost by recombinational 
segregation. Consequently, haploid mutant lac+ cells will outgrow the initial 
clone of cells in a colony that carried the amplification, and will eventually 
dominate the colony.  

 
Figure 5. The strain used for the experiments (left) carries the reversible lac allele 
on plasmid F’128. On the chromosome, the lac gene is deleted. Revertant colony 
(right). The amplification model suggests that each lac+ revertant arising under se-
lection is initiated by a plated cell with a lac duplication. The cell carrying the dupli-
cation is able to grow under selection and produces faster-growing derivatives with 
higher lac amplification. Reversion mutations in the large gene target arise and se-
lection holds the lac+ allele and favors loss of the mutant copies. lac+ segregants 
arise and overgrow the colony. 

In reality some increase in general mutagenesis is seen in these experi-
ments but it occurs only in a subset of the bacteria and has been explained as 
an artifact of the presence of dinB on the plasmid used for the experiments. 
Thus, the F’128 plasmid carries, in addition to the lac operon, the gene dinB. 
This gene encodes an SOS-inducible error-prone polymerase and is located 
16 kb from the lac gene on the plasmid (Kofoid et al., 2003). The DNA se-
quences that are duplicated in rare cells vary in size from 10-40 kb 
(Andersson et al., 1998, Hendrickson et al., 2002, Slechta et al., 2003) and 
some but not all include both the lac operon and dinB. Thus, it is likely that 
the amplification of lac is associated with amplification of dinB in some 
bacteria and that this results in an increased mutation rate in those particular 
cells. As expected, the elevated mutation rate could only be detected in cells 
where dinB was included in the amplified segment (Slechta et al., 2003). An 
additional complication of the Cairns system is that the relatively large num-
ber of revertants obtained during selective growth is specific to the F’128 
plasmid. When the lac allele is placed on the chromosome, the selection of 
lac revertants is dramatically decreased (Slechta et al., 2002). The suggested 
explanation for this difference is that the plasmid tra functions stimulate a 
frequent accumulation of duplication and amplifications by the formation of 
DNA ends (Slechta et al., 2002). The high frequency of amplifications on a 
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conjugative plasmid has been demonstrated previously (Chandler et al., 
1979, Chandler et al., 1982, Silver et al., 1980, Tlsty et al., 1984, Peterson & 
Rownd, 1985, Whoriskey et al., 1987). The difficulty of achieving amplifi-
cations on the chromosome has also been reported (Normark et al., 1977, 
Edlund & Normark, 1981). 

The amplification model can explain the data on the apparently high fre-
quency of mutation in the lac operon observed in Cairns experiments, with-
out the need to invoke novel mechanisms of mutagenesis, or the need for 
unusually high rates of mutagenesis.   

Accumulation of mutants in aging bacterial colonies 
Apart from the Cairns system there are some other examples of assay sys-
tems that gave results interpreted as suggesting that mutations occurred in 
response to selection. In one of these, wild-type E. coli were plated on rich 
agar medium. After one day of incubation some of the colonies were assayed 
to measure the number of colony forming units (CFU) per colony, and the 
frequency of RifR mutant cells per colony. CFU was used as a measure of 
population size while the frequency of RifR was used as a surrogate measure 
of relative mutation rate. The remaining colonies were incubated for one 
additional week before being assayed. It was found that during this addition-
al week of incubation the CFU of the colonies increases about 10-fold. How-
ever, the frequency of RifR mutant cells increased about 500-fold (Bjedov et 
al., 2003). This phenomenon was variously named ROSE (Resting Organ-
isms in a Structured Environment) (Taddei et al., 1995, Taddei et al., 1997) 
or MAC (Mutagenesis in Aging Colonies) (Bjedov et al., 2003). The expla-
nation initially proposed to explain the large relative increase in the frequen-
cy of RifR mutants during the additional week of incubation was that the 
“aging” colonies were subjected to a stress-induced increase in mutagenesis 
that was dependent on induction of the SOS response, Crp/cAMP, RpoS and 
RecA. The increased mutagenesis was claimed to be general throughout the 
genome and as evidence in support of this, an increased frequency of mu-
tants resistant to other antibiotics were very modest in relation to the large 
increase in RifR mutants. Thus, while RifR mutants were 50-fold more fre-
quent than expected, the numbers for 5-fluorouracil (=3.4-fold), mecillinam 
(=1.9-fold), and phosphomycin (=4.8-fold) were clearly much lower. The 
frequency of mutants resistant to streptomycin and nalidixic acid actually 
decreased during the additional week of “aging”.    

We made similar experiments using both E. coli and S. enterica and 
found also that the RifR mutants accumulated in the aging colonies. Howev-
er, when we investigated the mechanism we found that the accumulation is 
because the RifR mutants have a growth advantage compared to wild-type 
cells under these aging colony starvation conditions (Paper I). Thus, the RifR 
mutants continue growing and therefore reach higher frequencies on day 7, 
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while the wild-type cells enter stationary phase. This finding will be dis-
cussed in more detail later in this thesis (page 30).  

Rifampicin resistance  
Tuberculosis is one of the leading public health problems worldwide. In 
2010 WHO reported 8.8 million new cases of tuberculosis and the disease 
caused 1.45 million deaths, which is about 4000 deaths per day (WHO, 
2011). The antibiotic rifampicin is an important first-line drug for the treat-
ment of tuberculosis (Conde & Lapa E Silva, 2011, WHO, 2010). Rifampic-
in is bactericidal to susceptible bacteria (Jindani et al., 2003). It binds to the 
RNA polymerase β subunit, close to the active site of the enzyme (Campbell 
et al., 2001), and inhibits transcription elongation and thus prevents the pro-
duction of new RNA molecules (McClure & Cech, 1978).  

A problem with rifampicin as an antibiotic is that single mutations in 
rpoB, the gene coding for the β subunit of RNA polymerase, can cause high 
level of resistance to the drug (Telenti et al., 1993). Resistance to the disease 
is increasing globally and in 2010, 3.4 % of new tuberculosis cases were 
caused by multi drug resistant strains (WHO, 2011). In some countries, the 
situation is acute. For example, in countries of the former Soviet Union, 
where almost half of all Mycobacterium tuberculosis (M. tuberculosis) 
strains are resistant to at least one drug. Currently, at least 10 % of new cases 
are caused by multi-drug-resistant strains and about 2-3 % cases are caused 
by strains with extensive drug resistance (XDR, multi-drug-resistance plus 
resistance to any fluoroquinolone and at least one of the second-line antibiot-
ics) (Drobniewski et al., 2005, Wright et al., 2009, Kliiman & Altraja, 2009, 
Leimane et al., 2010). All of the high level RifR mutations identified in 
M. tuberculosis, or E. coli are located in four regions of the β subunit 
(Campbell et al., 2001, Garibyan et al., 2003). These regions are the N-
terminal cluster (amino acid 146-148), cluster I (amino acids 507-534), clus-
ter II (amino-acids 563-574) and cluster III (amino-acid 687) (using E. coli 
numbering for the β subunit) (Campbell et al., 2001, Garibyan et al., 2003). 
At least 95 % of the RifR mutations found in M. tuberculosis are located in 
cluster I (Ramaswamy & Musser, 1998, Heep et al., 2001).  

Fitness compensation 
Antibiotic resistance mutations are often located in genes associated with 
important functions such as maintaining the cell wall, transcription, transla-
tion and regulating DNA supercoiling. Antibiotic resistance is therefore usu-
ally associated with a biological fitness cost for the resistant bacteria, typi-
cally displayed as reduced growth rate (Andersson & Levin, 1999, 
Andersson & Hughes, 2010). Evolution experiments show that resistant 
strains can easily acquire fitness-compensatory mutations, usually without 
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losing resistance, during growth in vivo and in vitro (Johanson et al., 1996, 
Schrag & Perrot, 1996, Björkman et al., 1998, Levin et al., 2000, Reynolds, 
2000). This is a problem because it can result in a stabilization of the re-
sistance mutations even after reduced antibiotic usage.  

Fitness compensatory mutations can occur via several different mecha-
nisms (Maisnier-Patin & Andersson, 2004). One mechanism is intragenic 
compensation where restoration of structure and function is caused by a mu-
tation in the gene carrying the resistance mutation. Intergenic compensation 
takes place when the resistance mutation and the compensatory mutation are 
located in two different proteins in the same multi-subunit complex mole-
cule. The bacteria can also bypass the mutated function by replacing it with 
an alternative pathway. Finally, increasing the amount of the affected en-
zyme can compensate for the defect associated with the mutated protein.  

Individual RifR mutations have been shown to cause a high level of re-
sistance and at the same time reduce growth rate of the bacteria (Björkman et 
al., 1998, Billington et al., 1999, Reynolds, 2000, Sander et al., 2002, 
Mariam et al., 2004, Gagneux et al., 2006). Many clinical isolates of 
M. tuberculosis have been found to carry multiple mutations in the same 
region of rpoB (Kapur et al., 1994, Musser, 1995, Sekiguchi et al., 2007) 
and it is likely that they represent growth rate compensatory mutations. In 
one study four E. coli strains with different RifR mutations were evolved 
with selection for faster growth. Compensatory mutations were identified as 
second-site mutations in rpoB (Reynolds 2000). The mutations improved 
growth rate without significantly altering the level of resistance. However, in 
11/20 of the compensated mutants, no secondary mutation in the first 2226 
nucleotides of rpoB was identified (Reynolds, 2000). A possible explanation 
for the unidentified compensatory mutations is that they are within the last 
1800 nucleotides of rpoB, which were not sequenced in that report.  

Another possibility is that compensatory mutations exist in one of the 
other subunits of RNA polymerase. Whole genome sequencing was recently 
performed on ten clinical RifR isolates of M. tuberculosis and corresponding 
rifampicin-susceptible strains taken from the same patients. Additionally, six 
RifR strains selected in the laboratory were evolved in vitro and included in 
the sequencing. The authors identified 54 putative compensatory mutations 
in 38 genes and 10 intergenic regions (Comas et al., 2012). Two genes, rpoA 
and rpoC, were particularly interesting since mutations in these genes 
evolved in the laboratory settings as well as in the clinical strains. These 
genes code for the α and β’ subunits of RNA polymerase, respectively. The 
mutations occurring in only the RifR isolates were thought to be compensato-
ry. These mutations were localized in the interface between the α and β’ 
subunits and the authors suggested that they potentially affect the interaction 
between the polymerase subunits (Comas et al., 2012). In addition 27.1 % of 
332 sequenced multi-drug resistant strains, isolated from endemic tuberculo-
sis areas, had non-synonymous mutations in rpoA and rpoC whereas none of 
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the 171 rifampicin-susceptible control strains had any of these mutations 
(Comas et al., 2012). These results suggest that mutations in rpoA and rpoC 
can compensate for the fitness loss caused by a mutation in rpoB giving rise 
to the RifR. However, in this study, no genetic manipulations were made to 
test this hypothesis.  

We have used S. enterica as a model organism to study compensatory 
evolution of a RifR mutant. It is important to understand the mechanisms of 
compensatory evolution to be able to prevent the resistant strains from 
spreading and S. enterica is a good model organism since it is easier to work 
with genetically than M. tuberculosis. We found that mutations in rpoA, 
rpoB, and rpoC can compensate for the slow growth of the RifR mutant with 
a primary resistance mutation in rpoB (Paper III). These results will be dis-
cussed later in this thesis (page 40). 
 
 



 29 

Present investigations 

The aims of this thesis 
Bacteria spend most of their time in stationary phase and one might think 
that this growth phase is not so interesting since little net growth is observed. 
However, the bacteria do not just sit there and wait for better times. Station-
ary phase is an important stage involving sophisticated gene regulation and 
what happens in stationary phase may determine the fate of the bacterial 
population in the future. There are many questions about life in stationary 
phase that still need to be addressed. In this thesis I have tried to address and 
answer some of these questions: 

 
 

• Do rifampicin-resistant mutants in aging bacterial colonies accu-
mulate because of an increased rate of mutagenesis or due to se-
lection and growth? 
 

• What is the importance of the stationary phase sigma factor RpoS 
in aging colonies? 
 

• What nutrient source do the growth advantage mutants, 
rpoB P564L and ΔrpoS, use for their prolonged growth in the ag-
ing colonies? 
 

• Where do the compensatory mutations arise when the rifampicin 
resistant mutant rpoB R529C of S. enterica is evolved for im-
proved fitness? 

The following paragraphs are a summary of the three central studies that this 
thesis is based upon. More details can be found in each individual arti-
cle/manuscript at the end of the thesis.  
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Paper 1: Rifampicin-resistant mutants in aging colonies 
accumulate because they grow better than their parents, 
not because of stress-induced mutagenesis 
In a paper from 2003 the authors noted that a surprisingly high frequency of 
RifR mutants accumulated in aging colonies of E. coli (Bjedov et al., 2003). 
They interpreted the results as evidence of stress-induced mutagenesis. The 
claim was that as the colony ages, the bacteria sensed starvation stress and 
induced mutagenesis in response. After an initial incubation period of 24 h, 
the CFU of the colony increased 1.2-fold during one week of incubation, 
whereas the frequency of RifR cells increased 10-100-fold.  

A long-term benefit of an increase in general mutagenesis of this magni-
tude is hard to imagine because a large number of lethal mutations are pre-
dicted to arise. We decided to investigate this phenomenon further and re-
peated the experiments in S. enterica. A droplet containing about 200 cells 
was spotted on top of a nitrocellulose filter on a rich agar plate. After 1 day 
of incubation the colony contained about 109 cells (Figure 6). After 7 days of 
incubation the CFU of the colony was 1010. We found that the increase in the 
frequency of RifR cells was about 20-fold after 7 days of incubation, similar 
to the increase reported for E. coli. We also measured the accumulation of 
RifR mutants for a period up to 28 days and found that the rate of increase 
fitted an exponential curve, compatible with growth. If the RifR mutants 
accumulate because they grow in the aging colony a doubling time of 1.7 
days would be required to explain the increase. This is very slow growth 
which is to be expected since the nutrient availability will be very low in the 
aging colony.  

 

 
Figure 6. Pictures of 1 day old (left) and 7 days old (right) colonies on agar plates 
with a nitrocellulose filter on top of the agar. 



 31 

Growth as an explanation for the accumulation of RifR mutants in aging 
colonies is very different to stress-induced mutagenesis as an explanation. A 
colony grows exponentially during the first hours on agar and during this 
period spontaneous mutations may occur at a normal mutation rate. We sug-
gest that some of these spontaneous mutations confer a growth advantage to 
mutant cells such that they can continue growing after the wild-type cells 
have entered into stationary phase. Possible mutations that could give this 
growth phenotype include mutations that give rise to an altered transcription 
pattern, for example mutations in RNA polymerase. Some of these could be 
in the β subunit and therefore also give rise to resistance to rifampicin. Ac-
cordingly, we suggest that in our aging colony assay, we were able to detect 
a subset of RNA polymerase mutants that confer a growth advantage in ag-
ing colonies and that also conferred resistance to rifampicin.  

To determine which of the two models (continued growth or increased 
rate of mutagenesis) best explain the data we set up some testable predic-
tions, listed in Table 1.  

Table 1.  

Mutagenesis model Growth model 

Different RifR mutants within the colony Clonal RifR mutants within the colony  
No growth advantage of RifR mutants RifR mutants confer growth advantage 
General increase in mutation rate Specific mutations increase in frequency 

The rifampicin resistant mutants are clonal  
If the increase in the frequency of RifR is caused by increased mutagenesis 
rather than growth, the RifR mutant cells would be expected to have a normal 
distribution throughout the colony. One would also expect to find many dif-
ferent mutations in rpoB in each colony, since each mutant would result 
from a novel mutational event. In contrast, if the RifR mutant cells accumu-
late in frequency because individual RifR mutants have a growth advantage 
relative to the wild-type they would be expected to show an uneven distribu-
tion within the colony, corresponding to growth of mutant clones. In addi-
tion, within each cluster (clone) of mutants each individual cell would be 
expected to carry the same RifR mutation, since they would have arisen from 
one common ancestor.  

To test these predictions, aged colonies were divided into 16 sectors and 
each sector was investigated individually (Figure 7). Among 30 aged colo-
nies tested, 95 % of the RifR mutants present in any one colony were found 
clustered within 1 to 3 of the 16 sectors. The rpoB gene was sequenced in 5 
mutants from each of 35 sectors found to contain many RifR mutants (de-
fined as jackpot sectors). In the great majority (33/35) of these jackpot sec-
tors, all five cells sequenced from within that sector were found to have the 
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same mutation in rpoB. This result strongly supports the hypothesis that the 
RifR mutants are clonal and that they have accumulated to a high frequency 
by growth in the aging colony.  

 
Figure 7. A 7 day old colony divided in 16 sectors (left). Graph of the results for 
one colony divided in 16 sectors. For this particular colony the majority of RifR 
mutants were clustered in one sector whereas the other 15 sectors contained very 
few. For all 30 colonies tested, 95 % of the RifR mutants were found in 1-3 sectors.  

The rifampicin-resistant mutants have a growth advantage 
If the RifR mutants accumulate in the aging colony because they are growing 
then this predicts that they should have a growth advantage over the wild-
type when placed back into similar conditions again. However, if the RifR 
mutants accumulate due to the induction of stress-induced mutagenesis they 
would not be expected to grow better than the wild-type in the aging colony. 

To determine whether the RifR mutants can grow better than their wild-
type parents in the environment of an aging colony, colony competition ex-
periments were performed (Figure 8). About 200 wild-type cells were spot-
ted on top of a nitrocellulose filter on a rich agar plate to initiate the growth 
of a colony. After 24 hours of incubation a mixture of about 3000 wild-type 
cells, marked with a chloramphenicol resistance (CamR) cassette, and the 
same number of RifR competitor cell, marked with a tetracycline resistant 
(TetR) cassette, were spotted on top of the wild-type colony. The colony was 
incubated for an additional 7 days, suspended and plated on Cam and Tet 
plates. A competitive index was calculated by dividing the number of CFU 
on the Tet plates by the number of CFU on the Cam plates. If this ratio was 
larger than 1 the RifR mutant had a growth advantage compared to the wild-
type. Of the 21 RifR mutants tested 12 grew significantly better than the 
wild-type in the aging colony. Thus, the RifR cells accumulate in the aging 
colonies because they grow better than the wild-type cells.  
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Figure 8. Competition experiment. Wild-type colonies were initiated with about 200 
cells and incubated for 24 h. A droplet containing about 3000 cells of the wild-type 
marked with a CamR cassette and the same number of mutant cells marked with a 
TetR cassette was spotted on top of the wild-type colony. 

To determine whether the rpoB mutation is sufficient to provide the 
growth advantage, the rpoB alleles from 3 different RifR mutants found in 
aging colonies were moved into a clean genetic background. These strains 
were competed against wild-type in a colony competition assay. The recon-
structed cells had a clear growth advantage over the wild-type which shows 
that at least for these 3 mutants, the rpoB mutation is sufficient to confer the 
growth advantage in an aging colony.   

Only some mutations increase in the aging colony  
The stress-induced mutagenesis hypothesis implies that there should be a 
general increase in the frequency of mutations in the aging colony. The 
growth hypothesis in contrast predicts that only mutations causing a growth 
advantage (and any that hitchhike with them) should increase in frequency.  

Colonies were suspended after 1, 7 and 21 days of growth/aging and cells 
plated onto rich medium with rifampicin. RifR mutant colonies were picked 
and patched onto minimal media to screen for auxotrophs. There are about 
200 genes in the genome of S. enterica in which mutations can give rise to 
auxotrophy. Null mutations in individual genes are normally present at a 
frequency of about 10-5 in an overnight culture. The expected frequency of 
auxotrophic mutants would therefore be in the range of 10-3 if no increase in 
mutagenesis had occurred. In our experiments the frequency of auxotrophs 
among the RifR mutants was in the expected 10-3 range (1/1000 colonies 
showed auxotrophy). On day 7 the frequency of auxotrophy mutations had 
increased 1.7-fold compared to day 1, after 21 days the fold increase was 
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2.3. These increases in mutation frequency were very much lower than the 
21-fold increase by day 7, and 6800-fold by day 21 that was found for the 
RifR mutants themselves. Thus, there was no evidence of strong mutagenesis 
among RifR mutants arising in aging colonies, and the small increase in fre-
quency for auxotrophs is probably accounted for by hitchhiking with grow-
ing clones of RifR mutants. These results show that it is highly unlikely that 
the RifR mutants accumulate because of an increase in the rate of general 
mutagenesis in aging colonies. 
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Paper II: Importance of acetate utilization for the growth 
of mutant sub-populations in aging bacterial colonies 
In Paper I we found that some RifR mutations confer a growth advantage to 
cells in aging colonies of S. enterica. We knew from our own study, as well 
as from others, that RpoS is important for the accumulation of RifR growth 
advantage mutants (Bjedov et al., 2003). If the aging colony was initiated 
with a ΔrpoS strain the rate of accumulation of RifR mutants was strongly 
reduced. RpoS is the sigma factor needed for entry into stationary phase. We 
wanted to investigate the role of RpoS in the aging colonies. We also wanted 
to find out if there was a specific nutrient that the growth advantage mutants 
were using to support their prolonged growth.  

In this study we performed an assay of growth in aging colonies slightly 
different to the one in Paper I. On top of a 24 h colony we added 4 µl of 
approximately 2 x 103 CFU of a wild-type or the isogenic mutant. The added 
strain was always marked with a TetR marker. The colonies were incubated 
for an additional 7 days. The competitive index (C.I.) was determined as the 
fold increase of the mutant normalised to the fold increase of a wild-type 
strain under the same conditions.  

Deletion of RpoS confers a growth advantage in aging colonies 
The finding that RpoS is important for the accumulation of RifR mutants in 
the aging colonies made us hypothesise that the mutated RNA polymerase 
together with RpoS transcribes a gene, or a set of genes, that are needed for 
the growth advantage phenotype. If this hypothesis was correct, then dele-
tion of rpoS in the rpoB mutants would be expected to abolish the growth 
advantage. We chose to investigate this using the rpoB P564L mutation 
since it confers one of the largest growth advantages (C.I. 62.5) compared to 
the wild-type. To our surprise we found that the double mutant, ΔrpoS 
rpoB P564L, had an even greater growth advantage (results not shown) than 
the single rpoB mutant. In addition, we found that the ΔrpoS mutant alone 
also had a large growth advantage (C.I. 140) compared to the wild-type.  

To test whether we could find spontaneous rpoS growth advantage muta-
tions we performed an extreme aging experiment where colonies were aged 
for 15 weeks. We sequenced the rpoA, rpoB, rpoC and rpoS genes from the 
survivors and found that a large proportion (3/18) of them carried an rpoS 
mutation. When added on top of a 24 hours old wild-type colony, all three 
rpoS mutants had a growth advantage compared to the wild-type cells grow-
ing on a different wild-type colony. 

It has previously been shown that mutations in rpoS are frequently select-
ed during long-term starvation in liquid cultures (Finkel, 2006). However, 
RifR mutants have been reported to accumulate in aging colonies of E. coli 
but not in aging liquid cultures (Taddei et al., 1997). We tested the growth of 
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the ΔrpoS and the rpoB P564L in liquid cultures and our results were in 
agreement with what was previously reported. The ΔrpoS mutation but not 
the rpoB P564L mutation conferred a significant growth advantage com-
pared to the wild-type, in the aging liquid cultures.  

Mutated RNA polymerase mimic the transcription programme of 
ΔRpoS cells 
The ΔrpoS mutation, as well as some rpoB mutations, confers a growth ad-
vantage in aging colonies, but it was still unknown how the mutants could 
keep growing when the wild-type entered stationary phase. The rpoB and 
rpoS genes both code for parts of the transcription machinery: the β subunit 
of RNA polymerase and RpoS, the sigma factor that is important during 
entry into stationary phase. Since RpoS regulates the genes needed to enter 
stationary phase, we were interested in finding out whether the media was 
absolutely depleted of nutrients, or whether there are other factors that de-
termine when a population enters stationary phase. To test this, bacteria were 
inoculated into liquid LB-media and incubated for 7 days. The cultures were 
centrifuged, the media was filter sterilized and new bacteria were inoculated 
into the spent media. Similarly we incubated colonies on a nitrocellulose 
filter placed on top of solid rich media. After 7 days of incubation we re-
moved the filter, placed a new one on the spent media plate and initiated the 
growth of new colonies. In both cases the bacterial cultures/colonies reached 
a population size of approximately 109 CFU after 24 hours of incubation.  

These results show that the bacteria do not go into stationary phase be-
cause the media is completely depleted of nutrients. Factors like cell density 
and reduction in nutrient availability are probably recognised as signals for 
the population to enter stationary phase. It is likely that the RpoS regulated 
transcriptional response ensures an ordered entry into stationary phase. We 
think that cells lacking RpoS do not enter stationary phase in an ordered 
fashion but rather keep growing for as long as possible. Some rpoB muta-
tions also give a growth advantage in aging colonies. One possible explana-
tion for the similar phenotype is that the mutated RNA polymerase mimics 
the transcriptional pattern of the ΔRpoS strain.  

To test this hypothesis, lacZ fusions to 5 genes (otsA, ygaU, yciF, katE 
and ycgB) that are strongly regulated by RpoS were constructed. The gene 
fusions were moved into the wild-type, the rpoB P564L mutant, and the 
ΔrpoS mutant. β-galactosidase activity was measured from stationary phase 
cultures of each strain (Figure 9). As expected, the β-galactosidase activity 
was high in the wild-type strains and almost undetectable in the ΔrpoS mu-
tants. The results for the rpoB P564L mutants confirmed our hypothesis; the 
β-galactosidase activity was somewhere in between that of the wild-type and 
the ΔrpoS mutant strains. These results indicate that the strain with the rpoB 



 37 

mutation has a similar transcription programme to that of the ΔrpoS mutant, 
and that the reason for the growth advantage is that these mutants do not 
enter stationary phase at the same time as the wild-type population. Instead 
the mutants continue to grow on the nutrients that are still available.  

 
Figure 9. Relative β-galactosidase activity from stationary phase cultures of 
isogenic strains carrying mutations in rpoB or rpoS and lacZ fusions to the 5 
different RpoS-regulated genes otsA, ygaU, yciF, katE and ycbB. Mean of at 
least 3 independent experiments with standard deviations of approximately 
10 %. 

Acetate is an important nutrient for the growth advantage 
mutants 
To get a deeper understanding of what is happening in the aging colonies, 
we wanted to find out what nutrient source the growth advantage mutants 
use in order to support their prolonged growth. It is known that when bacte-
rial cells grow exponentially they excrete acetate. Some of this acetate is 
taken up and used as a carbon source during stationary phase. It is possible 
that acetate is also an important nutrient source for the growth advantage 
mutants to sustain their growth in the aging colonies. To test this hypothesis, 
deletion of genes in the acetate utilization pathways were made and moved 
into strains carrying the growth advantage mutants, ΔrpoS and rpoB P564L. 
The ability of these mutants to grow in aging colonies was then assayed.  

To be able to grow on acetate bacteria have to convert the compound into 
acetyl-CoA. This can be done via two pathways, either the Acs pathway or 
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the two-enzyme pathway AckA-Pta. The three genes (acs, ackA and pta), 
encoding these enzymes, were deleted to make the cells unable to convert 
acetate to acetyl-CoA and these deletions therefore make it impossible for 
the cells to utilize acetate as a carbon source. When grown in an aging colo-
ny this triple mutation together with the rpoB P564L mutation gave a C.I. of 
2.9 which was significantly lower than that measured for the rpoB P564L 
mutation alone (C.I. 62.5). This demonstrated that the growth of the rpoB 
P564L mutant was absolutely dependent on the ability to make acetyl-CoA 
from acetate. In combination with the ΔrpoS mutation, knocking out the 
ability to convert acetate into acetyl-CoA reduced the growth advantage 
from a C.I. of 140 to 55. This change was not statistically significant (there 
was a large variation in the data), which suggests that even if acetate may be 
an important carbon source for the ΔrpoS mutants, these cells can also use 
some other carbon source to support their growth in the aging colonies.  

Another pathway that is needed to enable bacteria to utilize acetate is the 
glyoxylate shunt. This pathway bypasses the two CO2 producing steps of the 
TCA cycle and makes it possible for bacteria to produce four-carbon com-
pounds from two-carbon compounds such as acetate. The genes encoding the 
enzymes in the glyoxylate shunt are aceB, aceA and aceK. Knocking out 
these genes in the rpoB P564L mutant significantly reduced the C.I. from 
62.5 to 4. Similarly the C.I. of the ΔrpoS mutant was reduced from 140 to 
3.6, also significant. These results show that both growth advantage mutants 
tested are dependent on the ability to use the glyoxylate shunt in order to be 
able to grow in the aging colonies.    

The growth of a wild-type strain with the deletion of acs, and, ackA-pta is 
reduced, to C.I. 0.27 compared to the wild-type (C.I. = 1). The aceBAK dele-
tion reduces the growth of the wild-type from C.I. 1 to 0.24. This indicates 
that the growth of the wild-type in the aging colonies is also supported by 
acetate to some extent. 

Acetate is not the only nutrient that can support growth of the 
mutants 
If acetate were the only carbon source that could be utilized by the ΔrpoS 
and rpoB growth advantage mutants, one prediction would be that the mu-
tants should lose the growth advantage if the colony was unable to produce 
acetate. To produce acetate bacteria can use two pathways. Acetate can be 
produced from acetyl-CoA by the reversible AckA-Pta pathway or directly 
from pyruvate via the PoxB pathway. These three genes were knocked out in 
the strain used to initiate the background colony on day 0. On day 1 the 
wild-type, the ΔrpoS or the rpoB P564L growth advantage mutants were 
added and the colonies were incubated for 7 days. The results show that on 
the background colony that did not produce acetate, all strains were able to 
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grow better than on a wild-type background colony. The growth of the added 
wild-type increased 274-fold, which is 10-fold higher compared to the 
growth observed when wild-type cells are added onto a wild-type colony 
background. The added rpoB P564L mutant increased 543-fold, and the add-
ed ΔrpoS increased 2880-fold more than when added onto a wild-type back-
ground colony. These latter increases are 2-fold and 10-fold more, respec-
tively, compared to the growth of these mutants when added onto a wild-
type background colony. 

These results suggest that the background colony that could not excrete 
acetate released something else that the added cells could use as a nutrient. 
This alternative product probably was a better nutrient than acetate since all 
three strains grew significantly better on this colony than on a wild-type 
colony. This was not surprising since bacteria are likely to release the least 
good nutrient into the environment as there is no guarantee that the cells are 
around to re-import the nutrient themselves. If bacteria are not able to release 
acetate they probably release the second best alternative. It is known that 
cells blocked in the acetate excretion pathways excrete lactate instead (el-
Mansi & Holms, 1989). Since lactate is a three-carbon compound this is a 
better carbon source than acetate, and it is possible that the growth advantage 
mutants grew on lactate when acetate was not available in the aging colo-
nies. An alternative possibility is that the death rate of cells in the colony 
unable to excrete acetate is higher than for a wild-type, and that the added 
cells grow on the remains of dead cells, rather than depending on the excre-
tion of specific products. This however, remains to be tested.    
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Paper III: Evolution of compensatory mutations in RNA 
polymerase 
The rapid spread of multi-drug resistant M. tuberculosis strains threatens to 
make one of the world’s most widespread infectious diseases incurable 
(Gandhi et al., 2010). Rifampicin is one of the most commonly used drugs 
against M. tuberculosis (WHO, 2010, Conde & Lapa E Silva, 2011). High 
level resistance to rifampicin can easily be caused by single mutations in 
rpoB, the gene coding for the β subunit of RNA polymerase (Telenti et al., 
1993). Mutations in rpoB have been shown to cause a decrease in growth 
rate at the same time as giving high level of resistance to rifampicin 
(Björkman et al., 1998, Billington et al., 1999, Reynolds, 2000, Sander et al., 
2002, Mariam et al., 2004). Clinical isolates of M. tuberculosis have been 
found to carry multiple mutations in the same region of rpoB (Kapur et al., 
1994, Musser, 1995, Sekiguchi et al., 2007) as well as mutations in the genes 
rpoA and rpoC, coding for RNA polymerase subunits α and β’ (Comas et al., 
2012). It is possible that the putative secondary mutations found in clinical 
isolates compensate for the fitness costs associated with a primary mutation 
in rpoB. However, this has not been tested. It is important to understand how 
these resistant strains evolve if we are to find solutions to stop the increase in 
frequency of resistant strains.  

We have studied the evolution of mutations that compensate for the loss 
of fitness conferred by a selected RifR mutation in rpoB, using S. enterica as 
a model organism. Our results are not directly relevant for the evolution of 
resistance in tuberculosis patients but the advantage with this model system 
is that S. enterica is easier to manipulate genetically. We therefor can meas-
ure the significance of mutations by moving them into a wild-type back-
ground. 

Selection of the RifR mutant 
Our starting point for this study was the 21 RifR mutants selected in paper I. 
We measured the growth rate and found that all of them had doubling times 
greater than the wild-type. For further studies we chose the mutant, 
rpoB R529C, which caused the longest generation time (54.28 min) signifi-
cantly greater than wild-type (19.55 min). This mutation also gave a high 
MIC (3000 µg/ml) compared to the wild-type (12 µg/ml). Studies in E. coli 
have shown that this mutation causes an overproduction of aborted initiation 
products and the mutated polymerase is defective in promoter clearance at 
the pyrBI promoter (Jin & Turnbough, 1994). This defect prevents the RNA 
polymerase from efficiently entering transcription elongation and reduces 
the synthesis of pyrBI transcripts, thereby explaining the slow growth (Jin & 
Turnbough, 1994).  
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Growth compensation of rpoB R529C 
An evolution experiment was carried out in order to search for compensatory 
mutations in a strain carrying the rpoB R529C mutant. 20 independent line-
ages of the mutant were grown, 10 in LB, and 10 in LB with rifampicin. 
After 60 generations, the bacteria were plated on LA-medium and the 2 larg-
est colonies from each lineage were chosen for further investigation. Since 
the rpoB R529C mutation causes very slow growth it was easy to visually 
distinguish those with faster growth by comparing colony sizes. The rpoB 
gene was sequenced from the 40 isolates and all of them were found to have 
retained the original R529C mutation. However, in 20 of the 40 strains, 6 
different secondary mutations in rpoB were identified.  

A genetic mapping experiment was made to test for the presence of muta-
tions in rpoC, in the remaining 20 isolates. The rpoC gene is located in the 
same operon as the rpoB gene. Phage P22 lysates were made on each of the 
40 RifR mutants and transduced into the wild-type strain, selecting for rifam-
picin resistance. Transductants were selected on LA plates containing rifam-
picin and large colonies were picked since this phenotype would indicate the 
presence of a fitness compensatory mutation in either rpoB or rpoC. Large 
colony transductants were obtained, as predicted, from each of the mutants 
previously found to have a second mutation in rpoB. This is in agreement 
with these second site mutations in rpoB being responsible for the increase 
in fitness expressed as faster colony growth. In addition, another 13 crosses 
gave large sized transductants, suggesting that they might carry a compensa-
tory mutation in rpoC. This conjecture was confirmed by DNA sequencing 
for all 13 isolates.  

All transductants from the remaining 7 crosses had small colony sizes. 
This indicates that they did not have a mutation in either rpoB or rpoC. A 
possible candidate, apart from the β and β’ subunits of RNA polymerase, to 
contain compensatory mutations is the α subunit. Sequencing of the rpoA 
gene from all 40 mutants confirmed that these 7 strains each carried a muta-
tion in rpoA.   

These experiments show that compensatory mutations are a lot more 
common than reversion to the wild-type since all 40 strains still had the orig-
inal rpoB mutation. All of them also carried one secondary mutation in rpoA, 
rpoB or rpoC. In total, 3 mutations were found in rpoA, 6 in rpoB and 7 in 
rpoC.  

The secondary mutations are responsible for the large increase in 
growth rate 
To determine whether the secondary mutations found in rpoA, rpoB and 
rpoC are sufficient to confer the growth compensation in the rpoB R529C 
mutant, isogenic strains were constructed. For the rpoB mutations both the 
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original and the secondary mutation were transduced simultaneously, since 
they are located in the same gene. For the rpoC mutations the transduction 
was performed as described above. The P22 lysate was transduced into the 
wild-type, selecting large colonies on LB-Rif. The rpoB and rpoC genes are 
so close that they are almost 100 % linked, and therefore the rpoC and the 
rpoB mutations were co-transduced in most cases. The rpoA mutation was 
moved in by transducing the P22 lysate into the slow growing rpoB R529C 
mutant, and select for large colonies on LB-Rif. Since the rpoA gene is not 
100 % linked to the rpoB gene, there were many small colonies on the trans-
duction plates. These colonies represent the clones that did not receive the 
compensatory mutation. The growth advantage was sizable enough to make 
it possible to distinguish the larger colonies. Sequencing confirmed that the 
fast strains had obtained the rpoA mutation. All of the reconstructed strains 
grew as fast as predicted if the secondary mutations in rpoA and rpoC were 
necessary for the increase in growth rate. Transductants that had not ob-
tained the rpoA or rpoC mutation were also found in each cross and they 
(also as predicted) grew slowly, with the same growth rate as the parental 
strain.  

These results show that the secondary mutations are necessary and suffi-
cient for the growth compensation measured in the mutants evolved from the 
rpoB R529C strain.  

MICs are not significantly reduced in the compensated strains  
It is very interesting to determine whether growth-compensatory mutations 
reduce the minimal inhibitory concentration (MIC) to Rif, or if these com-
pensated strains are still highly resistant but capable to grow faster than the 
original mutant. In a clinical setting, resistant strains that compensate for a 
growth defect and remain resistant are also likely to spread more easily and 
thereby cause greater problems during treatment of bacterial infection.  

The MICs of the strains carrying the compensatory mutations were meas-
ured. The MIC is defined as the lowest concentration of an antibiotic, e.g. 
rifampicin, where that particular strain cannot grow under defined assay 
conditions. For most of the strains the MIC remained unchanged. For two 
strains in this study the MIC was reduced one step to 1500 µg/ml compared 
to the original rpoB R529C mutant (MIC 3000 µg/ml). For one strain the 
MIC was increased and this strain could grow on a Rif concentration of 3000 
µg/ml, which was the highest measured. This strain has two mutations in 
rpoB, the original R529C as well as D516G. Both of these mutations have 
previously been found to individually give rise to RifR (Jin & Gross, 1988).  

We concluded that whether selected in the presence or absence of Rif the 
compensatory mutations do not change the MIC of the strains. These results 
are alarming since they suggest that resistant strains can easily have their 
fitness improved without losing their resistance. 
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In addition we found that some of the rpoA and rpoC mutations, by them-
selves, caused a small but significant increase in MIC to rifampicin. As far 
as we know, this has not been shown before. This finding suggests that there 
may be other routes to developing RifR, than those previously known. 

Structural analysis of the compensatory mutations 
The crystal structure of RNA polymerase is available from T. thermophilus 
and T. aquaticus (Campbell et al., 2005, Vassylyev et al., 2007a). The amino 
acid sequence of the Salmonella and the Thermus protein are very similar. 
Most of the compensatory mutations are found in the central part of the pro-
tein where the sequence is highly similar. One of the mutated residues (rpoC 
G1136A) has different sequences in the two bacteria, and another (rpoC 
R1075P/H) is in a region in Salmonella that does not have an obvious coun-
terpart in Thermus.  

In total there were 16 compensatory mutations found in this study and we 
suggest that they can be divided into four groups depending on the putative 
mechanisms that may be responsible for the growth compensation. Accord-
ingly, we suggest that four mutations restore the local structure at the active 
site, eight affect interactions between RNA polymerase and the DNA, one 
affects interactions between RNA polymerase and the RNA transcript and 
three may affect the assembly of the subunits into RNA polymerase core 
enzyme.  

The original rpoB R529C mutation is located in the exit channel of RNA 
polymerase (Figure 10), where the DNA/RNA hybrid of the elongation 
complex is bound. The arginine residue is completely conserved and its role 
is probably to stabilize the phosphate backbone of the newly synthesized 
RNA three and four bases away from the catalytic center (Vassylyev et al., 
2007a). An amino acid change to a cysteine in this position is likely to alter 
the structure of the exit channel and the stabilization of the RNA. We have 
shown that this primary mutation reduced the transcription efficiency of 
RNA polymerase for mRNA, and the growth rate of the bacteria. The first 
group of compensatory mutations (rpoB D516G, rpoB P560L, rpoB P564S 
and rpoB E565A) is located close to the primary resistance mutation rpoB 
R529C (Figure 10). This suggests that these mutations may compensate by 
changing the structure of the exit channel to reduce the effect of the primary 
mutation and thereby increase growth rate of the bacteria.  
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Figure 10. Resistance and compensatory mutations in RNA polymerase. Top: The 
elongation complex of T. thermophilus, PDB code 2O5I. The β subunit is in pale 
red, the β’ subunit in pale blue, the α subunits in pale yellow and green and the ω 
subunit in grey. The complex contains segments of nucleic acid with the template 
strand of DNA in blue, the non-template strand in green and the RNA in red. Metal 
ions are marked by gold (Magnesium) and green (Zink) spheres. The bridge helix 
passing between the upper and lower part of the molecule is in dark blue. The mu-
tants found in the β subunit are clearly visible. Bottom left: The central part of the 
elongating complex showing the bridge helix (blue), the fork loop (red) and the Zink 
finger (pale blue). All mutated side chains are shown and labeled. Bottom right: 
Rifampicin bound to RNA polymerase. PDB code 1YNN. 
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The second group of compensatory mutations can be divided into two 
sub-groups depending on their location on RNA polymerase. The mutations 
in the first subgroup (rpoB R637C, rpoB H673Y and rpoC L770P) are locat-
ed very close to each other in the assembled enzyme (Figure 10). Since the 
mutations are found on different subunits of RNA polymerase it is likely that 
they affect the interaction between the subunits. The mutation rpoC L770P is 
located in the bridge helix of the β’ subunit, an important and flexible struc-
ture which interacts with the DNA template strand. The bridge helix is 
thought to move the template strand through the polymerase and place it in 
the active center (Kaplan & Kornberg, 2008, Tan et al., 2008). Amino acid 
substitutions within the bridge helix have been shown to increase elongation 
rate (Tan et al., 2008, Weilbaecher et al., 1994). The side chain of R637 in 
the β subunit interacts with the bridge helix and all these mutants may influ-
ence the properties of this helix.  

The mutations in the second subgroup (rpoC R1075H, rpoC R1075P, 
rpoC G1136A, rpoC R1140H and rpoC V1198E) are located at the other end 
of the bridge helix, in or close to the so-called trigger loop. The trigger loop 
is a conserved and highly flexible structure that refolds to assist nucleotide 
loading and catalysis (Toulokhonov et al., 2007). Others have shown that the 
mutation rpoC R1075C in the trigger loop reduces the probability of termi-
nation (Weilbaecher et al., 1994), while, rpoC G1136S reduces termination 
and increases elongation rate (Bar-Nahum et al., 2005, Tan et al., 2008). It is 
possible that the compensatory mutations found in this study change the 
interaction between the trigger loop and the incoming nucleotides, thereby 
increasing elongation rate and compensating for the growth defect caused by 
the rpoB R529C mutation.  

The third group consists of one mutation (rpoC P64L) located close to a 
zinc binding pocket in the β’ subunit (Figure 10). The zinc binding pocket 
interacts with the RNA (King et al., 2004) and a mutation at this position 
may change the conformation and affect the cysteine residues that are need-
ed to chelate the zinc ion. This would in turn lead to altered interactions be-
tween the zinc binding pocket and the RNA. It is known that the primary 
mutation (rpoB R529C) destabilizes the binding between the polymerase and 
the RNA (Jin & Turnbough, 1994). A change in the interaction between the 
enzyme and its product at another position may compensate for the effect of 
the first mutation.  

The forth group of compensatory mutations (rpoA R191C, rpoA R191S 
and rpoA Q194P) is found in the α subunit of RNA polymerase. The muta-
tions are located in an area previously shown to play a crucial role in α sub-
unit dimerization and binding to the β’ subunit (Kimura & Ishihama, 1995). 
The mutation rpoA R191C has been shown to reduce transcription fidelity 
and also cause thermo-sensitivity (Ishihama et al., 1980, Kawakami & 
Ishihama, 1980) consistent with alterations in the structure and function of 
the mutated RNA polymerase.    
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Concluding remarks 
The common interest of the three studies in this thesis is bacterial growth. To 
be able to grow, the bacterial cell has to convert genetic information in the 
DNA into usable proteins. The first event in this process is transcription 
where the RNA polymerase makes RNA from DNA. One way of adapting to 
the varying conditions bacteria encounter, thereby increasing their chances 
of survival, is to regulate which specific genes are being transcribed in dif-
ferent situations. 

Mutations that alter genes directly responsible for transcription were 
shown to confer a growth advantage to cells growing in aging colonies of 
S. enterica. These transcriptional mutants were, RifR mutants, with mutations 
in rpoB, coding for the β subunit of RNA polymerase, as well as those with a 
deletion of rpoS, the gene coding for the sigma factor used in stationary 
phase (RpoS). It was shown that the RifR mutants do not arise because of 
stress-induced mutagenesis, as was previously suggested, but because they 
grow faster than their parent. It was also shown that acetate is the main car-
bon source used to support the growth of the rpoB and rpoS mutants. 

In a clinical situation RifR mutants are able to grow in patients even dur-
ing treatment with rifampicin. However, under optimal growth conditions, 
the RifR mutants have slow growth rates compared to their parent. Similarly, 
RpoS is important in entering stationary phase and bacteria without this sig-
ma factor are generally less adapted to dealing with a variety of stresses. 
This shows that genotypes that are beneficial in some circumstances can be 
disadvantageous in others. When bacteria are faced with different conditions, 
some of them will favor the wild-type allele of rpoS, whereas others will 
select for mutant variants. This is probably the reason why mutations in rpoS 
are so frequent in natural isolates.  

RifR mutants are selected in patients who are being treated with rifampic-
in, but since RifR mutations also cause slow growth, one could think that 
these resistant strains will be outcompeted by the wild-type as soon as they 
are growing outside the host. However, compensatory mutations arise at a 
higher frequency than reversion back to the wild-type sequence. We found 
compensatory mutations in rpoA, rpoB and rpoC, genes coding for different 
subunits of RNA polymerase, when we evolved a slow-growing rpoB mutant 
both in presence and absence of Rif. In the clinical environment this means 
that resistant strains are more likely to acquire mutations that enable them to 
grow faster without losing resistance then they are to revert back to the wild-
type and drug-susceptible state. The spread of resistant strains causes a big 
treatment problem and there are already many M. tuberculosis strains that 
are resistant to first line drugs as well as several of the second line drugs. 
This threatens to make one of the most widespread infectious diseases un-
treatable.   
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Svensk sammanfattning 

Bakteriell växt 
Bakterier finns nästan överallt och kan växa i så olika miljöer som jord, 
varma källor, radioaktivt avfall och inne i människor och djurs kroppar 
(Whitman et al., 1998). Den bakteriella floran på och i en människa består 
av ca tio gånger så många bakterieceller som det finns mänskliga celler i 
kroppen. De flesta bakterier är ofarliga för människor men några kan orsaka 
infektionssjukdommar. Bakterier har studerats ända sedan Antonie van Le-
euwenhoek observerade dem för första gången genom ett enkellinsmikro-
skop (Porter, 1976). Vissa bakterier är användbara på många olika sätt, till 
exempel: i matvaror som saltgurka, vin, ost och yoghurt; vid sanering av 
oljeläckage och giftigt avfall från industrier samt som alternativ till pestici-
der. Genom att bakterier växer snabbt samt är relativt lätta att förändra gene-
tiskt är de användbara inom områden som genetik, biokemi och molekylär-
biologi. Informationen från bakteriologiskt arbete kan sedan användas för att 
förstå hur mer komplicerade organismer fungerar. 

Majoriteten av de bakterier som odlas i laboratorier växer som vegetativa 
celler, d.v.s. förökning genom delning. Hastigheten för denna vegetativa 
växt är enorm. Att producera en funktionell cell av E. coli eller S. enterica 
tar omkring 20 minuter i 37°C om en passande kolkälla, aminosyror och 
några mineraler tillhandahålls. En enda bakteriecell skulle kunna producera 
mer biomassa än hela jorden på tre dagar om den fick tillgång till oändligt 
mycket näring.  

När bakterier odlas i laboratoriet växer de oftast i fem distinkta växtfaser: 
lagfas, förseningen innan de påbörjar exponentiell växt (Penfold, 1914, 
Rolfe et al., 2012); exponentiell fas, där cellerna delar sig med konstant has-
tighet, stationär fas, när förhållandena blir dåliga och bakterierna slutar att 
dela sig (Navarro Llorens et al., 2010), dödsfasen, när cellerna tappar viabili-
tet (Nyström, 1999); och långtidsstationär fas, vilken kan fortätta i åratal 
(Finkel, 2006).    

I naturen blir bakterier ofta utsatta för förändringar i sin omgivning. För-
hållandena kan förändras från optimala (t.ex. i ett värddjur) till perioder av 
svält och andra stressande omständigheter som skillnader i osmolaritet, tem-
peratur eller pH. På grund av dessa premisser har bakterier blivit mästare på 
att anpassa sig. Bakterier i naturen tillbringar den största delen av sin tid i 
stationär fas och den har också störst fokus i denna avhandling.  
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Transkription 
För att kunna växa behöver bakterier och alla andra organismer byggstenar 
som aminosyror och proteiner för att öka i biomassa och utföra viktiga pro-
cesser i cellen. Dessa byggstenar produceras genom att göra om informat-
ionen i arvsmassan, DNA, till RNA via en process som kallas transkription. 
RNA, den molekyl som kopierat DNA, översätts sedan till proteiner genom 
en process som kallas translation. Det protein som utför transkriptionen heter 
RNA-polymeras och består av fem subenheter α2ββ’ω (Zhang et al., 1999).  

För att kunna initiera transkription behöver RNA-polymeraset känna igen 
promotor-sekvenser på DNA-molekylen, dessutom krävs att ytterligare en 
enhet, sigma (σ), interagerar med resten av RNA-polymeraset (Burgess et 
al., 1969). Escherichia coli och Salmonella enterica använder sju olika 
sigmafaktorer. En av dem (σ70) kallas hushållningssigmafaktorn och är an-
svarig för att visa RNA-polymeraset till majoriteten av generna som behövs 
under normala växtförhållanden (Ishihama, 2000, Sharma & Chatterji, 
2010). De andra sex sigmafaktorerna visar RNA-polymeraset till grupper av 
gener vars produkter är viktiga för växt under olika stresssituationer. RpoS 
(σ38) är den sigmafaktor som används för att transkribera de gener som be-
hövs under ingång till stationär växtfas och den näringsbrist som då råder 
(Hengge-Aronis, 2002). RpoS reglerar ca 10% av E. coli-genomet (ca 500 
gener) (Weber et al., 2005).  

Denna avhandling handlar om mutationer i RNA polymeras och hur dessa 
mutationer kan leda till att bakterierna får helt skilda förutsättningar i olika 
omgivningar. Under normalt sett optimala förhållanden växer dessa mutanter 
långsammare än vildtypen men i vissa omgivningar, t.ex. i en gammal sväl-
tande bakteriekoloni, medför dessa mutationer en fördel och att mutanterna 
fortsätter växa när vildtypen slutar. Vi har också tittat på vad som händer 
under evolutionen med en av dessa långsamväxande mutanter. Denna mutat-
ion medför, förutom den långsamma tillväxten, också resistens mot antibio-
tikan rifampicin. Vi såg att mutationer som kompenserar för den långsamma 
växten uppkommer lätt och att mutanterna i alla fall vi studerade behöll sin 
ursprungliga resistensmutation. Detta är kliniskt relevant då rifampicin är ett 
av de viktigaste antibiotika mot den bakterie som orsakar tuberkulos (Myco-
bacterium tuberculosis). Det är möjligt att dra paralleller mellan våra upp-
täckter i S. enterica och situationen i M. tuberculosis eftersom RNA polyme-
ras är ett starkt bevarat protein och det dessutom har visat sig att liknande 
mutationer finns i kliniska stammar av M. tuberculosis (Comas et al., 2012).  
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Artikel I: Rifampicin resistenta mutanter ansamlas i gamla 
kolonier därför att de växer snabbare än vildtypen och inte på 
grund av en stressinducerad förhöjning av mutationshastigheten 
Tidigare forskning har visat att det i gamla, svältande bakteriekolonier an-
samlas en stor andel rifampicinresistenta (RifR) mutanter. Man tolkade dessa 
resultat som bevis för att den stress som svälten utgör inducerar en förhöjd 
mutationsfrekvens (Bjedov et al., 2003). Man trodde att bakterierna kunde 
mutera sina gener aktivt som ett svar på den stress de befann sig i, ett försök 
att få en mutation som var nyttig under de rådande förhållandena. 
Rifampicinresistens uppkommer vid punktmutationer i genen rpoB som 
kodar för β-enheten av RNA-polymeras. Vid förhöjd mutationshastighet 
ökar sannolikheten för mutationer i alla gener. Om de rifampicinresistenta 
mutanter som ansamlas i de gamla kolonierna kunde förklaras med en för-
höjd mutationshastighet skulle det innebära att också ett stort antal dödliga 
mutationer skulle uppkomma och denna strategi skulle därför inte vara för-
delaktig på längre sikt. Vi bestämde oss för att undersöka fenomenet när-
mare.  

Vi startade en bakteriekoloni genom att lägga en droppe innehållande ca 
200 vildtypceller av S. enterica på ett filter på en agarplatta. Efter 1 dag hade 
kolonin växt till ca 109 celler och efter 7 dagars inkubation innehöll kolonin 
ca 1010 celler. Däremot hade frekvensen av RifR-celler ökat 20 gånger i för-
hållande till växten av kolonin. Detta bekräftade vad de andra forskarna hade 
hittat. Vi fortsatte att titta på ansamlingen av RifR-mutanter i upp till 28 da-
gar och såg att de ökade exponentiellt, vilket indikerade att de växte.  

För att undersöka fördelningen av RifR-mutanter i de gamla kolonierna 
delade vi dem i 16 delar och studerade varje del individuellt. Om 
RifR-mutanterna hade ansamlats på grund av förhöjd mutationshastighet 
skulle man förväntat en jämn fördelning i kolonin. Vi såg att de kolonier 
som innehöll många RifR-mutanter alltid hade majoriteten av mutanterna 
fördelade på 1-3 delar (jackpott-sektorer) av kolonin. Vi sekvenserade 
rpoB-genen från 5 mutanter från varje jackpott-sektor och fann att mutanter-
na från samma jackpott-sektor alltid hade samma mutation. Detta indikerar 
att RifR-mutanterna är klonala och har ansamlats i de gamla kolonierna på 
grund av att de växer.  

Om RifR-mutanterna ansamlas på grund av tillväxt skulle det innebära att 
de skulle ha en fördel jämfört med vildtypen om de blev placerade under 
samma förhållanden igen. Om mutanterna däremot uppkommit på grund av 
förhöjd mutationshastighet skulle man inte förvänta sig att de växte bättre än 
vildtypen i de gamla kolonierna. Vi tävlade vildtypen mot några av 
RifR-mutanterna på en gammal koloni. Det visade sig att 12 av de 21 testade 
RifR-mutanterna växte sugnifikant bättre än vildtypen i de gamla kolonierna.  

Om RifR-mutanterna ansamlas i de gamla kolonierna på grund av en för-
höjd mutationshastighet skulle man förvänta sig att alla sorters mutationer 
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skulle uppkomma med en förhöjd frekvens. Vi undersökte antalet auxotrof-
mutationer hos RifR-mutanterna. Den lilla förhöjning av auxotrofmutationer 
vi hittade (1/1000) var helt förväntad och tyder på att det inte har pågått nå-
gon förhöjd mutagenes hos RifR-mutanterna.  

Dessa resultat visar att RifR-mutanter, med mutationer i rpoB, ansamlas i 
svältande bakteriekolonier på grund av att de växer snabbare än vildtypen 
och inte på grund av att stress förhöjer mutationshastigheten.    

Artikel II: Mutanter som växer i gamla kolonier är beroende av 
en fungerande acetatmetabolism 
I artikel I kom vi fram till att vissa RifR-mutanter växer snabbare än vildty-
pen i gamla bakteriekolonier. I den här studien tittade vi på sigma-faktorn 
RpoS som har visats vara betydelsefull i de gamla kolonierna (Bjedov et al., 
2003). Vi visade att om genen rpoS tas bort medför detta att bakterierna får 
en fördel jämfört med vildtypen i de gamla kolonierna.  

Vi ville också veta om vi kunde hitta spontana rpoS-mutanter i gamla ko-
lonier. Eftersom vi inte kan selektera för någon tydlig egenskap hos 
rpoS-mutanterna, så som vi kan selektera för RifR hos rpoB-mutanter, gjorde 
vi ett länge åldringsförsök. Derigenom ökar chanserna för att hitta mutanter 
ibland de överlevande cellerna. Kolonier av S. enterica fick åldras i 15 veck-
or innan vi undersökte dem. Vi sekvenserade rpoS hos de överlevande bakte-
rierna och fann att en stor andel av dem (3/18) hade mutationer i rpoS.  

Vi tävlade dem mot vildtypen på en gammal koloni och alla tre växte 
snabbare än vildtypen under dessa förhållanden.  

Nu visste vi att mutationer i både rpoB och rpoS medför en fördel i gamla 
bakteriekolonier, men vi visste inte hur de kunde fortsätta växa när vildtypen 
går in i stationär fas. Både rpoB och rpoS kodar för delar av transkriptions-
maskineriet: β-enheten i RNA-polymeraset samt sigmafaktorn som är viktig 
vid ingång till stationär fas. Vi ville veta om bakterier går in i stationär fas 
för att mediet inte längre innehåller någon näring. För att undersöka detta 
odlade vi en flytande kultur i LB under 7 dagar, cetrifugerade, sterilfiltrerade 
och inokulerade en ny kultur i det använda mediet. Samtidigt odlade vi en 
bakteriekoloni på en platta under 7 dagar, lyfte bort filtret, ersatte det med ett 
nytt och startade en ny koloni. Både den nya kulturen och kolonin växte till 
en population på ca 109 celler efter 24 timmar.  

Bakterier går alltså inte in i stationär fas för att de har helt slut på näring. 
Troligtvis startar RpoS ingången till stationär fas p.g.a. andra fakorer som 
celldensitet o.s.v. Vi tänkte att bakterier som inte har RpoS kanske inte rea-
gerar på dessa signaler utan fortsätter växa så länge det är möjligt. Det är 
möjligt att rpoB-mutanterna efterliknar rpoS-mutanternas tanskriptionsmöns-
ter och därför får en liknande fenotyp. För vidare studier valde vi den rpoB 
mutant med störst fördel i de gamla kolonierna (rpoB P564L). 
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Vi valde fem gener, vars uttryck man vet är kontrollerade av RpoS, och 
mätte transkriptionsaktiviteten från dessa gener, i vildtypen, rpoS-mutanten 
samt rpoB P564L-mutanten. Som väntat var aktiviteten hög i vildtypen och 
låg i rpoS-mutanten. Aktiviteten från rpoB P564L låg mellan de andra två 
vilket bekräftar vår hypotes. Mutanter med rpoB P564L efterliknar tran-
skriptionsmöntret hos rpoS mutanten.  

Sedan ville vi veta vilken näringskälla rpoB- och rpoS-mutanterna använ-
der. Bakterier som växer exponentiellt producerar acetat som de släpper ut i 
omgivningarna. I stationär fas tas acetat upp igen och används som kolkälla. 
Vi undersökte om våra mutanter använder acetat som näring under deras 
fortsatta växt, när vildtypen gått in i stationär fas. Vi tog bort gener som är 
viktiga för att kunna använda acetat som kolkälla och såg att rpoB- och 
rpoS-mutanterna inte längre hade samma fördel över vildtypen i gamla bak-
terier. Det är alltså troligt att acetat är en viktig näringskälla för bakterier 
som har mutationer i rpoB och rpoS som växer i gamla kolonier.  

Artikel III: Evolution av kompensatoriska mutationer i RNA 
polymeras 
Tuberkulos är en av världens mest utbredda infektionssjukdommar och på 
grund av spridningen av multiresistenta stammar av M. tuberculosis finns det 
risk att den snart inte kan botas (Gandhi et al., 2010). Rifampicin är ett av de 
vanligaste antibiotika mot M. tuberculosis (WHO, 2010, Conde & Lapa E 
Silva, 2011). Hög resistens mot rifampicin kan lätt uppnås genom punktmu-
tationer i rpoB genen (Telenti et al., 1993) och dessa mutationer leder till 
långsam tillväxt hos bakterien (Björkman et al., 1998, Billington et al., 1999, 
Reynolds, 2000, Sander et al., 2002, Mariam et al., 2004). Man har sett att 
kliniska isolat av M. tuberculosis har flera mutationer i samma region av 
rpoB (Kapur et al., 1994, Musser, 1995, Sekiguchi et al., 2007). Dessutom 
har helgenomsekvensering av kliniska isolat av M. tuberculosis visat att de 
ofta har mutationer i generna rpoA och rpoC som kodar för α- och β’-
enheterna i RNA-polymeraset (Comas et al., 2012). Det är möjligt att dessa 
mutationer uppkommer för att kompensera för den långsamma tillväxthas-
tighet som den första mutationen medför. 

Vi har använt S. enterica som modellorganism vilket gör att dessa resultat 
inte är omedelbart kliniskt användbara. Däremot har vi fördelen att arbeta 
med en organism där genetiska studier är enklare. Detta ger oss fördelen att 
vi kan mäta påverkan från olika mutationer genom att flytta dem till en vild-
typbakgrund.  

Från de 21 rpoB mutanter vi hade från studien i artikel I valde vi att gå 
vidare med den som växte långsammast, rpoB R529C. Denna mutant har en 
generationstid på 54 minuter jämfört med vildtypen som fördubblar sig på 20 
minuter.  
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Vi odlade den långsamma rpoB R529C-mutanten i flytande kulturer med 
och utan rifampicin. Efter 60 generationer spreds kulturerna ut på agarplattor 
och vi tittade efter stora kolonier som såg ut att ha kompenserat för den lång-
samma växten. Vi valde 40 stora kolonier och sekvenserade generna rpoA, 
rpoB och rpoC. För alla 40 isolat hittade vi mutationer i någon av dessa ge-
ner. Totalt hittade vi tre olika mutationer i rpoA, sex i rpoB och sju i rpoC.  

Vi kunde visa att dessa mutationer medför kompensationen i tillväxthas-
tighet genom att flytta generna med mutationer till den långsamma rpoB 
R529C-mutanten och mäta tillväxthastigheten.  

Vi mätte också nivån för rifampicinresistens för de olika isolaten och fann 
att de fortfarande var lika resistenta mot rifampicin som när de bara hade en 
mutation och växte långsamt. Detta är en väldigt viktig upptäckt eftersom 
det betyder att resistenta bakteriestammar lätt kan få mutationer som gör att 
de växer fortare men behåller sin resistens. Detta gör att de resistenta stam-
marna kan spridas mycket lättare och är en av anledningarna till de stora 
problem med antibiotikaresistens vi ser idag.  

 
Sammanfattningsvis har vi sett att olika mutationer i gener som kodar för 

RNA-polymeraset, både rpoB och rpoS, medför en längre tillväxt innan stat-
ionärfas, jämfört med vildtypen i gamla bakteriekolonier. Acetat verkar vara 
en viktig kolkälla under denna period. Mutationer i rpoA, rpoB samt rpoC 
kompenserar för den långsamma tillväxt som den ursprungliga resistensmu-
tationen rpoB R529C medför.  
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