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Summary	  	  

 
Rifampicin resistant mutants (RifR, that have mutations in the rpoB gene, encoding the beta 
subunit of the RNA polymerase) of Escherichia coli or Salmonella enterica accumulate with 
a high frequency in aged colonies on LB agar plates due to selection. They have a growth 
advantage over the wild type in this colony. This accumulation is greatly reduced in mutant 
rpoS colonies. The rpoS gene encodes the transcription factor RpoS (sigma S, σS). The aim of 
this work was to see how rpoS and colony environments influence the outcome of 
competitions in Salmonella enterica serovar Typhimurium strains. I first measured the growth 
rates of all strains used for the competition to find out if a certain genetic setup would result in 
a faster growth, but all mutant strains had a similar, if not slower, doubling time than the 
background strains. I also performed colony competitions on two different background 
colonies to find out if and how the colony environment influences competition outcomes. The 
two tested background colonies were the wild type and a ΔrpoS colony. Using the Luria and 
Delbrück fluctuation test and the P0 method, I found out that sigma S has no influence on the 
mutation rate by testing the two background strains. For the competition experiments, I aged 
different rifampicin resistant mutants both with and without rpoS in the two background 
colonies for 7 days and determined their growth advantage phenotype by calculating a 
Competition Index (CI). The results were that the growth advantage conferred by the 
rifampicin resistance was very low and that the rpoS genotype was of larger importance. In a 
wild type colony background, strains with a ΔrpoS showed the biggest advantage, whereas in 
a ΔrpoS background colony, competitors with a wild type rpoS won. The outcome of 
competition was highly dependent on the genotype of the background colony. I showed that 
strains with a different Sigma S status than the background had an advantage. Further 
experiments can be conducted on the questions if sigma S controls bacterial communication 
or if it enables bacteria to feed on different nutrients than the surrounding colony.      
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Introduction	  
 

Rifampicin	  and	  rifampicin	  resistance	  	  
 
Rifampicin is an antibiotic that binds to the core RNA Polymerase (RNAP) and inhibits RNA 
synthesis (McClure et al. 1978) by blocking the path of the elongating RNA just after 
transcription initiation (2-3 nt) (Campbell et al. 2001). The RNAP consists of 5 subunits, 
α2ββ’ω. Rifampicin binds to a pocket in the β-subunit, that is encoded by rpoB (Campbell et 
al. 2001). A single mutation in rpoB is enough to generate rifampicin resistance (RifR) 
(Garibyan et al. 2003). Therefore the antibiotic is often prescribed in combination with other 
drugs, e.g. for tuberculosis treatment. Since the resistance occurs so easily, multi-resistant 
strains are a big problem (Mak et al. 2008).   
 
 

Rifampicin	  resistance	  selection	  in	  colonies	  	  
 
Rifampicin resistant (RifR) mutants with mutations in the β-subunit of RNA polymerase have 
been shown to accumulate over time in aging colonies of both Escherichia coli (Taddei et al. 
1995; Taddei et al. 1997; Bjedov et al. 2003) and Salmonella enterica (Wrande et al. 2008). 
Initially it was postulated that these mutants accumulated by a process of stress-induced 
general mutagenesis in non-growing cells (Bjedov et al. 2003). Later it was shown that 
spontaneous mutations RifR mutants in the colony grow faster than the parental cells during 
the time of aging (Wrande et al. 2008). No general mutagenesis occurs, and the RifR mutants 
accumulate because of growth and selection. The phenomenon of accumulating RifR mutants 
in aging colonies was shown to be strongly dependent on the activity of RpoS (a 
transcriptional sigma factor active in stationary phase). Thus, in both S. enterica and E. coli 
the rate of accumulation of RifR mutants occurred at a significantly slower rate in an rpoS 
mutant strain than in a wild type strain (Bjedov et al. 2003; Wrande et al. 2008).  
Interestingly, the sigma factors also bind in close proximity of the β-subunit (Mooney et al. 
2005) of RNA polymerase. The RifR rpoB mutations could possibly be influenced or 
influence the sigma factor binding.   
 
 

The	  function	  of	  RpoS	  
 
RpoS is one of 7 different sigma factors utilized by E. coli and S. enterica to recognize 
promoter sequences in DNA and promote the binding of RNA polymerase to promoters such 
that transcription can be successfully initiated (Ishihama 2000; Hengge-Aronis 2002). 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 cells under normal growth 
conditions (Ishihama 2000; Sharma and Chatterji 2010). Each of the other 6 sigma factors, in 
contrast, is closely associated with directing RNA polymerase expression of sub-sets of genes 
associated with responses to, and survival of, a variety of different stressful environments 
(Ishihama 2000; Sharma and Chatterji 2010). RpoS, (σS) is one of these specialized sigma 
factors and has an important role in the general stress response, directing the expression of a 
set of genes whose products are important in E. coli and S. enterica during nutrient limitation, 
osmotic challenge, acid shock, heat shock, oxidative damage, and during entry into stationary 
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phase (Hengge-Aronis 2002; Weber et al. 2005; Battesti et al. 2011). It has been proposed 
that the probability of any particular gene being transcribed depends on the relative 
concentrations of each of the different sigma factors in the bacterial cell and how this 
concentration affects their ability to compete for a rate-limiting supply of RNA polymerase 
core enzymes (Zhou and Gross 1992; Zhou et al. 1992; Farewell et al. 1998; Maeda et al. 
2000). Accordingly, the ability of bacteria to differentially regulate different sets of genes 
depends in large part on their ability to regulate the active concentrations of each of the 
competing sigma factors. The concentration of σS in the cell is regulated at several levels 
including transcription, translation, protein degradation and protein activity, (Hirsch and 
Elliott 2005; Bougdour et al. 2008; Hengge 2009; Battesti et al. 2011). Under optimal 
laboratory growth conditions the intracellular concentration of RpoS is very low, but it 
increases as cells enter stationary phase, and is also induced in response to a wide variety of 
environmental stresses including starvation (for carbon, phosphate, or magnesium) and 
unfavourable conditions of pH, osmolarity, temperature, or DNA damage (Jenal and Hengge-
Aronis 2003; Battesti et al. 2011). 
 
 

Colony	  competition	  experiments	  
 
The competition experiments on LB agar plates (LA) were designed to mimic a natural 
environment. Enterobacteria like E. coli and S. enterica live as dense communities in the gut 
or in biofilms and (micro)colonies in the environment (Bjedov et al. 2003), where they are 
subjected to nutrient and oxygen gradients. As colonies on plates, bacteria experience nutrient 
and oxygen gradients that change over time. In the exponential phase for example, the lower 
layers of bacterial colonies on agar receive no oxygen due to the intense metabolism needed 
for growth.  After the colony has entered stationary phase, oxygen gets more evenly 
distributed (Peters et al. 1987). Aerated liquid cultures contain an unnatural density of 
homogenous bacteria and only small unstable gradients. The fact that bacteria communicate 
with each other and secrete signal molecules into their environment (Yang et al. 2009) also 
empathizes the importance of testing colonies instead of liquid cultures.   
 
 

Fluctuation	  test	  
 
Luria and Delbrück (1943) developed a method to determine spontaneous mutation rates, 
called the ‘fluctuation test’. A large number of independent liquid cultures are grown, after 
inoculation with a small number of cells to avoid the presence of any pre-existing mutants 
from the start. These cultures are grown for a specified amount of time and afterwards they 
are plated out or otherwise assayed for a specific mutant. Because spontaneous mutations can 
occur in any of the generations of growth, there will be a large variance in the number of 
mutants of a particular type isolated in different independent cultures. Individual cultures may 
contain very large numbers of mutants, or no mutants at all. Thus, if mutations occur 
spontaneously, and prior to selection, the distribution of mutant frequencies between 
independent cultures will show very large fluctuations and will not follow a Poisson 
distribution. Instead, mutation frequency follows a ‘Luria-Delbrück distribution’ and from P0  
(the proportion of cultures in which no mutants arise) the mutation rate per cell per generation 
can be calculated (Luria and Delbrück 1943). Since RifR is caused by individual mutations in 
the rpoB gene and is easily detectable, it is a good indicator for the mutation rate on the 
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chromosome (Garibyan et al. 2003). Note that mutation frequency is the percentage of 
mutants in a particular culture or experiment. In contrast, mutation rate gives information on 
the mutation rate per cell per generation (Pope et al. 2008) and a representative number of 
cultures is essayed to determine it. Mutation frequencies of a single culture are less reliable, 
since they depend a lot on the time a mutation occurred and show great variance. If a mutation 
occurs in the second generation and the 10th generation is screened, then the mutation 
frequency would be high even though only one event occurred.  
 
 

Aims	  
	  
The aim of this project was to investigate the role of RpoS in aging colonies of S. enterica 
serovar Typhimurium to determine why RifR mutants accumulate at a slower rate in rpoS 
mutants than in the wild type. I present evidence that RifR and rpoS mutants, and also wild 
type bacteria, can each be selected in aging bacterial colonies but that the growth advantage 
phenotype is strongly dependent on the genotype of the aging colony relative to the genotype 
of the bacteria being selected. 
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Results	  	  
 

Growth	  rates	  
 
To rule out the possibility that the growth advantage/disadvantages stemmed from a faster 
growth rate than the wild type, I measured the doubling time of all strains involved in this 
experiment. Five cultures from independent colonies for each strain were set up and the  
doubling time and the growth rate relative to the wild type were calculated. The results are 
listed in table 1. 
  
Table 1 Absolute and relative growth rates of the strains used in this project 

Strain  
(relevant genotype) 

Doubling 
time [min] Standard deviation [min] Relative growth 

rate*  
TH6509  

(WT) 29.34 ± 4.10 1.00 

TH8154  
(rpoB R529S, tet) 62.45 ± 5.84 2.13 

TH8153  
(rpoB R529C, tet) 53.32 ± 4.32 1.82 

TH6879  
(rpoB P564L, tet) 26.87 ± 4.18 0.92 

TH8082  
(ΔrpoS WT) 23.48 ± 2.14 0.80 

TH8151  
(ΔrpoS, rpoB R529S, tet) 65.35 ± 4.57 2.23 

TH8152  
(ΔrpoS, rpoB R529C, tet) 59.69 ± 12.46 2.04 

TH8109  
(ΔrpoS, rpoB P564L, tet) 29.66 ± 3.22 1.01 

TH6693  
(WT, cam) 23.72 ± 4.49 0.81 

TH6694  
(WT, tet) 29.30 ± 6.73 1.00 

TH8102  
(ΔrpoS, cam) 24.25 ± 3.18 0.83 

TH8097  
(ΔrpoS, tet) 28.52 ± 6.25 0.97 

*Doubling time of the strain divided by the doubling time of the wild type (TH6509)  
 
Most strains displayed doubling times around 30 min and did not deviate a lot from the wild 
type. Their relative growth rates lay between 0.80-1.01. The two rifampicin resistant rpoB 
mutants R529S and R529C were exceptions and showed a slow growth phenotype with a 
doubling time around 60 min, which was twice that of the wild type. Strains with the same 
rpoB mutation, with and without ΔrpoS displayed similar doubling times when the standard 
deviation was taken into account. The doubling times were not significantly influenced by the 
presence or absence of rpoS. 
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Mutation	  rates	  
 
The mutation rates of the wild type background strain TH6509 and the ΔrpoS background 
strain TH8082 were determined using the Luria and Delbrück (1943) fluctuation test and the 
P0 method. The P0 method is based on the proportion of cultures that do not contain mutants. 
By assuming a Poisson distribution and using the P0 value, the problem that one can not tell 
how far back a mutation occurred, is avoided. The results are shown in table 2. 
  
Table 2 Results of the fluctuation test 

 Wild type (TH6509) ΔrpoS (TH8082) 
N⌘  2.06x108 2.09 x108 
P0

¤  0.1 0.1 
µ★  1.12x10-8 1.10x10-8 

⌘Number of viable cells plated 
¤Proportion of cultures that contain no mutant of the type scored 
★ Mutation rate per cell per generation  
 
Two of the twenty wild type strain (TH6509) overnight cultures that were plated on 
rifampicin plates showed no mutants. The ΔrpoS background strain (TH8082) also had two 
without growth. The amount of cells initially plated differed slightly, which caused the 
difference in mutation rate. The mutation rate for the wild type was 1.12x10-8. The mutation 
rate for the ΔrpoS background strain (TH8082) was 1.10x10-8. The mutation rates for the wild 
type and ΔrpoS were found to be similar. 
 
 

Colony	  competitions	  
 
In order to find out the effect of background colonies on the outcome of growth competitions, 
I constructed a number of strains that contained specific rifampicin resistance conferring rpoB 
mutations with either a wild type rpoS gene or an rpoS deletion.  
The competitors were marked with neutral markers to distinguish them from the background.  
RifR competitors containing a tetracycline resistance (tet) marker and wild type bacteria 
containing a chloramphenicol resistance (cam) marker were aged for 7 days in a wild type 
colony environment. The same strains were also competed in a ΔrpoS background colony 
environment against a chloramphenicol-marked ΔrpoS strain. The competitor cells were 
added in a 50:50 mixture on a one-day-old background colony on a LB plate and aged for 7 
days (figure 1). The competitor ratio of the 50:50 mix at day 1 was determined by plating out 
appropriate dilutions on selective plates.  
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Figure	  1	  Competition	  experiment	  set-‐up.	  The	  tetracycline-‐marked	  competitor	  bacteria	  are	  displayed	  in	  
blue	  and	  the	  chloramphenicol-‐marked	  background	  bacteria	  are	  colored	  red.	  The	  graphic	  shows	  the	  
change	  of	  the	  competitor	  ratio	  between	  day	  1	  and	  day	  7.	  

 
Appropriate dilutions were plated out on normal LA plates to determine the total cell number 
of aged colonies, and on LA plates supplemented with antibiotics to establish a day 7 ratio. To 
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quantify the growth advantage, the day 7 ratio was divided by the day 1 ratio and normalized 
against a standard strain. The resulting number was called competition index (CI).        
 
 

Competitions	  in	  a	  wild	  type	  background	  colony	  
 
The growth competitions were repeated several times and the final CI values were calculated 
from 12-16 data points per strain. Typically, growth competition data contains variation, 
which is depicted in the box-plot diagram in figure 2. 
 

	  
Figure	  1	  Box	  plot	  diagram	  with	  logarithmic	  y-‐axis	  of	  the	  Competition	  Index	  (CI)	  data	  for	  
competitions	  in	  a	  wild	  type	  background	  colony.	  Strains	  were	  competed	  against	  the	  wild	  type	  strain.	  
First, the data for strains that have the wild type rpoS are shown and then the four strains containing ΔrpoS are 
listed.	  All	  data	  was	  normalized	  against	  the	  WT,	  tet	  strain	  set	  at	  CI	  1.	  The	  maximum	  outliers	  are	  indicated	  as	  
well	  as	  the	  medians,	  which	  represent	  the	  final	  CI	  values. 

 
In the wild type background, the rpoB mutations alone conferred different low degrees of 
growth advantage. In figure 1, it is shown that while strains with only an rpoB mutation 
display some growth advantage, strains with an rpoS deletion have a greater effect on the 
competition outcome. ΔrpoS alone gave a stronger growth advantage phenotype than any 
rpoB mutation on its own. The ΔrpoS in combination with the R529 rpoB mutations gave 
even higher values.  
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The rpoB mutations R529C and R529S show a similar effect. They both showed a rather low 
growth advantage of CI 22.56 and CI 13.57 respectively (Table 3). When an rpoS deletion 
was introduced the CIs rose to 640.9 and 469.4. The increase in CI was approximately 30-fold 
for both strains.  
 
 
Table 3 Competition data for strains grown in a wild type background colony 

Strain CI Dev* N† 
TH6694  
(WT, tet) 1   

TH8154  
(rpoB R529S, tet) 13.57 3.78 12 

TH8153  
(rpoB R529C, tet) 22.62 10.8 14 

TH6879  
(rpoB P564L, tet) 201,3 103 15 

TH8097  
(ΔrpoS, tet) 263.4 91.8 14 

TH8151  
(ΔrpoS, rpoB R529S, tet) 469.4 236 14 

TH8152  
(ΔrpoS, rpoB R529C, tet) 640.9 362 13 

TH8109  
(ΔrpoS, rpoB P564L, tet) 220.6 178 16 

*Dev is the absolute average deviation from the median (see Materials and Methods). Note: the CI was positive 
for all competitions.  
†N is the number of independent colony competitions for each mutant.  
 
 
If a strain with only a rpoS deletion was competed against the wild type in a wild type 
background colony, the ΔrpoS strain won with a higher CI (263.4) than has been observed for 
any rpoB mutation alone. While the differences between the strains containing a wild type 
rpoS gene and the ΔrpoS strains were rather large for most of the strains, this was different 
for the rpoB P564L mutant. Here the rpoS deletion only accounted for a difference in CI of 
20.  
 
In conclusion, all strains that have a different rpoS genotype than the background colony, in 
this case all strains that contain a ΔrpoS, had a high competitive index in this environment 
(figure 2 and table 3). The rifampicin resistance mutations in rpoB only contributed little to 
the growth advantage of the strains. 
 
 

Competitions	  in	  a	  ΔrpoS	  background	  colony	  
 
All tet-marked competitor strains were also competed for 7 days in a ΔrpoS background 
colony against a cam-marked ΔrpoS control strain. The variation of the CI values for the 
strains competed in a ΔrpoS background colony against a ΔrpoS strain was smaller than the 
variation observed in the wild type background colony environment (figure 3).  
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Figure	  2	  	  Box	  plot	  diagram	  with	  logarithmic	  y-‐axis	  of	  the	  CI	  data	  for	  competitions	  in	  a	  ΔrpoS	  
background	  colony.	  Strains	  were	  competed	  against	  the	  ΔrpoS	  strain.	  First,	  the	  strains	  containing	  a	  wild	  
type	  rpoS	  are	  listed	  after	  the	  standard	  ΔrpoS,	  tet	  strain,	  then	  the	  same	  strains	  containing	  a	  ΔrpoS	  are	  
displayed.	  	  All	  data	  was	  normalized	  against	  theΔrpoS	  tet	  strain	  set	  at	  CI	  1.	  The	  maximum	  outliers	  are	  
indicated	  as	  well	  as	  the	  medians,	  which	  represent	  the	  final	  CI	  values. 

 
Figure 3 shows that all strains with a wild type rpoS win very large in a ΔrpoS background 
colony environment, independent of whether or not a rpoB mutation is present. If an rpoS 
deletion is introduced, the growth advantage is decreased and in the case of rpoB P564L, even 
is below the ΔrpoS standard strain. The specific CI values are listed in table 4. 
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Table 4 Competition data for strains grown in a ΔrpoS background colony 

Strain CI Dev* N† 
TH6694  
(WT, tet) 69.82 28.8 14 

TH8154  
(rpoB R529S, tet) 86.37 45.3 15 

TH8153  
(rpoB R529C, tet) 164.3 93.0 14 

TH6879  
(rpoB P564L, tet) 76.10 87.1 14 

TH8097  
(ΔrpoS, tet) 1   

TH8151  
(ΔrpoS, rpoB R529S, tet) 1.375 0.855 14 

TH8152  
(ΔrpoS, rpoB R529C, tet) 3.414 2.04 14 

TH8109  
(ΔrpoS, rpoB P564L, tet) 0.1977 0.211 15 

*Dev is the absolute average deviation from the median (see Materials and Methods). Note: the CI was positive 
for all competitions.  
†N is the number of independent colony competitions for each mutant.  
 
The CI values for the competitions made in a ΔrpoS background colony are in general, lower 
than the values that were reached in the wild type background colony. The tendency that can 
be seen for this competition set-up is again that the strains with a different rpoS genotype than 
the ΔrpoS background have higher advantages compared to strains that contain the same rpoS 
genotype as the background colony. The RifR mutations have a very small effect compared to 
the changes in the rpoS gene.  
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Discussion	  
 
 

Doubling	  time	  and	  mutation	  rate	  do	  not	  explain	  the	  growth	  advantage	  
 
To explain the phenomenon of rpoS mutants influencing the accumulation of RifR mutants 
some basic experiments had to be conducted first, to investigate different hypotheses. Firstly, 
the hypothesis whether the rifampicin resistant mutants accumulated in ageing colonies 
because they had a faster growth rate was investigated. Due to the fact that all tested strains 
had similar growth rates and the R529S and R529C rpoB mutants even grew half as fast, it 
could be concluded that the observed competitive advantages were not caused by different 
growth rates.   
 
Another hypothesis was that the background strains could have different mutation rates and 
thus the occurrence of mutants would be greater in one strain than the other. The mutation 
rates of the background strains turned out to be very similar and the rpoS genotype was found 
to have no significant effect on the mutation rate. The observed phenomenon of one strain 
accumulating mutants faster than another was therefore not caused by an increased mutation 
rate due to presence or absence of rpoS. 
 
 

Competition	  environments	  influence	  the	  outcome	  
 
After these hypotheses were ruled out, I proceeded to investigate if the background colony 
environment had any influence on competition outcomes. Since it had already been shown 
that the RifR mutants occur at a slower rate in rpoS mutants (Bjedov et al 2003, Wrande et al. 
2008), it was decided to compete different strains with and without the rpoS gene in ΔrpoS 
and wild type background colonies.  
 
My measurements showed that the RifR mutations gave a small growth advantage, but that the 
state of the rpoS gene was of greater importance. In all competitions that were performed in a 
wild type background colony, all CIs of strains with a ΔrpoS were over 220, while their 
counterparts with the wild type rpoS only achieved lower values. The rpoB mutations R529C 
and R529S showed a similar effect. This is possibly due to the fact that arginine (R) is 
substituted by the short amino acid serine (S) or cysteine (C) at the same amino acid position 
529. The strains with the rpoB mutation P564L only showed a difference in CI of 20 in the 
wild type colony background. The ΔrpoS still had a greater competitive advantage than the 
strain with the wild type gene, but the difference was smaller than for the other strains. This 
might imply that the rpoB P564L mutation has other effects that occur in the wild type 
background colony. It could possibly have been caused by experimental mistakes or be due to 
the variance observed in the competitions. 
 
The CI values for competitions in a ΔrpoS background colony showed a reverse picture of the 
wild type background colony competitions. Here all strains with a wild type rpoS gene won 
60- to 100-fold higher than their counterparts with a ΔrpoS. This trend is also very clear for 
the strains with the rpoB mutation P564L. These findings strongly suggest that the effect of a 
certain genotype, in this case a functional or deleted rpoS, is dependent on the genetic setup of 
the environment.  
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Consequences	  
 

The environment-dependence of scientific findings should be considered when targeting 
specific problems. Antibiotic resistances (Andersson et al. 2010) and rifampicin resistance 
(Wichtelhaus et al. 2002; Mariam et al. 2004; Enne et al. 2004) have often been found to 
generate fitness costs. These findings might be valid for short-term observations, but the work 
of Wrande et al. (2008) and my own experiments have shown that in case of RifR, the fitness 
cost turns into a growth advantage in aging colonies. The colony environment and the 
experimental conditions are extremely important for making predictions. Mathematical 
models predicting the fitness cost of antibiotic resistances (Guo et al. 2012) should be 
considered in a critical way since effects that cause fitness costs in one environment do not 
necessarily have the same effect in a different setting. The fact that bacteria usually live in 
communities makes these predictions even harder. 
 
 

What	  makes	  the	  rpoS	  gene	  so	  special?	  
 
The sigma factor RpoS is a transcription factor that is activated under stress conditions and 
during entry in the stationary phase. It directs the RNA polymerase to genes whose products 
are important during nutrient limitation, 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).  It also regulates the expression of genes important for certain metabolic 
pathways for example the mal operon for maltose or the TCA cycle metabolism (Patten et al. 
2004; Dong et al, 2008). 
 
 

Conclusions	  
 
My results suggest that the transcription factor RpoS encoded by rpoS is somehow 
influencing bacteria in a way that the less represented genotype wins in an aging environment. 
As a transcription factor, RpoS is responsible for recognizing and binding to specific 
promoters inside the RNA polymerase. The lack or presence of this transcription factor would 
lead to expression or lack thereof for certain genes. There are two hypotheses that seem 
likely. Either sigma S influences the communication between cells, also known as quorum 
sensing or sigma S could up- or downregulate the expression of genes that are important for 
certain metabolic pathways, making one strain able to live on nutrients that the other can not 
process.  
 
 

Further	  perspectives	  
 
In liquid cultures of E. coli that have been aged beyond stationary phase, a phenotype called 
GASP (growth advantage in stationary phase) has been observed (Zambrano and Kolter, 
1996). This phenotype is caused by mutations in the rpoS gene. Competitions with these cells 
under different environments (Notley-McRobb et al. 2002; Farrell et al. 2003) have shown a 
strong dependence of pH and some nutrients on the growth advantage phenotype of 
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attenuated rpoS mutants. These measurements were made in liquid cultures and could 
possibly be interesting to perform on plates as a future study. The fact that rpoS mutations are 
selected under growth on poor carbon sources (Chiang et al. 2011) also hints in this direction. 
 
Another method that could shed light on the question whether the competitor bacteria feed on 
different nutrients or communicate with each other could be a MALDI-IMS analysis. Instead 
of marking the competitor strain with antibiotic resistance markers, it could be marked 
fluorescently. This way an optical image of the colony could be generated before applying the 
MALDI-IMS analysis described by Yang et al. (2009). For this analysis agar medium would 
be applied on a MALDI plate and after growth of bacteria, the colonies are covered by matrix 
and then analyzed. The mass to charge-ratio range, used to identify molecules, could be 
extended to detect nutrient-source candidates and known signaling molecules. This way both 
hypotheses could be tested at the same time.   
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Materials	  and	  methods	  
 
 

Strains	  
 
During the experiment the following strains of S. enterica serovar Typhimurium were used in 
competitions: 
  
Table 5 Strains used and constructed during this experiment 

Strain Genotype Source 
TH6509 S. typhimurium 14028s w.t. fully virulent  Stanley Maloy, originally 

ATCC14028 
TH6643 14028s, rpoB R529S This lab 
TH6677 14028s, rpoB R529C This lab 
TH6693 14028s zcd-3677::Tn10dCam  This lab 
TH6694 14028s zhe-8953::Tn10dTet  This lab 
TH6879 14028, rpoB P564L zhe-8953::Tn10dTet This lab 
TH8082 14028s rpoS::FRT  This lab 
TH8097 14028s rpoS::FRT zhe-8953::Tn10dTet  This lab 
TH8102 14028s rpoS::FRT zcd-3677::Tn10dCam  This lab 
TH8109 14028s rpoS::FRT rpoB P564L zhe-

8953::Tn10dTet  
This lab 

TH8151 14028s rpoS::FRT rpoB R529S zhe-
8953::Tn10dTet 

This work 

TH8152 14028s rpoS::FRT rpoB R529C zhe-
8953::Tn10dTet 

This work 

TH8153 14028s rpoB R529C zhe-8953::Tn10dTet This work 
TH8154 14028s rpoB R529S zhe-8953::Tn10dTet This work 
 
 

Media	  and	  solutions	  
 
Liquid Luria Bertani (LB) medium (10 g NaCl, 5 g yeast extract, 10 g tryptone in 1 L 
distillated water, autoclaved, pH 7.2-7.4) was used for all liquid cultures. Liquid cultures were 
always incubated at 37 °C, shaking at 200 rpm if not otherwise noted. LA plates were made 
by adding 1.5 % bacteriological agar, 0.2 % glucose and 3 mM CaCl to LB. Plates were 
supplemented with rifampicin to 100 μg/mL, tetracycline to 15 μg/mL or chloramphenicol to 
50 μg/mL when required. Plates were always incubated at 37 °C in sealed plastic bags. The 
time of incubation depended on the type of experiment. TE-buffer consisted of distillated 
water with 10 mM tris(hydroxymethyl)aminomethane (pH 8) and 1 mM EDTA. The 1x TBE-
buffer used for gel-electrophoresis, was made by dissolving 89.1 mM tris, 88.9 mM boric acid 
and 2 mM EDTA in distillated water. The sloppy agar TTA was made by filling up a bottle 
with 7 g agar, 10 g tryptone, 8 g NaCL and 1 g glucose up to 1 L with distilled water, 
autoclaving it and supplementing it with 45 % LB. 
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Strain	  construction	  
 

Phage	  lysate	  preparation	  
 
The temperate phage P22, that can pack 48 kb (Casjens et al. 1987) was used to make phage 
lysates and for transduction. 1 mL of an overday culture (OD600 0.6) of the desired strain was 
infected with 100 μL P22 phage lysate that was diluted in 0.9 % NaCl to 10-4. After 10 min, 
4 mL liquid TTA was added and the solution poured onto LA plates. The plates were 
incubated over night at 37 °C. The sloppy agar of 4 plates was scraped into a 50 mL tube and 
mixed with 3.5 mL LB. The tube was vortexed until a homogenous mixture was achieved. 
After cooling for 15 min at 4 °C, the tube was centrifuged for 15 min at 3750 ✕ g and 4 °C. 
The supernatant was sterile filtrated with a 0.2 μm filter (Sarstedt, Nümbrecht, Germany) and 
the phage lysate stored at 4 °C. 100 μL of the phage lysate were plated out on a LB plate to 
check for sterility.  
 
 

Transduction	  
	  
1 mL overday culture with an OD600 of 0.6 was infected with 20 μL undiluted phage lysate. 
For rifampicin selection, the tubes were incubated at 37 °C without shaking for one hour, 
before plating 100 μL on LA-rif plates. The plates were incubated at 37 °C for 2 days before 
screening for small colonies. These were restreaked once on LA-rif before restreaking on LA 
plates. To confirm the RifR mutations, the rpoB gene was PCR amplified and sent for 
sequencing. The strains with the desired rpoB mutations were then transduced with phage 
grown on TH6694 to mark them with the tetracycline resistance cassette (zhe-
8953::Tn10dTet). After infecting 1 mL overday culture with 20 μL phage lysate, the mixture 
was incubated for 10 min on the bench and then 100 μL were plated out on LA-tet plates. 
After incubation overnight, tetracycline resistant transductants were picked and restreaked on 
LA-tet and later on LA plates.  
 
 

PCR	  and	  DNA	  preparation	  
 
A single colony was dissolved in 100 μL H2O and the cells were lysed by boiling in a 
microwave for 5 min at 600 W.  Ready-to-Go PCR beads by GE Healthcare were dissolved in 
22 μL water. 2 μL of a 10 μg/μL primer mix (table 7) containing the forward and reverse 
primer and 1 μL of lysed cell solution were added. 
 
Table 6 rpoB primers used for PCR in this experiment 

Primer name Sequence (5’→3’) 
P3fw TGGATACCCTGATGCCACAG 
P3rv GAACAACACGCTCGGATACGA 

 
 
The PCR program used is described in table 7. The reaction was run in a S1000 Thermal 
Cycler (Bio-Rad Laboratories Inc., USA) PCR machine. 
 



19	  
	  

 
Table 7 PCR program used to determine the rpoB mutations. Denaturation, annealing and elongation 
were repeated for 30 cycles. 
Step Temperature Time 
Initial denaturation 95 °C 5 min 
Denaturation 95 °C 30 sec 
Annealing 55 °C 30 sec 
Elongation 72 °C 1 min 
Final Elongation 72 °C 10 min 
Cooling 4 °C ∞ 
    
The denaturation–elongation cycle was repeated 30 times. The PCR products were run in a 
1% agarose gel made with 1X TEB buffer to check for PCR product and correct product 
lengths. A GeneRuler™ 1 kb DNA Ladder (Fermentas) was used for size determination. 
 
 

PCR	  product	  purification	  
	  
The PCR product was filled up to 100 μL with TE-buffer and the solution transferred to a 1.5 
mL reaction tube. 20 μL sodium acetate (3 M, pH 5.2) were added to adjust the pH. After 
adding 500 μL 99 % ethanol, the tubes were kept at -20 °C for at least 15 min and then 
centrifuged for 15 min at 4 °C and 14857 x g. The supernatant was discarded and the DNA 
washed with 300 μL 99 % ethanol. After formation of a white pellet, the sample was 
centrifuged for 15 min, 4 °C and 14857 x g.  The supernatant was discarded and the remaining 
pellet dried with open lid under a lamp to get rid of the ethanol. The DNA was resuspended in 
20 μL TE-buffer and the DNA concentrations measured with a NanoDrop 1000 
spectrophotometer (Thermo Scientific) using the wavelength 260 nm.  
 
 

Sequencing	  	  
 
The purified PCR products were sent to Macrogen Incorporated, South Korea 
(http://dna.macrogen.com/eng/) for sequencing. 
 
 

Colony	  competitions	  
 
An overnight culture of the background culture was diluted to 10-4 in 0.9 % NaCl. A 
nitrocellulose filter (0.2 μm, Protran BA 83, Whatman®, Dassel, Germay) was placed on a 
LA plate using sterile tweezers. Four background colonies were started using 2 μL of the 10-4 
dilution (100–1,000 colony forming units [CFU]). To allow the liquid to soak in, the plates 
were left on the bench for 30 min before incubation over night at 37 °C. The following day 
100 μL of a cam-marked background competitor strain was mixed with 100 μL of a tet-
marked competitor. The 50:50 mixture was diluted in 0.9 % NaCl to 10-6 and 4 μL of the 10-3 
dilution (2000-3000 CFU of each competitor) were added on top of the background colonies. 
The plates were kept on the bench for 30 min to let the liquid soak in before incubating them 
in sealed plastic bags for 7 days. 100 μL of the 10-6 dilution were plated on two LA-tet and 
two LA-cam plates to get the day 1 ratio. After 7 days, the aged colonies were cut out, using 
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sterile scissors and tweezers. The colonies were placed into 1.5 mL eppendorf reaction tubes 
containing 1 mL 0.9 % NaCl. After soaking for at least 2 h, the tubes were vortexed and a 
dilution series was made in 0.9 % NaCl. Appropriate dilutions were plated on LA, LA-tet and 
LA-Cam plates to get the day-7-ratio. For competitions on the wild type background  
(TH6509) the cam-competitor was always TH6693, for the competitions on the ΔrpoS 
background (TH8082) the cam-competitor was always TH8102. 
 
 

Competition	  index	  (CI)	  calculations	  
	  
The Competition Index (CI) was calculated as follows: 
 
First the CIraw was calculated by using the CFU/mL (colony forming units) values of the tet 
and cam competitors of day 1 and the CFU/colony values of day 7. 
 

CI!"# =

CFU!"!
CFU!"# !"#  !
CFU!"!
CFU!"# !"#  !

 

 
The CInormalized values were calculated by normalizing the CIraw values with the control 
experiment values.  For the experiments in a WT background colony the median (2.895) of 
the TH6694 vs. TH6693 (WTtet vs. WTcam) CIraw values was used. For the experiments in the 
ΔrpoS background colony the median (3.890) of the TH8097 vs. TH8102 (ΔrpoStet vs. 
ΔrpoScam) CIraw value was used.  
 
The final CI value, which is the median of the CInormalized values, and the average absolute 
deviations from the median were calculated using the statistical package found at 
http://www.physics.csbsju.edu/stats/descriptive2.html.  
 
 

Fluctuation	  test	  
 
Liquid 2 mL LB cultures were inoculated using single colonies. 20 independent cultures were 
started for each strain. The cultures were incubated at 37 °C and 200 rpm for 20h. Afterwards, 
100 μL undiluted culture were plated out on LA-rif plates. To determine the starting 
concentration, 100 μL of the 10-6 and 10-5 dilutions in 0.9 % NaCl were plated on LA plates. 
The next day the colonies and plates without growth were counted. The mutation rate was 
calculated according to the P0 method with the following equation (Abdulkarim et al. 1996): 
 

µμ =   −
1
N lnP! 

 
In this equation μ stands for the mutation rate per cell per generation, N for the amount of 
viable cells plated and P0 for the fraction of plates that showed no rifampicin resistant 
mutants. 
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Growth	  rate	  measurement	  
 
Cultures for measurements of bacterial doubling times were grown in Honeycomb plates for 
18 h, using a Bioscreen C (Labsystems, Finland). To start a growth measurement, 1.5 μL of 
an overnight culture was used to inoculate 1 mL LB. From this mixture, 300 μL were 
transferred to each well of the Honeycomb plate. Three replicates were made from each over 
night culture. 5 independent cultures were measured for each strain. The Bioscreen C was set 
for measurements at OD600 every 5 minutes with continuous shaking. 
 
The slope of the exponential phase of the growth curve, plotted on a logarithmic scale was 
fitted with a curve using the following equation: 
 

y = A ∙   e!" 
 
In this equation g represented the growth rate. This value was used to calculate the doubling 
time d using the formula: 
 

d !"# =
ln 2

g  [!"#!!] 

 
The relative doubling time was calculated by dividing the growth rate of a strain by the 
growth rate of TH6509. 
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