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Summary 

Bacteria are conspicuous organisms. They live in a wide variety of niches, such as soil, host 

organisms and water. But in these natural environments they are subject to a “feast and 

famine” lifestyle. Sometimes nutrients and conditions allow fast propagation, but other times 

the environment does not favour fast growth. Therefore, they need to be able to adapt to the 

surrounding conditions. When bacteria sense that nutrients are becoming limiting, they cease 

growing and enter into stationary phase. As the population ages, it increases very little in 

number. Energy is used for maintenance rather than for growth. A key factor in this process is 

RpoS, an alternative sigma factor of the RNA polymerase. It integrates all the starvation and 

stress signals and induces the transcription of certain genes. Most of those genes are 

responsible for the cessation of growth and the response to stress. Under stationary phase 

conditions, mutants with a partially defective rpoS gene appear and accumulate in the 

population. Thus, these mutants have a growth advantage phenotype over the parental cells.  

Here, the effect of the surrounding bacteria on the growth advantage phenotype of rpoS 

mutants was studied using Salmonella enterica serovar Typhimurium as a model 

microorganism, bacteria harbouring different mutant versions of rpoS, or an engineered 

deletion of rpoS, have been competed against wild-type bacteria under different conditions.  

The results indicate that the rpoS mutants are not able to display their growth advantage 

phenotype when the majority of the population is also rpoS-defective. They require a 

population background of wild-type bacteria in order to display a growth advantage under 

aging conditions. The growth advantage depends also on the start codon of the rpoS gene, so 

that it is bigger when the gene has the standard AUG start codon (the most commonly-used 

strain in Salmonella genetic studies, LT2, has an rpoS gene that initiates with UUG). 

Moreover, we have demonstrated that this growth advantage phenotype is highly dependent 

on the medium composition but not on the concentration of dissolved oxygen. 
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Introduction 

Bacterial populations pass through different stages during growth. When they colonize a new 

environment, they first need to adapt to its conditions. Following the adaption stage they enter 

the stage of exponential growth. During this phase nutrients are fully available and there is no 

growth limitation. But soon nutrients, oxygen and other factors become limiting. Bacteria 

sense these change in their environment, cease growing and enter into the stationary phase. 

During this phase, the bacterial population increases very little due to progressive starvation, 

and the cell death is observed. However, bacteria can age for long periods of time; they can be 

maintained without the supply of new nutrients during the phase known as “long-term 

stationary phase” (Finkel, 2006). 

When aging bacterial colonies were studied, it was found that rifampicin-resistant (Rif
R
) 

mutants accumulated as time passed (Bjedov et al., 2003). Although it was first attributed to 

stress-induced mutagenesis under selection (Bjedov et al., 2003), it is known now that those 

mutants arise during the exponential growth phase and then keep growing while the other 

cells enter into stationary phase (Wrande et al., 2008). Rifampicin resistance is caused by 

certain mutations in rpoB, the gene coding for the  subunit of the RNA polymerase. 

Therefore, this mutant RNA polymerase could enhance the expression of genes that facilitate 

growth under the aging conditions.  

These rifampicin-resistant mutants display a growth advantage phenotype when competed in 

colonies against wild-type cells; they keep growing during the aging period while the 

background bacteria stop to grow (Wrande et al., 2008). Moreover, it has been shown that the 

growth advantage of Rif
R
 mutants in aging colonies depends on the sigma factor RpoS. 

Colonies of wild-type bacteria accumulate more Rif
R
 mutants when aging than bacteria 

lacking a functional RpoS (Wrande et al., 2008). 

 

RpoS: a master regulator 

Bacteria are usually exposed to feast-and-famine conditions. When nutrients are unavailable, 

bacterial cells experience a series of physiological changes, cease growing and enter into 

stationary phase. These processes are mostly controlled by RpoS. 

RpoS, also known as sigmaS (
s
) is an alternative sigma factor of the RNA polymerase that is 

induced under many stress situations and in stationary phase (Figure 1). Under these 

conditions, it can replace the vegetative sigma factor 
70

 and bind to the core RNA 

polymerase, affecting the pattern of gene expression. Both 
S
 and 

70
 factors co-exist under 

most growth conditions and recognize the same core promoter elements, but 
s 

promoters 

exhibit some selective features (Hengge-Aronis, 2002a). Superhelicity, topology and 

sequence of the promoter (-10 and -35 elements, with -13 position in the “extended -10” 

region clearly specific), as well as the formation of specific nucleoprotein structures (Hengge-

Aronis, 2002a; Lacour and Landini, 2004) have been shown to determine the promoter 

recognition by RpoS. In addition to directly recognizing a gene promoter region and 
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facilitating its transcription, RpoS can also act by an indirect mechanism, controlling the 

expression of intermediate factors.  

Although there is a set of genes that are controlled by RpoS independently of the growth 

conditions, the regulation of many genes by 
s
 depends on environmental factors. It has been 

shown that RpoS can affect different sets of genes depending on the growth phase (Dong et 

al., 2008; Patten et al., 2004) and on the medium on which the bacteria are growing (Dong 

and Schellhorn, 2009). Array analyses have revealed that RpoS regulates more than 200 genes 

when bacteria grow on a rich media. Most of these genes are involved in iron uptake and 

utilization, protein synthesis and folding, carbohydrate transport and utilization, and responses 

to oxidative stress and general damage (Dong et al., 2008; Lacour and Landini, 2004; Patten 

et al., 2004). The same studies have shown that 
S
 can act not only as a positive regulator but 

also as a negative regulator, although the number of genes down-regulated by 
S
 is much 

smaller than the number of genes up-regulated by its expression (Patten et al., 2004). 

Regulation of rpoS itself can take place at different levels and the different pathways are 

interconnected. Such complex control allows the integration of intracellular and extracellular 

signals. The basic regulation of rpoS relies on its translation, which depends mainly on its 

mRNA secondary structure, the action of regulatory proteins as Hfq and HU, and the 

interference of small regulatory RNAs. Degradation of 
s
 has been characterized and it is 

mediated by the ClpXP protease and the recognition factor RssB (reviewed by Hengge-

Aronis, 2002b). 

 

Figure 1. Principal characteristics of RpoS regulation. Starvation and stress are major signals that induce the 

expression of RpoS. RpoS activates the transcription of target genes causing a response, usually associated with 

cessation of growth. At the same time, RpoS is subjected to a complex regulation at transcriptional, translational, 

degradation and protein activity levels (red color).  

 

RpoS and its relation with the growth advantage phenotype 

Due to the highly complex regulation of 
S
 and the large number of genes it controls, it is 

difficult to anticipate the effect of mutations in rpoS. Moreover, the fitness of rpoS mutants 

depends on the environmental conditions (Saint-Ruf et al., 2004).  
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Using mixed culture experiments, it was shown that 10-day-old cells are able to take over 1-

day-old starved cells (Zambrano et al., 1993). This result demonstrates that cells from an old 

culture have a growth advantage over the parental cells in stationary phase. This phenotype 

was called GASP for “Growth Advantage in Stationary Phase” (Zambrano and Kolter, 1996). 

The growth advantage is caused by certain mutations in rpoS (Zambrano et al., 1993) and 

other genes like lrp and the ybeJ-gltJKL cluster. Each of these mutations allows cells to 

increase amino acid catabolism in starvation. Therefore, they can scavenge nutrients and keep 

growing under stationary phase conditions (Zinser and Kolter, 1999; reviewed by Finkel, 

2006). When bacterial colonies or cultures are aging and nutrients become limiting, there is a 

strong selection for these types of mutation. 

Mutations in rpoS are the most common GASP mutation in aging bacteria. These mutations 

usually cause a reduced function of RpoS that makes cells more sensitive to different stresses 

like oxidative stress (Saint-Ruf et al., 2004). However, the high allelic variation found in the 

rpoS gene in strains isolated from different environments suggest that population takeovers 

can be common in nature. (Vulić and Kolter, 2001). 

 

Aims 

Newly arisen bacterial mutants are not living alone in their environment; they are surrounded 

by a preexisting population of other cells by (by the parental cells in the colonies) that can 

potentially influence their growth and survival. Therefore, we hypothesized that the observed 

growth advantage phenotype of the rpoS mutants when they arise within a population, might 

be dependent on the genotype of the background bacterial population. That is, the bacteria 

that are found in the majority. This background would produce signals, release or consume 

nutrients, somehow affecting the growth of subpopulations.  

Thus, the first aim of my work was to construct different isogenic bacterial strains carrying 

alleles of rpoS with a wild-type (wt) or a partially defective start codon, or a genetically 

engineered deletion of the coding sequence. Moreover, strains carrying one of the rpoS alleles 

and one of the Rif
R
 growth advantage mutations that have been characterized (rpoB P564L; 

Wrande et al., 2008) have been constructed.  

The second aim of my project was to determine the effect of the background population of 

cells on the outcome of the competitions. To achieve this aim, I competed subpopulations 

with a wild-type allele or a deletion of rpoS (rpoS) in colonies or liquid cultures that 

provided a mutant or wild-type rpoS background. 
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Results 

Construction of bacterial strains carrying different rpoS alleles 

Isogenic bacterial strains are bacterial strains that differ by only one or a few known 

mutations, and are derived from a common parent strain. These strains are useful when one 

wants to study the phenotypic effects of a single mutation. Comparing two strains that only 

differ in one mutation, any difference in their behavior should be caused by this mutation. 

Salmonella strains with an engineered deletion of rpoS (rpoS::FRT, complete deletion of the 

gene make by using -Red mediated chromosome recombineering) were used as a starting 

point. As I wanted to test the effect of the rpoS deletion in competition experiments between 

isogenic strains, I constructed several bacterial strains using phage transduction. This 

technique implies the infection of a donor strain with P22 phage. The phage progeny were 

used to infect a recipient strain that recombined DNA from the donor. The selection of 

interesting recombinants was based on a phenotype, usually after plating on selective media. 

Sometimes screening was also required (see Materials and Methods section for more details). 

Moreover, strains containing one of the two different start codons (AUG or UUG) in rpoS 

were constructed using the same procedure.  

As some Rif
R
 mutants have been shown to confer a growth advantage in aging colonies, we 

selected one of them (rpoB P564L; Wrande et al., 2008) for constructing isogenic bacterial 

strains carrying the rpoB mutation and one of the rpoS variants. The objective here was to 

check if rpoB P564L rpoS double mutants had a different growth advantage phenotype than 

the one previously observed for the rpoB mutants. 

Strains to be used in competition experiments were marked with different antibiotic resistance 

cassettes: zcd-3677::Tn10dCam for chloramphenicol resistance (Cam
R
), or zhe-

8953::Tn10dTet for tetracycline resistance (Tet
R
), also using phage transduction. A list of the 

strains constructed during this work is presented in Table 1.  

 

Analysis of growth advantage of subpopulations in wild-type aging colonies 

Bacterial colonies form during one day of growth on solid media. During the following days, 

population increases very little. However, rpoS mutants have been shown to accumulate under 

aging conditions (Zambrano et al., 1993). For testing the hypothesis that the growth 

advantage of rpoS-deleted mutants is dependent on the background bacteria, colony 

competition experiments were performed. 

Colonies of two strains of Salmonella enterica serovar Typhimurium, LT2 and 14028s, were 

initiated by spotting ~ 5000 cells onto nitrocellulose filters on LA plates (see Materials and 

Methods). rpoS gene in LT2 has a rare UUG start codon (Lee et al., 1995), whereas the rpoS 

gene of 14028s has a common start codon AUG. It has been shown that the accumulation of 

Rif
R 

mutants on aging colonies depends on this start codon (Wrande et al., 2008), so we
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Table 1. List of Salmonella enterica serovar Typhimurium strains constructed during this work 

Strain Relevant genotype Construction* Comments 

TH8103 LT2 rpoS::FRT purD1874::MudJ TH8081 (x) TH6584 Kan
R
 

TH8104 14028s rpoS::FRT purD1874::MudJ TH8082 (x) TH6584 Kan
R
 

TH8105 14028s rpoS::FRT rpoB P564L TH8104 (x) TH7141 Growth advantage Rif
R
 allele  

TH8106 LT2 rpoS::FRT rpoB P564L TH8103 (x) TH7141 Growth advantage Rif
R
 allele 

TH8108 14028s rpoS::FRT rpoB P564L zcd-3677::Tn10dCam TH8105 (x) TH6693  Growth advantage Rif
R
 allele, Cam

R
 

TH8109 14028s rpoS::FRT rpoB P564L  zhe-8953::Tn10dTet TH8105 (x) TH6694  Growth advantage Rif
R
 allele, Tet

R
 

TH8110 LT2 rpoS::FRT rpoB P564L zhe-8953::Tn10dTet TH8106 (x) TH6694 Growth advantage Rif
R
 allele, Tet

R
 

TH8111 LT2 rpoS::FRT rpoB P564L zcd-3677::Tn10dCam TH8106 (x) TH6693  Growth advantage Rif
R
 allele, Cam

R
 

TH8112 LT2 ygbE::FRT (sw) rpoS(14028s) TH8107 (x) TH6938 LT2 with 14028s rpoS (ATG start codon) 

TH8113 14028s ygbE::FRT (sw) rpoS(LT2) TH8098 (x) TH6938 14028 with LT2 rpoS (TTG start codon) 

TH8114 LT2 ygbE::FRT (sw) rpoS(14028s) purD1874::MudJ  TH8112 (x) TH6584 Kan
R
 , LT2 with 14028s rpoS (ATG start 

codon) 

TH8115 14028s ygbE::FRT (sw) rpoS(LT2) purD1874::MudJ  TH8113 (x) TH6584  Kan
R
 , 14028 with LT2 rpoS (TTG start codon) 

TH8116 LT2 ygbE::FRT (sw) rpoS(14028s) zcd-

3677::Tn10dCam 

TH8112 (x) TH6693  Cam
R
 , LT2 with 14028s rpoS (ATG start 

codon) 

TH8117 14028s ygbE::FRT (sw) rpoS(LT2) zcd-

3677::Tn10dCam 

TH8113 (x) TH6693  Cam
R
 , 14028 with LT2 rpoS (TTG start 

codon) 

TH8118 LT2 ygbE::FRT (sw) rpoS(14028s) zhe-

8953::Tn10dTet 

TH8112 (x) TH6694  Tet
R
, LT2 with 14028 rpoS (ATG start codon) 

TH8119 14028s ygbE::FRT (sw) rpoS(LT2) zhe-

8953::Tn10dTet 

TH8113 (x) TH6694  Tet
R
, 14028s with LT2 rpoS (TTG start codon) 

TH8120 LT2 ygbE::FRT (sw) rpoS(14028s) rpoB P564L TH8114 (x) TH7141 Growth advantage Rif
R
 allele, LT2 with 14028 

rpoS (ATG start codon) 

TH8121 14028s ygbE::FRT (sw) rpoS(LT2) rpoB P564L  TH8115 (x) TH7141  Growth advantage Rif
R
 allele, 14028 with LT2 

rpoS (TTG start codon) 

*See Materials and methods section for details. 
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wanted to know if the start codon of rpoS also affects the growth advantage phenotype under 

conditions of colony aging. After one day of growth, a 1:1 mixture (~5000 cfu total) of Tet
R
-

marked competitors cells (rpoS ) and Cam
R
-marked competitors cells (wt control, it 

represents what happens to the majority of cells in the colony) was spotted on top of the day-

old colony. These colonies were incubated for seven more days and the final number of cells 

of each competitor was determined. A competitive index (CI) was calculated for each 

competition. This index reflects the growth advantage of the bacterial strain marked with the 

Tet
R
-cassette over the strain containing the Cam

R
-marker during the seven days aging period 

(see Materials and methods).   

The effect of the antibiotic-resistance markers was measured by competing two wild-type 

strains, one marked with the Tet
R
-marker and the other with the Cam

R
-marker, and 

calculating the CI. A small intrinsic effect of the markers on the growth advantage was 

observed (Table 2). This effect was taken into account when the results were analyzed. 

Mutants lacking rpoS displayed a growth advantage over the wild-type bacteria, both in LT2 

and in 14028s colonies (Table 2). However, this growth advantage was about 15 times bigger 

in the 14028s background competitions than in the LT2 competitions. This confirms the 

hypothesis that somehow the start codon of rpoS gene affects the growth advantage 

phenotype observed in the competitions. 

Table 2. Competitions in wild-type colony backgrounds and their competitive index 

Competition Competitive index (Tet
R
/Cam

R
 ratio) 

Background Tet
R
 competitor 

(zhe-8953::Tn10dTet) 

Cam
R
 competitor 

(zcd-3677::Tn10dCam) 

 CI Dev* N
†
 P

‡
  

LT2 (UUG 

start codon) 

LT2 LT2  0.5 0.1 15  

LT2 rpoS::FRT
§
 LT2  94.7 126 19 <0.0001 

14028s (AUG 

start codon) 

14028s 14028s  1.8 2.7 28  

14028s 

rpoS::FRT
§
 

14028s 
 

1557.0 2693.0 24 <0.0001 

*Dev is the absolute average deviation from the median (see Materials and Methods). 
†
N  is the number of independent colony competitions for each condition. 

‡
Two-tailed P values (CI of rpoS::FRT vs. wt significantly different from CI of wt vs. wt) measured by Mann-

Whitney nonparametric test. 
§
Competitor strain that presents the growth advantage in the studied competition. 

 

Studying the effect of rpoS-deleted background on colony competitions 

If the background colony provides or consumes something that the rpoS-deleted mutants 

require for growth, it would be expected that the growth advantage phenotype should vary 

depending on the genotype of the background bacteria. 

Competitions with rpoS-deleted cells as the background, either LT2 or 14028s, were 

performed. Background colonies were initiated onto nitrocellulose filters on rich medium 

(LA, Materials and methods) and after one day a mixture of two competitors was spotted onto 
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them. The mixture contained a Tet
R
-marked wt strain and a Cam

R
-marked rpoS strain 

(representing what happens to the colony). After an aging period of seven days, presence of 

the competitors was determined as previously and CI calculated. 

Controls experiments showed that in the 14028s background colonies the Tet
R
-marker 

presented a small intrinsic effect (Table 3). Cam
R
-marker caused a high intrinsic effect in LT2 

colonies (data not shown). Although LT2 is the standard laboratory strain, it is difficult to 

explain the effect of the rare UUG start codon in the rpoS on the fitness of the bacteria. 

Therefore, we decided to continue the experiments with just 14028s. 

Table 3. Competitions in 14028s rpoS-deleted colonies and their competitive index 

Competition Competitive index (Tet
R
/Cam

R
 ratio) 

Background Tet
R
 competitor 

(zhe-8953::Th10dTet) 

Cam
R
 competitor 

(zcd-3677::Tn10dCam) 

 CI Dev* N
†
 P

‡
  

14028s 

rpoS::FRT 

14028s 

rpoS::FRT 

14028s 

rpoS::FRT 

 
3.77 3.1 41  

14028s
§
 

14028s 

rpoS::FRT 

 
898.4 611.0 26 <0.0001 

*Dev is the absolute average deviation from the median (see Materials and Methods). 
†
N  is the number of independent colony competitions for each condition. 

‡
Two-tailed P values (CI of rpoS::FRT vs. wt competitors significantly different from CI of rpoS::FRT vs. 

rpoS::FRT competitors) measured by Mann-Whitney nonparametric test. 
§
Competitor strain that presents the growth advantage in the studied competition. 

 

After taking into account the small intrinsic effect of the Tet
R
-marker, the CI indicated that 

the wild-type 14028s competitor had a strong and significant growth advantage phenotype 

over the rpoS-deleted competitor that represented the background colony (Table 3). However, 

when the survival of the competitors during the aging period was determined, it was clear that 

cell death was also a major factor in determining the observed ratios. Thus, the competition 

involved both “growth advantage” and “survival advantage” phenotypes. 

When a rpoS strain was competed against a wt strain in a wild-type background colony, the 

mutant competitor showed a high population increase when compared with the wild-type 

competitor that kept constant during aging (Figure 2A). In the case of rpoS-deleted 

background colonies, the population of wt competitor was stable during the aging period and 

even grew during 3 – 4 generations but the rpoS competitor bacteria died more rapidly 

(Figure 2B). Thus, under these conditions, the wild-type bacteria have a “survival advantage” 

over the mutants that allows them to maintain their population while the rest of the colony 

dies. Moreover, it can be concluded that the rpoS mutants require of a wild-type background 

bacteria for displaying their growth advantage phenotype (Figure 2A).  
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Figure 2. Changes of cfu of competitors within different background colonies during aging period. A) A 

mixture of 1000 cfu wt 14028s (TH6693, Cam
R
) and 1000 cfu rpoS 14028s (TH8097, Tet

R
) was added to one-

day old wild-type background colonies (TH6509) and incubated for seven days. cfu of each competitor was 

determined at the beginning (day 0) and at the end (day 7). Graphic shows the median and deviation of 13 

independent experiments. B) A competitor mixture containing about 1000 cfu of wt 14028s (TH6694, Tet
R
) and 

1000 cfu of rpoS 14028s (TH8102, Cam
R
) was added to rpoS-deleted colonies (TH8082). cfu of each 

competitor was determined at the beginning (day 0) and at the end of the aging period (day 7).  Graphic shows 

the median and deviation of 13 independent experiments. 

 

Influence of the medium composition on the growth advantage phenotype 

The different behaviour of the competitors depending on the background colony could be 

caused by different factors. Bacteria with a different genotype than the background are the 

ones that keep growing or do not die during the aging period. Therefore, the background 

bacteria may produce a series of signals that causes the cells with the same genotype to stop 

growing, while the other bacteria does not sense these signals and keep growing. Another 

possibility is that the competitor with the growth advantage grows more during the aging 

period because it can use some nutrients that neither the background nor the other competitor 

can consume. A third possibility is that the wild-type backgrounds degrade some toxic 

compound to protect themselves. The ΔrpoS does not degrade that toxic compound, but it is 

protected by growing in a colony where the majority of the cells does. If the background is 

rpoS-defective, there is no protection against the toxic compound and, hence,  ΔrpoS bacteria 

die. 

To address these questions, I studied the competition in different liquid media. The liquid 

media competition was used instead of the colony competition because previous data gave 

similar results for the both types of competition experiments (data not shown). Rich medium 

(LB) and minimal medium (M9 + glucose) were used as media. If the strain with the growth 
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advantage is able to grow under the aging conditions because it can use some nutrients that 

the other competitor cannot, one would predict a difference in the CI between the both types 

of media. 

Liquid cultures of 14028s or rpoS 14028s were initiated as background cultures in rich 

liquid medium (LB, see Materials and methods). When bacteria were in stationary phase, a 

mixture of two competitors (wt and rpoS) was added and the culture was aged for 7 days. 

Competitive indexes were calculated at the end of the experiment. The Tet
R
-marker presented 

a small intrinsic effect but the CI for each competition was significantly different (Table 4). In 

a wild-type background culture, the rpoS-deleted competitor presented a significant growth 

advantage over the wild-type competitor, and that advantage was even greater than in colony 

competitions. As previously observed in the colony competitions, if the background 

population of cells were rpoS bacteria, the wild-type cells survived better. 

Table 4. Competitive index for liquid competitions on rich medium (LB) 

Competition  
Competitive index 

(Tet
R
/Cam

R
 ratio) 

Background Tet
R
 competitor 

(zhe-8953::Tn10dTet) 

Cam
R
 competitor 

(zcd-3677::Tn10dCam) 
 CI Dev* N

†
 

14028s 14028s 14028s  1.2 0.9 3 

 14028s rpoS::FRT
§
 14028s  1.0 x10

5 2.9 x10
4 9 

14028s 

rpoS::FRT 
14028s 14028s  1.2 0.1 12 

 14028s
§
 14028s rpoS::FRT  328.1 235.0 8 

*Dev is the absolute average deviation from the median (see Materials and Methods). 
†
N  is the number of independent liquid competitions for each condition. 

§
Competitor strain that presents the growth advantage in the studied competition. 

 

When a M9 minimal medium supplemented with glucose (see Materials and methods) was 

used as a defined minimal medium, the intrinsic effect of the Tet
R
-marker could not be clearly 

differentiated from the expected growth advantage phenotype (Table 5). 

Table 5. Competitive index for liquid competitions on minimal medium (M9 with 0.2% glucose) 

Competition 
 Competitive index 

(Tet
R
/Cam

R
 ratio) 

Background Tet
R
 competitor 

(zhe-8953::Tn10dTet) 

Cam
R
 competitor 

(zcd-3677::Tn10dCam) 

 CI Dev* N
†
 

14028s 14028s 14028s  5.0 2.5 15 

 14028s rpoS::FRT 14028s  0.6 0.3 14 

14028s rpoS::FRT 14028s  14028s   2.0 0.6 12 

 14028s 14028s rpoS::FRT  3.2 1.4 13 

*Dev is the absolute average deviation from the median (see Materials and Methods). 
†
N  is the number of independent liquid competitions for each condition. 
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Next, I studied what was happening during the seven days aging period. To this end, 

competition experiments were repeated but samples were taken at different time points.  

Firstly, a wt strain was competed against a rpoS strain in a wild-type background. When the 

competition took place in rich medium (Figure 3A) both strains demonstrated the same 

behaviour during the first 24 hours, but then the population of the competitor with the same 

genotype as the background remained stable until the end of the competition experiment. 

However, the rpoS-deleted competitor population increased constantly during the aging 

period, and it continued to accumulate for longer time (data not shown).  

In minimal media (Figure 3B) both competitors displayed the same behaviour as the 

background, their populations did not experience significant changes during the seven days 

incubation period. The rpoS competitor showed a more pronounced death ratio from day 

four. Taken together, these results indicate that some component(s) present in LB medium but 

not in M9 - 0.2 % glucose are directly or indirectly responsible for the growth advantage 

phenotype of the rpoS-deleted strain under the aging conditions. 

 

 

Figure 3. Dependence of growth advantage phenotype on medium. Competition experiments between a 

14028s rpoS::FRT strain (TH8097, Tet
R
) and a 14028s wild-type strain (TH6693, Cam

R
) were started in a 1-day-

old wild- type background culture (TH6509). Each experiment was repeated three times and cfu were 

determined at the beginning and at days 1, 2, 4, 6 and 8 for each. A) Competition on LB rich medium. The 

competitor strain with a deletion of rpoS shows a clear growth advantage phenotype. B) Competition on M9 - 

0.2 % glucose minimal medium. None of the competitor strains show growth advantage phenotype. 
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Populations of competitors and background were also measured at different time points when 

the background bacteria were rpoS. On rich medium (Figure 4A), the competitor with the 

same genotype as the background behaved as the wild-type one, but from day 4 it died faster. 

This is in agreement with the results seen in colony competition experiments and in previous 

liquid competition experiments. Taken together these results suggest that the wild-type 

competitor has a survival advantage in rpoS-deleted environments. On minimal medium the 

background culture and the both competitors maintained stable populations during the aging 

period (Figure 4B). This indicates that the rpoS-deleted competitor recovers part of its 

survival capacity under these aging conditions. 

 

  

Figure 4.  No effect of the medium is seen in competitions with rpoS-deleted background bacteria. 1-day-

old cultures of a rpoS 14028s strain (TH8082) were used as background for competing a rpoS 14028s strain 

(TH8102, Cam
R
) with a wt 14028s strain (TH8097, Tet

R
). Each experiment was repeated three times and cfu 

were determined at the beginning and at days 1, 2, 4, 6 and 8 for each strain. A) Competition on LB rich 

medium. The competitor strain presenting a deletion of rpoS did not show a growth advantage phenotype. B) 

Competition on M9 - 0.2 % glucose minimal medium. Any of the competitor strains presented a growth 

advantage.
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Trying to recover the growth advantage of the rpoS-deleted competitor on minimal 

media 

A growth advantage phenotype is shown by rpoS-deleted bacteria when present as a small 

sub-population in a culture of wild-type cells under aging conditions. But this is only true if 

they are growing in rich but not in minimal media. Therefore, something present in the rich 

medium but not in the minimal media should have caused this growth advantage. One 

approach to identify the cause of the growth advantage is to supplement minimal medium 

with different nutrients to enrich it. If any of those nutrients causes the growth advantage, the 

rpoS strain should recover its growth advantage over a wild-type aging background 

population. 

M9 minimal medium was supplemented with different nutrients for measuring their effect. 

Wild-type 14028s was grown as background, and wt and rpoS competitors were inoculated 

after one day of growth. As in previous experiments, the final number of cells was determined 

after seven days of incubation and a competitive index calculated. 

M9 supplemented with 2 % glucose instead the usual 0.2 % glucose was used to determine if 

the rpoS-deleted competitor had no growth advantage because the background culture 

consumed all the glucose available. However, this concentration of glucose was toxic for the 

bacteria (data not shown). pH of the medium was measured at the begging and at the end of 

the experiment, and it decreased from 6.9 to 4.6. In exponential growth phase, bacteria 

ferment glucose and acetate is released, so it is possible that the medium becomes acidic 

during this period. Then a possible explanation for the toxicity is that bacteria produce a high 

concentration of acetate that is toxic. Further experiments should be done using an 

intermediate concentration of glucose, so it is not toxic for the bacteria but still background 

bacteria is not able to totally consume it during the first day of growth. Other option is to use 

a tampon buffer that maintains the pH stable during the aging period. 

M9 – 0.2 % glucose was also supplemented with vitamin B1 or iron. Vitamin B1 is a nutrient 

that favors growth. Iron is an essential element that is usually present in trace amounts in the 

environment. Competitions in medium containing vitamin B1 showed no growth advantage of 

any of the competitors, while in the presence of iron the wild-type competitor survived better 

than the rpoS. When M9 medium contained 0.2 % casamino acids instead of glucose, wild-

type competitor showed a survival advantage (Table 6). Control competition experiments 

using M9 supplemented with 0.2% glucose gave the same results as previous experiments 

until the third day (Figure 3), but between day 3 and 7 a high death rate of the rpoS-deleted 

competitor was observed. Therefore, conclusions can only be inferred from results until day 3 

and these experiments should be repeated.  

During this four days aging period none of the nutrients added to the minimal media allowed 

the rpoS-deleted strain to show the growth advantage phenotype on aging wild-type 

background cultures seen in rich medium (Figure 3). Moreover, casamino acids and iron 

seemed to favor a survival advantage phenotype of the wt competitor over the rpoS 

competitor: both competitors were dying, but the ΔrpoS died faster than the wild-type.



  

16 
 

Table 6. Effect of medium on the growth advantage phenotype when competitions take place on 14028s 

wild-type background cultures. 

Medium 
 cfu/ml wt competitor*  cfu/ml rpoS competitor* 

N
‡
 

 Day 0 Day 3 Day 7  Day 0 Day 3 Day 7 

0.2% glucose 
 

3750 ± 0 5850 ± 500 1870 ± 155  4100 ± 0 3400 ± 1100 10 ± 0 2 

0.2% casamino 

acids 

 
3180 ± 318 2390 ± 570 515 ± 115  2710 ± 388 20 ± 0 0 ± 0 2 

0.2% glucose + 

0.01% vitamin 

B1 

 

3230 ± 0 2500 ± 200 655 ± 95  4500 ± 0 1130 ± 20 175 ± 75 2 

0.2% glucose + 

0.01mM FeCl3 

 
3030 ± 0 2170 ± 250 1580 ± 150  5350 ± 0 30 ± 10 0 ± 0 2 

*Results are presented as Media ± Standard Deviation of the independent experiments. 
‡ 

N is the number of independent liquid competitions for each condition. 

 

Determination of the effect of oxygen on the growth advantage phenotype 

Growth advantage of the rpoS mutant was seen in liquid competition experiments when 

samples were taken every two days, or just at the beginning and the end of the experiment. A 

cause can be that opening the tubes altered the concentration of dissolved oxygen in the 

media, and that affected the growth advantage of the rpoS strain over the wt strain. It has 

been reported that rpoS mutants survive better under anaerobic conditions than in aerobic 

stasis (Nyström, 2003). For testing this hypothesis, wild-type and rpoS-deleted strains were 

competed in a wt 14028s background under different conditions (see Materials and methods). 

Competition tubes were deep pipeted or vortexed every second day during the seven days 

aging period. Control competition was not treated. While the control did not receive any 

supplementary oxygen during the seven days, the other two treatments renewed the oxygen 

concentration every two days. Vortexed competitions present more dissolved oxygen than the 

pipeted ones. At the end of the aging period, population numbers for each competitor and 

background was determined and CI‟s were calculated. No significant differences were found 

between the control experiments and the treatments (Table 7).  

This indicates that oxygen is probably not a major factor determining the growth advantage 

phenotype. However, it cannot be discarded as a secondary factor and more experiments are 

needed.  

Table 7. Effect of dissolved oxygen on the growth advantage phenotype. Competitions between wild-type 

14028s wt (TH6693, Cam
R
) and rpoS-deleted (TH8097, Tet

R
) strains in a wt background (TH6509) on rich 

medium (LB) were subjected to different treatments. CI after the aging period was calculated and is presented in 

the table. 

Treatment 
 Competitive index (Tet

R
/Cam

R
 ratio) 

 CI Dev* N
‡
 

Control 3.5 x10
4
 2.6 x10

4
 6 

Pipeting every two days  4.1 x10
4
 433.0 2 

Vortex every two days  2.1 x10
3
 703.0 2 

*Dev is the absolute average deviation from the median (see Materials and Methods). 
‡
N  is the number of independent liquid competitions for each condition. 
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Several factors should be taken in account in future experiments. Firstly, the competition 

experiments should be repeated using a standard volume of background culture. The ratio 

surface/volume in 2 ml or 3 ml cultures (see Materials and methods for details) is different, 

and therefore also the amount of oxygen dissolved in the medium may vary. Moreover, in the 

experiment performed by Nyström (2003) the cultures were not shaken and consequently 

were completely anaerobic. In our case, the tubes were in agitation during the aging period, so 

it could make also a difference. 
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Discussion 

RpoS is a key factor in bacterial cell responses to starvation and stress. Therefore, mutations 

in the rpoS gene should cause a reduced ability to respond to environmental stresses (Saint-

Ruf et al., 2004). However, some rpoS mutants showed a growth advantage phenotype in long 

term stationary phase (Zambrano et al., 1993). Those mutants arise under the aging conditions 

and overgrow the parental population. The mechanistic basis of the growth advantage 

phenotype is not known, but it has been related with misregulation of genes of the RpoS 

regulon (Finkel, 2006) as well as with an increased ability of the cells to catabolise amino 

acids (Zinser and Kolter, 1999). 

 

Deletion of rpoS gives a growth advantage in wild-type aging colonies 

Most growth advantage mutations described in rpoS cause an attenuated phenotype. Mutants 

retain 0.1 – 1 % of RpoS activity (Bohannon et al., 1991). This has been considered an 

important feature because some RpoS-regulated genes are essential under pH- and oxidative-

stress (Vulić and Kolter, 2002; Richard and Foster, 2003).  Moreover, it has been reported 

that rpoS null mutants were out-competed by will-type cells during long-term stationary phase 

incubation (Farrell and Finkel, 2003). Here we have competed wild-type versus rpoS null 

bacteria in wild-type background colonies during seven days. Our results suggest that the 

mutants exhibit a growth advantage phenotype under these conditions. Thus, a residual 

activity of RpoS in the mutants is apparently not required for the growth advantage over the 

wild-type bacteria. Due to the complex regulation that RpoS exerts, it is difficult to predict the 

exact cause of the growth advantage. It could be a de-regulation of RpoS-dependent genes. 

Cells lacking of RpoS would be less able to sense growth inhibitory signals. Another 

hypothesis is that unregulated genes might allow the use of nutrients that would not be used 

under other conditions (Patten et al., 2004).  

 

Start codon in rpoS affects the growth advantage phenotype 

It was previously shown that several mutations in rpoB confer a growth advantage phenotype 

in aging colonies (Wrande et al., 2008). It is also known that accumulation of Rif
R
 mutants in 

aging colonies is highly dependent on RpoS and its start codon. Bacteria with a standard AUG 

start codon in rpoS accumulate more Rif
R
 mutants than bacteria containing a rare (UUG) start 

codon in rpoS (Wrande et al., 2008). My results show that the nature of the rpoS start codon 

in the background population is also important for the growth advantage of rpoS-deleted cells 

when competed against wild-type bacteria (Figure 2). The rpoS mutants exhibit the highest 

growth advantage when backround bacteria contained a standard start codon in rpoS. 

Although UUG is the rpoS start codon in the laboratory strain Salmonella typhimurium LT2 

(Lee et al., 1995), this strain is partially defective. Namely, LT2 is unable to display an acid 

tolerance response and it is avirulent (Wilmes-Riesenberg et al., 1997). This rpoS allele is 

responsible for the particularly low expression of RpoS in LT2 compared with the same gene 
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with the AUG start codon in a virulent strain like 14028s. Substitution of UUG for AUG 

increases the expression of rpoS gene (Jones et al., 2006). Therefore, since the levels of RpoS 

are affected by the start codon of the gene, it is also expected that the growth advantage 

phenotype of rpoS null mutants would be affected depending on the expression of RpoS in the 

cells that make up the population background of the colony. 

The findings here suggest that the start codon in rpoS gene in the background bacteria does 

indeed affect the outcome of the competitions. Moreover, they support the hypothesis that the 

background bacteria within a colony or in a liquid culture are directly or indirectly responsible 

for the growth advantage phenotype displayed by the rpoS mutants.  

For further confirmation of the results, we have constructed 14028s and LT2 strains with 

either the AUG or the UUG start codon in rpoS (Table 1). Those strains should be used in 

competitions experiments where the only difference between the competitors would be the 

start codon in rpoS, and therefore its effect could be directly measured. As the genotypic 

background would be the same for both competitors and the background colony, other 

differences between LT2 and 14028s could be discarded (or accepted) as contributors.  

 

The growth advantage phenotype of rpoS-deleted mutants requires a background 

population of bacteria with an active RpoS 

Here I have shown that the deletion of  RpoS confers a large growth advantage when the 

majority of the bacteria are wild-type. If the competitions take place in an rpoS-deleted 

background population, no growth advantage of the rpoS-deletion is seen. Moreover, death of 

the rpoS-deletion mutant was observed when the background population also carried the same 

genotype (rpoS-deletion). These findings suggest that RpoS activities in the large background 

population are important in determining the fate of the sub-population of rpoS mutant 

bacteria. Different hypothesis can explain this phenomenon. First, the background bacteria 

might produce signal molecules that target rpoS expression and cause cells to stop growing 

under starvation. Accordingly, bacteria lacking a functional rpoS gene would not respond to 

the signals and instead continue growing. An alternative hypothesis is that rpoS-deleted 

mutants might be able to grow on some nutrients that the background population of „wild-

type‟ bacteria do not utilize. RpoS regulates a large variety of genes involved in cell 

metabolism (Dong and Schellhorn, 2009; Lacour and Landini, 2004; Patten et al., 2004). 

Bacteria lacking rpoS may misregulate genes participating in the uptake and utilization of 

nutrients. A third hypothesis is that the wild-type background scavenge some toxic 

compounds (O2, H2O2…) that the ΔrpoS cannot. Then, the rpoS-deleted competitor can only 

survive if the majority of the cells are RpoS wild-type and detoxify the medium. The last 

hypothesis is that the observed growth advantage of rpoS-deleted bacteria depends on a 

combination of all these effects operating in populations of wild-type bacteria.  
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Richness of the medium affects the growth advantage phenotype of rpoS mutants 

Mutants lacking rpoS only exhibit the growth advantage phenotype in a wild-type background 

if they are growing in rich medium. When minimal medium was used as a nutrient source, no 

growth advantage was observed (Table 5). This confirms the hypothesis of “growth advantage 

phenotype depends on nutrient environment” although cell-cell signalling cannot be discarded 

as a possible contributor to the phenotype.  

Different approaches were used to recover the growth advantage of the rpoS-deleted strain in 

defined minimal media. Each approach consisted in supplementing the medium with different 

nutrients. If the mutant recovered the growth advantage observed in rich medium, it would 

indicate that this specific nutrient was the major cause of the growth advantage. However, no 

clear effect was observed so far in this type of experiments. Minimal medium supplemented 

with casamino acids (pH 6.9) did not cause a growth advantage of the RpoS null mutants, 

although it has been previously show that at neutral pH cells carrying a partially defective 

allele has a slight fitness advantage (Farrell and Finkel, 2003).  

Neither did supplementation with FeCl3 allow the mutants to recover the growth advantage 

phenotype. RpoS positively regulates iron acquisition and utilization during exponential 

growth in LB medium (Dong et al., 2008). However, differential expression of the iron-

associated genes has not been found in minimal medium when comparing gene expression of 

wild-type and rpoS bacteria (Dong and Schellhorn, 2009). Free iron in the media can also 

react with oxygen forming oxygen radicals that can be toxic for the bacteria. In wild-type 

bacteria, RpoS is responsible for the response to the oxidative stress, but ΔrpoS mutants lack 

this factor and are more sensitive to the stress. Consequently, our results for the case of iron 

addition could be rationalized based on the results of previous studies: iron should have no 

effect on the competition, or in case it has an effect, it should be a negative effect on the 

growth advantage phenotype.  

So far, no specific nutrient has been found to be responsible for the fitness advantage of the 

mutant in the wild-type environment. Rich medium is so complex that is difficult to check all 

the different compounds it contains. Most of them are not even defined, making it difficult to 

reproduce the favourable conditions of rich media by supplementing minimal medium with 

defined nutrients. As more knowledge is acquired about genes regulated by RpoS, it will be 

easier to discard or find putative nutrients as major factors conferring the growth advantage 

phenotype. 

 

Future directions 

RpoS controls many genes during stationary phase. At the same time, many different signals 

can influence its expression. Therefore, it is difficult to predict its role in the growth 

advantage phenotype of rpoS-deleted mutants in a wild-type background under aging 

conditions. Many questions remain unanswered. 
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Firstly, the “signalling hypothesis” cannot be discarded. Due to the complex regulation of and 

by RpoS, it is highly possible that both nutrient availability and cell-cell signalling are 

involved in the growth advantage of the mutants over the background wild-type population. 

For future analysis of this hypothesis, spent media from wild-type cultures could be used to 

assess competition between mutant and wild-type. If wild-type cells produce a signal 

molecule, it should be released to the medium. Mutant bacteria grown on this media should 

then show the growth advantage over a wild-type competitor. Another approach could be 

based on the quorum sensing system. Bacteria produce signal molecules and when the culture 

reaches a certain cell density, these molecules cause a massive response. One possibility is 

that this system controls or is controlled by RpoS expression.  

Secondly, we have demonstrated that deletion of rpoS causes a similar growth advantage to 

that caused by the Rif
R
 mutations. But the accumulation of rpoB mutants during aging 

depends on a functional RpoS. Therefore, if the rpoB mutant is an rpoS deletion, two 

outcomes are possible: if the mutant RNA polymerase interacts with the RpoS factor and 

transcribes genes that confer the growth advantage, the double mutant should not confer the 

growth advantage. But if the growth advantage phenotype is acquired by a different 

mechanism, the double mutant may confer the growth advantage. Our results indicate that the 

reality is nearer to the second possibility. Competition experiments with the double mutant 

(ΔrpoS rpoBP564L) constructed during this project and a wild-type or single mutant strains as 

competitors should be performed to confirm or disprove this possibility. 
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Materials and methods 

Bacterial strains 

The bacterial strains used in the experiments were derived from wild type Salmonella enterica 

serovar Typhimurium strains ATCC 14028s and LT2. The genotypes of the strains are listed 

in Table 7.  All the strains were lab stocks. 

Table 3. Salmonella enterica serovar Typhimurium strains used in this study 

Strain Relevant genotype Comment 

LT2 strains   

TH4527 Wild type Salmonella LT2  

TH6584
 

purD1874::MudJ Kan
R
, auxotroph 

TH6938 TT22885 sty(LT2) $pCP20 lambdaCI857 FLP Amp
R
 Cam

R
. Plasmid 

contains flippase. Grow at 

30C (temperature 

sensitive). 

TH7972 zhe-8953::Tn10dTet Cam
R
 

TH7973 zcd-3677::Tn10dCam Tet
R
 

TH8081 rpoS::FRT Deleted rpoS  

TH8096 rpoS::FRT zhe-8953::Tn10dTet Tet
R
, deleted rpoS  

TH8101 rpoS::FRT zcd-3677::Tn10dCam Cam
R
, deleted rpoS  

TH8107 ygbE::FRT-tet-FRT (sw) rpoS(14028s) Tet
R 

cassette between FRT 

sites, 14028s rpoS 

14028s strains   

TH6509 Wild type Salmonella 14028s  

TH6693 zcd-3677::Tn10dCam Cam
R
  

TH6694 zhe-8953::Tn10dTet Tet
R
  

TH7141 rpoB P564L Rif
R
 

TH8082 rpoS::FRT Deleted rpoS 

TH8098 ygbE::FRT-tet-FRT (sw) rpoS(LT2) Tet
R 

cassette between FRT 

sites, LT2 rpoS 

TH8097 rpoS::FRT zhe-8953::Tn10dTet Tet
R 

deleted rpoS 

TH8102 rpoS::FRT zcd-3677::Tn10dCam Cam
R
, deleted rpoS  

 

 

Media and conditions for bacterial growth 

Liquid cultures were grown at 37 C with shaking. Luria Bertani (LB) broth (10 g NaCl, 5 g 

yeast extract, 10 g tryptone, 1 litre distilled water, pH 7.0) supplemented with 0.2 % glucose 

and 0.1 mM CaCl2 was used for liquid cultures in rich medium. M9 minimal medium (6 g 

Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 1 litre distilled water, pH 6.8-7.0) was 

supplemented with 1 mM MgSO4, 0.1 mM CaCl2 and 0.2 % glucose if not noted differently. 
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When needed, FeCl3 and vitamin B1 were added to a final concentration of 0.01 mM and 

0.01% respectively. In some experiments 2 % glucose or 0.2 % casamino acids (Difco, USA) 

were used as carbon source instead of 0.2 % glucose.  

For colonies, bacteria were grown at 37 C on LA plates (LB medium with 1.5 % agar, 0.2 % 

glucose and 3 mM CaCl2) if not noted otherwise. Minimal M9 plates (M9 minimal medium 

with 1.5 % agar, supplemented with 0.2 % glucose, 1 mM MgSO4, 0.1 mM CaCl2, 0.01 mM 

FeCl3, 0.01 % vitamin B1 and Na-citrate 5.7 mM) were used for selection of some 

transductants. Antibiotics were added when needed at the following final concentrations: 

ampicillin 100 μg/ml, chloramphenicol 50 μg/ml, kanamycin 50 μg/ml, rifampicin 100 μg/ml 

and tetracycline 15 μg/ml. 

TTA-LB sloppy agar (1 g glucose, 7 g agar, 8 g NaCl, 10 g tryptone and distilled water to a 

volume of 1 litre, and supplemented with LB to 45 % final concentration) was used for the 

preparation of  phage lysates. 

 

Phage transduction 

Phage lysates were obtained by mixing 1 ml overday culture of donor strains (O.D.600 ~ 0.6) 

TH6584, TH6693, TH6694, TH6938 and TH7141 with 100 μl bacteriophage P22 HT (highly 

transducing) grown on wild type LT2. To each mixture 4 ml TTA-LB sloppy agar were added 

and then it was poured on top of LA plates. After an overnight incubation at 37 C, or 30 C 

for TH6938, the sloppy agar was scraped off, collected in a Falcon tube containing 3 ml LB, 

mixed and centrifuged at 3000 x g for 10 min. The supernatant was filtered through a 0.2 μm 

filter membrane (Sarstedt, Nüremberg, Germany) and the phage lysate was collected. All 

phage lysates contained ~ 10
11

 pfu/ml. 

For transducing a chloramphenicol marker (zcd-3677::Tn10dCam), 1 ml overnight culture of 

recipient strain was mixed with 10 μl phage lysate grown on TH6693 (Cam
R
) and incubated at 

37C for 1 h. Selection for transductants was made by plating the mixture on LA-

chloramphenicol (50 μg/ml) plates and incubating it overnight at 37 C. Tetracycline marker 

(zhe-8953::Tn10dTet) was transformed by mixing 1 ml fresh culture of recipient strain with 5 

μL phage lysate grown on TH6694 (Tet
R
) and directly spreading on LA-tetracycline (15 

μg/ml) selective plates.  

Transductants containing rpoB P564L allele were obtained by selection and screening. To this 

end, 50 μl P22- TH6584 (purD::mudJ) phage lysate was mixed with 1 ml recipient strain and 

plated on LA-kanamicin (50 μg/ml) after 1 h incubation at 37 C. A positive transductant was 

used as a recipient for transduction with P22-TH7141 (Rif
R
), following the same procedure as 

described for P22-TH6584. The mix was plated on minimal M9 plates. Positive transductants 

were screened for rifampicin resistance by growth on M9-minimal media, LA-rifampicin (100 

μg/ml) and LA plates. 
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Recombination of FRT sites (flipping) was made by mixing 1ml TH8098 and TH8107 strains 

with 30μL of phage lysate on TH6938. After incubation at 30 C for 1 h, the mixtures were 

plated onto LA-ampicillin (100 μg/ml) and grown at 30 C overnight.  Transductants were 

streaked on LA and grown at 42 C for loss of the flp-containing pCP20 plasmid. Loss of the 

drug cassette inserted between the FRT sites was confirmed by screening for Amp
S
 and Tet

S
 

on LA-ampicillin, LA-tetracycline and LA plates incubated at 42 C. 

 

Colony competition experiments 

A fresh overnight culture of background bacteria was diluted and 2 μl drops (500 - 5000 cfu) 

were spotted onto a nitrocellulose filter (82 mm diameter, 0.2 μm pore size, Protran BA8383; 

Whatman, Schleicher & Schuell) on an LA plate. Four colonies were grown per filter. After 

24 h incubation at 37 C, 4 μl of a competition mix (~ 2000 cfu) was spotted onto the 1-day-

old colonies. This mixture contained equal numbers of cells of two competitors. One of them 

had the same genotype as the background colony and was marked with a chloramphenicol 

resistance marker (zcd-3677::Tn10dCam). The other competitor had a different genotype than 

the background and was marked with a tetracycline resistance marker (zhe-8953::Tn10dTet). 

Plates were incubated at 37 C for seven days in sealed plastic bags. After the incubation 

period the colonies were cut out from the filter and resuspended in 1 ml 0.9% NaCl. 

Appropriate dilutions were spread on LA-tetracycline and LA-chloramphenicol plates and 

incubated overnight at 37 C for cfu counting. The final number of cells of each competitor 

within a colony was determined. A competitive index (C.I.) was calculated for each 

competition by the equation: CI = (Tet
R
/Cam

R
 day 7 ratio) / (Tet

R
/Cam

R
 day 0 ratio). 

 

Liquid competition experiments 

One colony of background cells was inoculated into 2 or 3 ml desired liquid media and 

incubated with shaking in 15 ml falcon tubes. After 24 h incubation, a drop of a competition 

mix identical to the ones used in the colony competition assay was added to the culture. The 

initial concentration in the culture of each competitor was ~ 1000 cfu/ml. After seven days of 

incubation dilutions were made in 0.9% NaCl and spread on La-tetracycline, LA-

chloramphenicol and LA plates and the number of Tet
R
, Cam

R 
and background cells was 

determined. In some cases, samples were also taken at days 1, 3 and 5 and number of 

competitors and background cells were calculated following the same procedure as in day 7. 

For measuring the dependence of the growth advantage on the concentration of oxygen in the 

media, LB cultures were deep pipeted or vortexed at days 1, 3, 5 and 7. Samples were taken at 

the end for determining the concentration of each competitor and background bacteria. When 

needed, a competitive index (C.I.) was calculated using the same equation as in colony 

competition experiments. 
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Data treatment and statistical analysis 

Median and average absolute deviations from the median were calculated using a statistics 

package available on http://www.physics.csbsju.edu/stats/descriptive2.html. The significance 

of the differences in CI between competitions was calculated using the Mann-Whitney test 

available on the VassarStats Web Site (http://faculty.vassar.edu/lowry/VassarStats.html). 

Graphics, average and standard deviation were obtained using Microsoft Excel 2007.  

http://www.physics.csbsju.edu/stats/descriptive2.html
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